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Abstract

Purpose The mechanisms governing the control of mus-
culoskeletal redundancy remain to be fully understood. The
hand is highly redundant, and shows different functional role
of extensors according to its configuration for a same func-
tional task of finger flexion. Through intermuscular coher-
ence analysis combined with hand musculoskeletal model-
ling during maximal isometric hand contractions, our aim
was to better understand the neural mechanisms underlying
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the control of muscle force coordination and agonist—antago-
nist co-contraction.

Methods Thirteen participants performed maximal iso-
metric flexions of the fingers in two configurations: power
grip (Power) and finger-pressing on a surface (Press). Hand
kinematics and force/moment measurements were used as
inputs in a musculoskeletal model of the hand to determine
muscular tensions and co-contraction. EMG-EMG coher-
ence analysis was performed between wrist and finger flex-
ors and extensor muscle pairs in alpha, beta and gamma
frequency bands.

Results Concomitantly with tailored muscle force coor-
dination and increased co-contraction between Press and
Power (mean difference: 48.08%; p <0.05), our results
showed muscle-pair-specific modulation of intermuscu-
lar coupling, characterized by pair-specific modulation of
EMG-EMG coherence between Power and Press (p <0.05),
and a negative linear association between co-contraction and
intermuscular coupling for the ECR/FCR agonist—antagonist
muscle pair (r = —0.65; p <0.05).

Conclusions This study brings new evidence that pair-
specific modulation of EMG—EMG coherence is related to
modulation of muscle force coordination during hand con-
tractions. Our results highlight the functional importance of
intermuscular coupling as a mechanism contributing to the
control of muscle force synergies and agonist—antagonist
co-contraction.

Keywords Redundancy control - Wavelet-based
intermuscular coherence - Hand modelling - Muscle
tensions - Neural control

Abbreviations

ANCOVA Analysis of covariance
ANOVA  Analysis of variance
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CNS Central nervous system

DoF Degree of freedom

ECR Extensor carpi radialis

EDC Extensor digitorium commonis

EMG Electromyography

FCR Flexor carpi radialis

FDS Flexor digitorum superficialis

FE Extrinsic finger extensor muscle group
FF Extrinsic finger flexor muscle group
INT Intrinsic muscles

N Number of participants or sample size
SE Standard error

WE Extrinsic wrist extensor muscle group
WF Extrinsic wrist flexor muscle group
Introduction

A fundamental feature of the musculoskeletal system is the
high degree of redundancy, i.e., a greater number of muscles
than articular degrees of freedom (DoF). As a consequence,
muscle force combinations are infinite to achieve most iso-
metric and dynamic motor actions, providing a large flex-
ibility but making the control extremely complex (D’Avella
et al. 2003). Understanding which mechanisms govern mus-
cle force coordination and co-contraction of synergistic ago-
nist and antagonist muscles is a central theme of research.
As emphasized in recent studies (e.g., Hirashima and Oya
2016), a crucial question yet to be answered is how the cen-
tral nervous system (CNS) solve such redundancy.
Regarding the control of muscle activation in voluntary
contractions, it has been suggested that motoneurons of syn-
ergistic muscles share common corticospinal drives (Farmer
et al. 2007) resulting in intermuscular coupling (Kattla and
Lowery 2010). This coupling is traduced by the oscilla-
tory synchronicity of electromyographic (EMG) activity in
synergistic muscle pairs, often called ‘EMG-EMG coher-
ence’ (e.g., Danna-Dos-Santos et al. 2010). Previous studies
reached a broad consensus that EMG-EMG coherence pro-
vides a comprehensive index of intermuscular coordination
(Charissou et al. 2016; De Marchis et al. 2015). Through this
approach, it was demonstrated that intermuscular coupling
takes part to the regulation of muscle activities (Farmer et al.
2007; Siemionow et al. 2010) and the importance of such
coupling was emphasized as a mechanism responsible for
the maintenance of the neuromuscular performance (Charis-
sou et al. 2016; Danna-Dos Santos et al. 2010). In addition,
even though it is a highly debated issue (Farina et al. 2014),
coherence between pairs of EMG signals would reflect com-
mon central drive to muscle pairs (Boonstra 2013; Farmer
et al. 1998, 2007) and can thus be taken as a sensitive tool to
explore common neural inputs implicated in the control of
synergistic muscle activation during voluntary contractions
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(Lee et al. 2014; Power et al. 2006; Winges et al. 2006).
Associated with different neural processes, coordinated
intermuscular coupling can arise from divergent descend-
ing oscillatory pathways (Heroux and Gandevia 2013; Naz-
arpour et al. 2012). Typically, the modulation of EMG-EMG
coherence in the ‘alpha’ (a) frequency band impacts pos-
tural muscles and involuntary contractions (Boonstra et al.
2008; Kattla and Lowery 2010). There is every possibility
that some of the a band coherence is of subcortical origin
(Hansen et al. 2005; Poston et al. 2010) but it is also thought
to be mediated by spinal sources (Budini et al. 2014; Norton
and Gorassini 2006). Coherence in the ‘beta’ (f) frequency
band has been linked with voluntary isometric contractions
and is likely to reflect oscillatory drives from the corticospi-
nal pathway (Chang et al. 2012; Gwin and Ferris 2012).
Changes in the ‘gamma’ (y) frequency band have been asso-
ciated with efferent drives to muscles during very strong
tonic contractions and cognitive processes, such as focused
attention, resulting from cortical-originating signals (Mima
et al. 2000). In light of previous studies on intermuscular
synchronization (Poston et al. 2010; Winges et al. 2008),
it may be proposed that, for a given task, modification of
intermuscular coherence could represent a mechanism that
contributes to the coordination of muscular forces accord-
ing to the functional roles attributed to the muscles. Thus,
the modulation of EMG-EMG coherence in the a, § and y
frequency bands could reflect mechanisms that solve syner-
gistic muscle coordination—specifically reflecting a way of
controlling agonist—antagonist co-contraction.

The hand and fingers are one of the most complex mus-
culoskeletal systems and its fine control allows extremely
diverse and complex movements. With 23 DoF and over
40 muscles, mostly polyarticular each mobilizing sev-
eral DoF, the regulation of hand muscle coordination
is extremely specific. The hand, thus, represents a reli-
able model that could bring further knowledge to current
understanding of the mechanisms participating in the
control of muscle force coordination between synergistic
muscles, especially at the co-contraction level. Previous
studies on hand musculoskeletal modelling demonstrated
that muscle coordination patterns and force distribution
are task specific (Valero-Cuevas et al. 2009). Especially,
muscle force coordination and the functional role of the
hand extensors can differ depending on whether hand con-
tractions involve gripping objects or finger pressing on
a plane surface, though in both configurations the same
functional task is required which is to perform voluntary
flexion of the fingers (Goislard de Monsabert et al. 2012;
Snijders et al. 1987). During finger-pressing (see Fig. 1a),
hand extensors are weakly mobilized, at a lower level than
flexors, and are engaged in the hand joint postural sta-
bilisation. Conversely, during power grip (see Fig. 1b),
extensors are highly employed, approximately at the same
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Fig.1 Schematic representation of the two different configurations
of finger force application in which participants performed maximal
voluntary finger isometric flexion contractions: a “Finger pressing”
(Press) and b “Power grip” (Power). Fp.. and Fp represent the
force produced in the direction normal to the contact surface in Power
and Press, respectively. MF]cxors/wrist, MEchnsors/wrist and MFPrcss repre-
sent the moments of force about the wrist joint. In each hand con-
figuration, Fpcgp,ppe and Frepypps Tepresent the tension of extensor
and flexor muscles, respectively. The right panels show high-pass-
filtered (3 Hz, 4th-order zero-lag Butterworth) EMG activity of ECR,

level than flexors, and play a major functional role for sys-
tem equilibrium. These observations suggest that muscle
coordination strategies, co-contraction and consequently
concomitant intermuscular coupling, differ between these
two configurations of hand force application for a same
functional task of finger flexion.

The aim of the present study was to better understand
the neural mechanisms underlying the control of muscu-
loskeletal redundancy. We harness the unique opportu-
nity offered by hand contractions to clarify the functional
significance of EMG-EMG coherence, reflecting tailored
neural drive to hand muscles, in the control of muscle
force coordination and in the regulation of co-contraction
between synergistic agonist and antagonist muscles. The
proposed approach thus combines hand/wrist musculo-
skeletal modelling (Goislard de Monsabert 2012)—used
to quantify mechanical outcomes in terms of hand muscle
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EDC, FCR and FDS muscles in Press (upper panels) and in Power
(lower panels). Note that with Press, the grip force generates a wrist
moment (curved black arrow) leading to a low requirement of exten-
sor mechanical action. With Power, no wrist moment is generated by
the grip forces (black arrows) since the latter are balanced inside the
hand-object mechanical system, this mechanical aspect, thus, explain-
ing the higher wrist extensor muscle tensions required to balance the
mechanical action of finger flexors at the wrist level. Such mechani-
cal phenomenon leads to different muscle coordination which can be
identified on the corresponding EMG patterns

tensions and agonist—antagonist co-contraction—and
time—frequency wavelet-based EMG-EMG coherence
(Bigot et al. 2011; Charissou et al. 2016)—used to quan-
tify intermuscular coupling in the alpha-, beta- and gamma
range. Power grip and finger pressing were studied with
the aim of changing the functional role of wrist and finger
muscles for a same functional maximal isometric finger
flexion. Based on previous research (Johnston et al. 2005;
Poston et al. 2010), we hypothesized pair-specific differ-
ences in EMG-EMG coherence values between power
grip and finger pressing, related to modulation of muscle
force coordination. A correlation between intramuscular
coherence, especially in the beta-range, and the level of
agonist—antagonist co-contraction was expected. Such a
linear association could reflect the functional importance
of intermuscular coupling as a mechanism that contributes
to the control of co-contraction.

@ Springer



Eur J Appl Physiol

Methods
Participants

Thirteen right-handed males (age: 24.8 +3.7 years; height:
176.8 +6.8 cm; weight: 74.2+10.7 kg, hand length:
19.1 +1.2 cm; hand width: 8.7 +0.5 cm; mean + SD), free
of known neuromuscular disorders or musculoskeletal hand
injuries on their dominant side, were recruited in the study.
All participants were physically active university students
not involved in any specific training program. Written
informed consent was obtained from all of them according to
the Declaration of Helsinki. The study followed institutional
ethics board guidelines for research on humans.

Protocol

Participants were seated in a comfortable position with their
right arm placed on a rigid support so that the shoulder was
flexed at 0° and abducted at 45°. The elbow was flexed at
90° and the forearm and wrist held in a neutral position. Par-
ticipants were asked to perform maximal voluntary flexion
contractions of the fingers in two different configurations of
force application presented in random order (Fig. 1). During
“power grip” contractions (Power), participants held a 3.5-
cm custom-made hand dynamometer between the bottom
of the palm of the hand and middle phalange of the fingers,
excluding the thumb to avoid its influence on finger force
coordination (Vigouroux et al. 2011). During “finger-press-
ing” contractions (Press), participants kept their hand hori-
zontal and pressed vertically on the support with the index,
major, ring and little fingers (Li et al. 1998). In each hand
configuration, they performed five 6-s maximal contrac-
tions with strong verbal encouragements. They were allowed
2-min rest between contractions and 5-min rest between
configurations to prevent muscle fatigue. Three participants
were excluded from analysis because they failed to comply
with the instruction to not overstretch the fingers in Press.

Recordings

The experimental setup was largely inspired by the work of
Goislard de Monsabert et al. 2012. In brief:

e Forces and moments produced by the fingers were
recorded by a 6-axis force/torque sensor (Nano25-E, ATI
Industrial Automation, Apex, NC, USA) at 1 kHz. In
Press, the force sensor was fixed on the support; in Power
it was enclosed by two steel plates to apply the required
mechanical effort.

e 3-D positions of the fingers, hand and forearm segments
and of the dynamometer (in Power) or the surface (in
Press) were recorded at 125 Hz by an 8-camera system
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(MX T40, Vicon, Oxford, UK) with 33 spherical reflec-
tive markers of 6-mm diameter (Suppl. Figure 1a).

e After suitable skin preparation (Hermens et al. 2000),
muscle activities were collected at 2 kHz using a sur-
face EMG system (MP150; Biopac Systems Inc., Goleta,
CA, USA) with Ag-AgCl 11-mm bipolar electrodes
(2 cm spacing). Flexor digitorum superficialis (FDS),
flexor carpi radialis (FCR), extensor digitorum com-
monis (EDC), and extensor carpi radialis (ECR) were
taken to represent finger flexors (FF), wrist flexors (WF),
finger extensors (FE) and wrist extensors (WE), respec-
tively. Using the recommendations in Vigouroux et al.
(2015), pairs of surface electrodes were placed along the
direction of muscle fascicles of right FDS, FCR, EDC
and ECR muscles (Suppl. Figure 1b) from anatomical
description, palpation and a series of functional tests
including finger and wrist flexion and extension contrac-
tions. Moreover, the quality of the electrical signal was
inspected through a visual feedback using the software
AcgKnowledge (BIOPAC, Systems Inc., Goleta, CA,
USA), before the beginning of voluntary isometric con-
tractions to assess correct EMG sensor location in the
desired target muscle.

Data processing

All computations were performed using MATLAB (Math-
works, Natick, MA, USA).

Maximal net force After calibration matrix application
of the force/torque sensor and low-pass filtering (10 Hz,
fourth-order, zero-lag Butterworth), maximal net force was
calculated as mean normal force computed on the 0.5-s time
interval of interest of highest force production.

Muscular tensions A musculoskeletal model of the entire
hand including wrist and fingers (Goislard de Monsabert
et al. 2012) was used to estimate muscular forces over the
time period of interest in the two configurations of force
application. This model considered bones as rigid bodies
articulated around 16 articulations with 23 DoF and mobi-
lized by 42 muscles. The muscle moment arms of muscle
tendons across each joint were estimated from the finger
joint angles computed using 3D hand kinematics and the
data of Chao et al. (1989) and Lemay and Crago (1999). The
underdetermined set of static moment equilibrium equations
stating that the external force moments are counterbalanced
by the muscle force moments at each DoF was solved using
nonlinear constrained optimization to determine the mus-
cle tensions which minimize the following muscle stress
criterion:

4
. t
i ; <PCSAm )
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where t,, and PCSA,, are respectively the muscle tensions
and the physiological cross-sectional area of muscle m.

For the nine participants for whom the optimization pro-
cess converged to a global minimum of the cost function in
less than 1000 iterations, tension of finger and wrist flexor
muscle group was then obtained by summing FF and WF ten-
sions, while that of the finger and wrist extensor muscle group
was quantified by summing FE and WE tensions, (Vigouroux
et al. 2015). Noteworthy is that INT was not considered in the
analysis as EMG was not collected from these muscles and
they do not cross the wrist joint. Finally, muscle group ten-
sions were used to compute co-contraction between finger and
wrist flexors and extensors according to the expression given
by Falconer and Winter (1985).

EMG-EMG coherence Given strong a priori evidence from
the literature that Press and Power functionally differ by the
specific role of the wrist extensors (Snijders et al. 1987), this
work focused on ECR/FCR, ECR/FDS and ECR/EDC muscle
pairs. For each muscle pair, intermuscular coherence analysis
was performed using the approach described by Charissou
et al. (2016; see ‘Intermuscular interactions’ in “Methods”
and Online Appendix A), which:

e takes advantage of time—frequency analysis to account for
how the oscillatory patterns of EMG change with time;

e presents the crucial advantage to assess coherence with
values corresponding to a truly significant level of depend-
ence between the EMG time series, particularly when the
number of trials is small (Bigot et al. 2011).

First, EMG-EMG coherence was calculated in the time—fre-
quency domain using the WavCrossSpec software (Bigot et al.
2011; available for download at: http://www.math.u-bor-
deaux1.fr/~jbigot/Site/Software_files/WavCrossSpec.zip). In
WavCrossSpec, the parameter ‘nvoice’ (i.e., the scale reso-
lution of the wavelet), ‘J1° (i.e., the number of scales used
in the wavelet analysis) and ‘wavenumber’ (i.e., the Morlet
mother wavelet parameter) optimally set respectively to 7,
50 and 10 based on the processing of simulated data, to pro-
vide a satisfactory compromise between time and frequency
resolution for the identification of oscillatory activity on the
[0.32 x 107%:0.23:79.97] Hz frequency range. To meet the
theoretical and practical recommendations of previous studies
(e.g., Bigot et al. 2011; McClelland et al. 2014), magnitude-
squared coherence (Fig. 2, fourth row) was computed from
unrectified high-pass filtered (3 Hz, 4th-order zero-lag But-
terworth) EMG time series (Fig. 2, first row) as follows:

2
RIZEMGI/EMGz(w’ u) = )SEMGI/EMGZ(CO’ M)‘ /

(Semac1 (@, 1) Sgpca(@, u)')

where Sgyigi/emc2 (@, u) is the wavelet cross-spectrum
between the two EMG time series at frequency  and time u
(Fig. 2, third row); Sgyvg (@, u) and Sgygo (@, u) are wavelet
auto-spectra of EMG time series at frequency @ and time u.
(Fig. 2, second row). Refer to Bigot et al. (2011) for detailed
equations.

Then, EMG-EMG coherence was quantified in ‘alpha’
(@), ‘beta’ (f) and ‘gamma’ (y) frequency bands. In agree-
ment with previous intermuscular coherence studies (Danna
Dos Santos et al. 2010; Kattla and Lowery 2010), boundaries
were respectively set as follows: a, 8—12 Hz; 8, 15-35 Hz; y,
35-60 Hz. In each frequency band, EMG-EMG coherence
value was calculated as the volume under magnitude-squared
coherence values in the time window of interest where the
correlation between the EMG time series was detected sig-
nificant on the wavelet cross-spectrum (Fig. 2, fifth row).

Statistics

All kinetic variables met normality (Shapiro—Wilk test,
a=0.05) and homogeneity of variance (Levene’s test, all
p>0.05) assumptions. Student’s ¢-tests were used to assess
between-Configuration effects (Press vs. Power) on maxi-
mal net force (N=10), predicted muscular tensions and co-
contraction (N=9). A 2 Configuration (Press vs. Power) X2
Muscle Function (Flexors vs. Extensors) repeated measures
ANOVA was performed on muscle group tensions (N=9).
For each muscle pair and frequency band, an ANCOVA
was first performed on EMG-EMG coherence (N =10) with
Configuration as a within-participant factor and maximal net
force as a co-variable, to check if EMG-EMG coherence
was influenced by the Configuration while controlling for
the exerted net force. Indeed, it is yet unclear how exerted
net force may (1) affect EMG-EMG coherence (Farina et al.
2014; Heroux and Gandevia 2013; Semmler et al. 2003; Witte
et al. 2007), and (2) have a different influence on EMG-EMG
coherence depending on the Configuration. Importantly, this
analysis failed to show any significant interaction between
Configuration and the maximal net force (all p >0.05),
showing a lack of correlation between EMG-EMG coher-
ence and maximal net force for each Configuration. However,
EMG-EMG coherence values failed to meet both normality
and homogeneity of variance assumptions. As used in other
studies in the presence of skewed distribution (e.g., Vrana
et al. 2005), permutation tests with bootstrapping technique
(Efron and Tibshirani 1993) with 10,000 replications were,
thus, conducted for each muscle pair and frequency band
to test between-Configuration differences on EMG-EMG
coherence irrespective of the maximal net force. A signifi-
cant effect of Configuration was declared significant if the
observed difference between Power and Press was outside
the 95% confidence interval of the newly built 10,000 mean
difference distributions under the null hypothesis.
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Fig. 2 Illustration of the different steps involved in the calculation
of time—frequency wavelet-based EMG-EMG coherence (muscle
pair: ECR/FCR; configuration: Press). First row: mean EMG signals
from FCR (left) and ECR (right) muscles. Second row: wavelet auto-
spectra of EMG time series from FCR (left) and ECR muscles (right).
Third row: wavelet cross-spectrum between the two EMG time series;
the red contours identify the areas in the time—frequency plane where
the correlation between the EMG signals is significant. Fourth row:

Finally, Pearson’s correlations were tested between co-
contraction and EMG-EMG coherence for each muscle pair
and frequency band (N=9).

Data are reported as mean with 95% CI within the text
and Figs. 3 and 4. The level of significance was set at
p<0.05 for all tests.

Results

Maximal net force and muscular tensions

Statistical analysis revealed greater maximal net force in
Power than in Press [232.14 N, 95% CI (188.59:275.68)

vs. 76.13 N, 95% CI (66.55:85.70); tg="7.59, p <0.05],
in association with significant differences in all estimated
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wavelet magnitude-squared coherence between the two EMG time
series. Fifth row: wavelet magnitude-squared coherence between the
two EMG time series where the correlation between the EMG signals
is significant. In each frequency band (a: 8-12 Hz; p: 15-35 Hz; y:
35-60 Hz), EMG-EMG coherence value was defined as the volume
under magnitude-squared coherence values in the 0.5-s time window
of interest where the correlation between the EMG time series was
detected significant on the wavelet cross-spectrum

muscular tensions (all zg>2.13, p <0.05): between Press
and Power the tensions developed by WE, FE and FF
increased in mean respectively by x 1.40, x0.92 and
X 3.04 the corresponding difference of maximal net
force, whereas WF tension decreased in mean by X 1.44.
These differences resulted in significantly increased ten-
sions developed by the finger and wrist flexors and exten-
sors between Press and Power (F 3, = 29.34, p<0. 05;
Fig. 3a), with a significant main Muscle Function effect
(Fi3, = 41.61, p<0.05) but no significant interaction
between Configuration and Muscle Function (F 3, = 0.98,
p>0.05).

As a consequence, co-contraction between finger and
wrist flexors and extensors was significantly higher in
Power than in Press [mean difference =48.08%, 95% CI
(24.57:71.60); t;=4.62, p < 0.05; Fig. 3b].
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Figure 4a show typical profiles of the normal force
exerted by the fingers and typical time—frequency maps of
EMG-EMG coherence between ECR and FCR muscles in
Press (left) and Power (right).

A first important qualitative result was that the detec-
tion of significant areas of intermuscular interactions in
the time—frequency plane differed depending on the mus-
cle pair (i.e., ECR/FCR, ECR/FDS or ECR/EDC) and the
Configuration level (i.e., Power or Press). For example,
significant areas of correlation between EMG time series
were detected for all participants in all muscles pairs in
Press and in Power in the y (35-60 Hz) frequency band. A
similar finding was observed in terms of detection for, e.g.,
ECR/EDC muscle pair in Press in the f (15-35 Hz) fre-
quency band, whereas, on the contrary, no significant area
of correlation between EMG time-series were found for,
e.g., ECR/FCR muscle pair in Power in the a (8—-12 Hz)
frequency band.

Noteworthy is that the proposed ANCOVA pre-anal-
ysis performed on EMG-EMG coherence (see “Statis-
tics” section) showed that the lack of correlation between
EMG-EMG coherence and maximal net force was true for
all Configuration levels, whatever the frequency band. These
findings allow one to compare EMG—EMG coherence results
between Power and Press irrespective of the exerted maxi-
mal net force.

Press Power

Statistical analysis revealed that f EMG-EMG coher-
ence was significantly lower in Power than in Press for both
ECR/FCR [mean difference =0.191, 95% CI (0.05:0.241);
p <0.05] and ECR/EDC [mean difference =0.494, 95% CI
(—0.047:0.941); p<0.05] muscle pairs, with no significant
difference for ECR/FDS (Fig. 4b, middle). In the gamma-
range (y), statistical analysis showed lower EMG-EMG
coherence in Power than in Press for ECR/EDC muscle
pair [mean difference =1.003, 95% CI (0.439:1.567);
p <0.05], with no significant difference for both ECR/FCR
and ECR/FDS (Fig. 4b, right). Permutation tests disclosed
significant difference of « EMG-EMG coherence between
Press and Power for all muscle pairs (all p > 0.05) (Fig. 4b,
left).

Correlations between co-contraction and EMG-EMG
coherence

Pearson’s correlation analysis between co-contraction and
EMG-EMG coherence showed significant negative corre-
lation between levels of co-contraction and f EMG-EMG
coherence for ECR/FCR muscle pair [r = —0.65, 95% CI
(—0.86:—0.26); t,,=3.42, p=0.003] and ECR/EDC mus-
cle pair [r = —0.47, 95% CI (—0.77:—-0.01); t,,=2.15,
p=0.04]. For both muscle pairs (see Fig. 5 for ECR/FCR),
the lower was f EMG-EMG coherence, the higher was ago-
nist—antagonist co-contraction between finger and wrist flex-
ors and extensors. For all other frequency bands and muscles
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Fig. 4 a Typical net force (first row), EMG signal from ECR and
FCR (second and third rows, respectively), and maps of EMG-EMG
coherence between ECR and FCR muscles where intermuscular
interactions were significant on the wavelet cross-spectrum (forth
row) in Press (left panels) and Power (right panels) for a representa-
tive participant. b EMG-EMG coherence values in the alpha-range
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Fig. 5 Correlation between co-contraction of finger and wrist flex-
ors and extensors and f (15-35 Hz) EMG-EMG coherence for ECR/
FCR muscle pair (N=9). The light grey and dark grey dots represent
observations in Power and in Press, respectively; the black line shows
the best fit linear regression. The Pearson product-moment correla-
tion coefficient is —0.65 [95% CI = (—0.86:—0.26)], with significant
negative linear association between co-contraction and EMG-EMG
coherence (p=0.003)
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(8-12 Hz, a; left column), the beta-range (15-35 Hz, f; middle col-
umn) and the gamma-range (35-60 Hz, y; right column) for ECR/
FCR, ECR/FDS and ECR/EDC muscle pairs during maximal volun-
tary isometric flexion contraction of the fingers in Press and Power
(N=10). Asterisk: indicates a significant Configuration effect

pairs (including EDC/FCR, EDC/FDS and FCR/FDS, not
presented here) the analysis did not reveal any significant
correlation between co-contraction and EMG-EMG coher-
ence (all #,,<0.89, p>0.05).

Discussion

Based on an original approach, which combines for the
first time musculoskeletal biomechanical modelling and
intermuscular coherence analysis, this study compares
muscular tensions, co-contraction and intermuscular cou-
pling between finger and wrist flexors and extensors dur-
ing two different configurations of maximal finger force
application. Our key results demonstrated first, that the
modulation of muscle force coordination and intermuscu-
lar coherence are strongly related to the task constraints,
and second, that a linear association exists between ago-
nist—antagonist co-contraction and beta-range intermus-
cular coupling for the primary agonist—antagonist muscle
pair.
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Maximal net force and muscular tensions

As expected, Power and Press differed greatly in muscle
force coordination. Greater maximum net force was obtained
in Power than in Press in association with (1) higher ten-
sions developed by WE, FE and FF, and (2) lower tension
developed by WF. These results showed that Configuration-
related changes in maximal net force were not accompa-
nied by a trivial or a proportional modulation of muscle
tensions. Each muscle tension demonstrated a specific pat-
tern of change between Press and Power, suggesting that
muscle-synergy patterns used to perform maximal volun-
tary flexion contractions of the fingers are highly depend-
ent on the configuration of finger force application. During
Press, the extensors were weakly solicited and coupled with
a classical role of joint stabilisation, resulting in low-level
of co-contraction. Conversely, during Power, the extensors
were highly mobilized to serve the functional role of sys-
tem equilibrium, culminating in high level of co-contraction.
These results were comparable to those reported for both
configurations in the literature (Goislard de Monsabert et al.
2012) and demonstrated task-related changes in muscle force
coordination (Nazarpour et al. 2012; Valero-Cuevas et al.
2009). Consequently, co-contraction level was different
between the two configurations. The higher co-contraction
observed in Power has been explained previously (Snijders
et al. 1987) by specific mechanical configuration in which
the contribution of extensors was needed to equilibrate unin-
tended flexion moments caused by finger flexors at the wrist
joint level. Our data thus demonstrated that muscle coordi-
nation patterns differed according to the configuration of
finger force application, although the functional demand to
exert maximal voluntary flexion was similar between Power
and Press.

Together with the possibility to discuss between-Config-
uration differences on EMG-EMG coherence irrespective
of the maximal net force, these findings confirm that the
proposed comparison between Power and Press is relevant to
investigate the modulation of EMG-EMG coherence accord-
ing to different muscle coordination and functional role of
muscles for a similar given task.

EMG-EMG coherence

Concomitantly with the above changes in muscle forces,
our results revealed significant differences in the magnitude
of EMG-EMG coherence, with different modulation pat-
terns in both the frequency band (e, f or y) and the muscle
pair (ECR/FCR, ECR/FDS or ECR/EDC) according to the
configuration (Press vs. Power). One cannot exclude the
possibility that a part of EMG-EMG coherence may result
from cross-talk artifacts inherent to surface EMG record-
ings, especially among the forearm muscles (Kong et al.

2010). Nevertheless, our experimental design devoted par-
ticular attention to EMG sensor placement (see “Record-
ings” section) and the same electrode placement was main-
tained during all the experiment. We thus are confident
in the fact that cross-talk artifacts or electrode placement
(Keenan et al. 2011) cannot explain the differences observed
on EMG-EMG coherence between the two Configurations.

The statistical pre-test revealed that the difference
observed between Press and Power in the absolute maximal
net force did not influence the magnitude of EMG-EMG
coherence. This result contributes to the open debate on the
influence of net-exerted muscle force/torque on the strength
of intermuscular coupling (Farina et al. 2014; Heroux and
Gandevia 2013). In agreement with Poston et al. (2010),
this finding provides direct support for a net force-inde-
pendent modulation of intermuscular coherence during
voluntary maximal flexion contraction of the wrist and
fingers muscles. It suggests an involvement of force-inde-
pendent mechanisms constraining the concurrent activation
of multiple hand muscles according to the configuration
of finger force application. Importantly for the purpose of
the present study, the observed lack of significant correla-
tion between EMG-EMG coherence and maximal net force
for each Configuration allows discussing for differences
in EMG-EMG coherence values depending only on the
Configuration.

Beta-range () intermuscular coupling

The main findings of our study concern beta-range (f) inter-
muscular coupling. In the § (15-35 Hz) frequency band, sig-
nificant EMG-EMG coherence was detected for all muscle
pairs in both configurations. This first result is consistent
with the identification of f intermuscular synchronization
between synergistic muscles (Boonstra et al. 2008; Pos-
ton et al. 2010). In addition, the magnitude of EMG-EMG
coherence was different between Power and Press only for
ECR/EDC and ECR/FCR. For these two muscle pairs, the
strength of beta-range intermuscular coupling was lower
in Power than in Press, while no significant difference was
found for ECR/FDS. This finding is in line with Winges
et al. (2008) indicating that the modulation of f EMG-EMG
coherence is muscle pair specific. In view of the results
obtained from hand modelling, it is particularly relevant
to note that the lower strength of intermuscular coupling
observed in Power than in Press was concomitant with the
increased tension developed by wrist extensors identified
with the musculoskeletal model outputs. Our results are thus
consistent with the hypothesis that beta-range intermuscular
coupling is a mechanism that may take part in the regula-
tion of muscle force coordination (Charissou et al. 2016; De
Marchis et al. 2015). Moreover, we extend the evidence pro-
vided by Winges et al. (2006) that f EMG-EMG coherence
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differs according to muscle functional role determined by
task constraints.

Furthermore, our study is the first to the best of our
knowledge, to show a direct link between agonist—antag-
onist co-contraction and f EMG-EMG coherence. Our
results from hand modelling indeed showed that Con-
figuration-related changes in muscle tensions led to
greater agonist—antagonist co-contraction in Power than
in Press. Interestingly, correlation analysis revealed sig-
nificant negative correlations between the level of co-
contraction and beta-range intermuscular coupling for
ECR/FCR and ECR/EDC, that is for the two muscle pairs
specifically associated with a significant effect of Con-
figuration on f EMG-EMG coherence. Especially, with
ar value of —0.65 (p =0.003) the correlation between
the level co-contraction and EMG-EMG coherence
for ECR/FCR muscle pair indicates linear association
between co-contraction and intramuscular coupling for
the primary agonist—antagonist muscle pair. For ECR/
EDC muscle pair, although the correlation is significant
(p =0.04), it becomes more difficult with a weak r value
of —0.45 to find support for a linear relationship between
co-contraction and intermuscular coupling. In line with
Pizzamiglio et al. (2017), who recently suggested that
~40-100 Hz intermuscular coupling could take part in
regulating the co-contraction of arm muscles, these novel
findings suggest that the modulation of § EMG-EMG
coherence may reflect a mechanism contributing to mus-
cle pair-specific regulation of co-contraction between
synergistic agonist and antagonist muscles. Our results
thus highlight that muscle pair-specific modulation of
intermuscular coupling could take part in the “tuning
of muscle activations” (von Tscharner et al. 2011) and
in the mechanisms underlying the regulation of ago-
nist—antagonist co-contraction. Even if the conclusions
should be considered in regards to the reliability and the
limitations of coherence analysis between electrophysi-
ological signals (e.g., Farina et al. 2014), -band coher-
ence is generally considered to be of cortical origin and it
is likely “that the primary motor cortex is involved in the
generation of EMG-EMG coherence between hand mus-
cles in the f-band during grip tasks” (Lee et al. 2014).
In this view, our findings strengthen the idea formulated
by Poston et al. (2010) that the relative contribution of
spinal and supraspinal mechanisms is modulated accord-
ing to task constraints and beyond muscle contribution
and functional role. Furthermore, our results on tai-
lored modulation of beta-range intermuscular coupling
between Press and Power provides additional arguments
sustaining a muscle pair-specific distribution of common
neural inputs to the hand muscles (Johnston et al. 2005)
during maximal voluntary isometric flexion contraction
of the fingers. These results support the view that central
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mechanisms are directly involved in the regulation of
agonist—antagonist muscle co-contraction (Dal Maso
et al. 2012; Mullany et al. 2002). Our study thus pro-
vides new evidence that muscle pair-specific beta-range
intermuscular coupling would take part in the regulation
of muscle redundancy around hand joints, especially at
the level of agonist—antagonist co-contraction.

Alpha-range (a) intermuscular coupling

In the a (8—12 Hz) frequency band, statistical analysis
showed no significant effect of Configuration on inter-
muscular coupling, whatever the studied muscle pair. This
finding is not consistent with previous studies that showed
that hand postural function was associated with modula-
tion of @ EMG-EMG (Poston et al. 2010). However, from
a more qualitative point of view, our results showed that
the presence of EMG-EMG coherence in the a (8—12 Hz)
frequency band was different according to both the muscle
pair and the hand configuration. Especially, an absence of a
EMG-EMG coherence was identified for all subjects only
in Power and only for the ECR/FCR muscle pair. This find-
ing was concomitant with the modulation of the level of
co-contraction between Press and Power, associated with
the postural functional role of ECR during Press. One could
thus suggest that @ EMG-EMG coherence was specifically
required between synergistic agonist and antagonist muscles
acting around the wrist when the extensors were specifically
involved as joint stabilisers. Our results may thus support the
importance of alpha-range intermuscular coupling between
agonist and antagonist muscles as a key mechanism in the
control of joint stabilisation. Even if previous studies have
reported that a-band coherence may be mediated by spinal
sources (Budini et al. 2014; Norton and Gorassini 2006),
further work is needed to investigate the involvement of spi-
nal mechanisms in the regulation of agonist—antagonist co-
contraction when the task needs particular heeding requisites
for joint stability.

Gamma-range (y) intermuscular coupling

In the y (35-60 Hz) frequency band, significant intermus-
cular coherence was found for all studied muscle pairs in
both Press and Power configurations. This finding is con-
sistent with the relation previously established between
y EMG-EMG coherence and strong contractions (Gwin
and Ferris 2012). However, significant modulation of y
EMG-EMG coherence was found for ECR/EDC muscle
pair only, with higher strength of intermuscular coherence
in Press than in Power. Although it is difficult to arrive
at a definitive conclusion with regards to the literature,
we can suggest that the observed pair-specific modula-
tion of gamma-range (y) intermuscular coherence between
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synergistic antagonist muscles may reflect the implication
of efferent drives involved in very strong tonic contractions
and of cognitive processes, such as focused attention (Mima
et al. 2000). Brown et al. (1998) suggested that gamma-range
oscillations may reflect binding of functionally associated
cortical elements. Thus, non-intuitively in view that power
grip was seen only in humans and highly-developed mon-
keys (Marzke et al. 2015), our findings may suggest that
attentional resources and complex integration of sensory
information are used during hand contractions in both con-
figurations, with greater involvement during finger pressing.

Conclusion

The present work harness the opportunity offered by hand con-
tractions and combined musculoskeletal and time—frequency
coherence analysis to better understand the neural mechanisms
underlying the control of muscle force coordination and co-
contraction between agonist and antagonist synergistic mus-
cles. Although further studies are needed to test whether our
conclusions can be extended to other muscles than those acting
around finger and wrist joints selected is the present study,
our findings emphasized the functional importance of inter-
muscular coupling as a mechanism that could take part in the
control of muscle force synergies and agonist—antagonist co-
contraction. These findings contribute to a better fundamen-
tal understanding of neural hand motor control mechanisms,
which could help in the development of diagnostic procedures
and clinical rehabilitation (Boonstra 2013).
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