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" Brain-Body Dynamics Lab, Department of Biomedical Engineering, University of Southern California, Los Angeles, CA, USA,
2 Applied Mathematical Physiology Lab, Division of Biokinesiology and Physical Therapy, University of Southern California,
Los Angeles, CA, USA

During force production, hand muscle activity is known to be coherent with activity
in primary motor cortex, specifically in the beta-band (15-30 Hz) frequency range.
[t is not clear, however, if this coherence reflects the control strategy selected by
the nervous system for a given task, or if it instead reflects an intrinsic property of
cortico-spinal communication. Here, we measured corticomuscular and intermuscular
coherence between muscles of index finger and thumb while a two-finger pinch grip of
identical net force was applied to objects which were either stable (allowing synergistic
activation of finger muscles) or unstable (requiring individuated finger control). We found
that beta-band corticomuscular coherence with the first dorsal interosseous (FDI) and
abductor pollicis brevis (APB) muscles, as well as their beta-band coherence with each
other, was significantly reduced when individuated control of the thumb and index finger
was required. We interpret these findings to show that beta-band coherence is reflective
of a synergistic control strategy in which the cortex binds task-related motor neurons into
functional units.
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INTRODUCTION

Both corticomuscular and intermuscular synchronization, as quantified by coherence analysis
(Rosenberg et al., 1989; Farmer et al., 1993; Conway et al., 1995), provide an important means
of understanding the cortical drive to muscles (Conway et al., 1995; Baker et al., 1997; Brown, 2000;
Boonstra et al., 2009a). Corticomotor drive contains a 15-30 Hz (beta-band) oscillatory component
(Murthy and Fetz, 1992, 1996a,b; Sanes and Donoghue, 1993; Stancdk and Pfurtscheller, 1996;
Donoghue et al., 1998; Mima and Hallett, 1999; Lebedev and Wise, 2000; Witham et al., 2010),
which entrains targeted motor neurons (Farmer et al., 1993, 1997; Mima and Hallett, 1999) and
leads to synchronization between cortical and muscular activities in that frequency range (Murthy
and Fetz, 1992; Conway et al., 1995; Baker et al., 1997; Salenius et al., 1997). Functionally-related
muscles also share a common intermuscular beta-band input (Kilner et al., 1999; Boonstra and
Breakspear, 2012; Boonstra, 2013), which is widely accepted as cortical in origin (Brown et al,,
1999), as the motor cortex is the only well-established source for such beta-band drive.

Although beta-band cortical drive has received a great deal of attention, its functional
significance for motor control remains unclear. Currently it is suggested that oscillations in this
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range functions to support a constant motor state (Kilner et al.,
2000; Pogosyan et al., 2009; Engel and Fries, 2010). This is
consistent with the observation that, during the production
of a constant force, beta-band coherence is strengthened with
continued sensory feedback and minimal voluntary movement
(Gilbertson et al., 2005; Androulidakis et al., 2006, 2007; Lalo
et al., 2007; Engel and Fries, 2010; Aumann and Prut, 2015).
While the magnitude of beta-band corticomuscular coherence
does correlate with force(Conway et al., 1995; Baker et al., 1997;
Kilner et al., 1999, 2000, 2004; Baker, 2007; Kristeva et al., 2007;
Witte et al., 2007), it disappears during movement (Baker et al.,
1997; Kilner et al., 1999, 2000, 2004; Brown, 2000; Feige et al.,
2000) and imagined movements (De Lange et al., 2008), and
there is even evidence that the signal is not entirely feed-forward
(Fisher et al., 2002; Baker et al., 2006; Witham et al., 2011). Such
findings raise important questions as to the functional role of
beta-band drive to muscles.

Numerous studies have investigated low force (< 5 N)
precision pinch paradigms to characterize cortico-spinal
interactions through the use of corticomuscular coherence
(CMC) (Muir and Lemon, 1983; Lemon and Mantel, 1989;
Lemon et al,, 1995, 1998; Baker et al,, 2003). Findings have
revealed that beta-band CMC is modulated by digit displacement
(Riddle and Baker, 2006), object compliance (Kilner et al., 2000),
and similar studies suggest a dependence upon the history and
time course of muscle contraction (Chakarov et al., 2009; Omlor
etal., 2011; Nazarpour et al., 2012). In nearly all cases, findings of
decreased beta-band CMC can be interpreted as reflecting either
(1) a departure from steady-state control of a particular muscle,
or (2) the cortical “unbinding” of muscles when individuated,
rather than synergistic, activation is called for. Given that beta-
band cortical activity has been suggested as a “binding” signal for
many years (Gray, 1994; Santello, 2014), and that such binding
would naturally favor synergistic rather than individuated
control of the fingers (Boonstra et al., 2009b; Danna-Dos Santos
et al,, 2010; Kattla and Lowery, 2010; Aumann and Prut, 2015),
our overall hypothesis was that beta-band corticomotor drive
should be reduced or eliminated when the degree of individuated
muscle control is increased.

To address these issues, we studied beta-band corticomuscular
and inter-muscular coherence (CMC and IMC, respectively)
while participants applied low magnitude precision pinch forces
to one of two different objects. The first object was a solid wooden
dowel. Production of a constant pinch force against a solid
object represents a relatively simple task for the nervous system.
The second object was a custom-designed spring which buckles
when compressed unless prevented from doing so through
precise dynamic adjustment of thumb and index fingertip
forces. The spring task described herein has been modified
from Valero-Cuevas et al. (2003) and described in Dayanidhi
et al. (2013b). This task requires the dynamic regulation of
thumb and index fingertip force vectors in 3-D to stabilize
the spring, which can be modeled as undergoing an instability
similar to a subcritical pitchfork bifurcation (Venkadesan et al.,
2007). The physical movement of the fingers remains negligible
because large movements tend to increase the likelihood of
buckling.

If beta-band coherence depends on the generation of a
relatively stable pinch force, then coherence should change
relatively little across these two tasks. If beta-band coherence
is inherently an intermuscular binding signal, then we would
expect to see little coherence during compression of the unstable
spring, either in terms of CMC or IMC. Our findings support
this hypothesis and suggest that the dynamic, mechanical
relationships among muscles are likely critical factors shaping the
frequency content of corticomotor drive.

METHODS

Participants

We recruited 15 healthy participants (30.3 £ 4.6 years, 6
females) who were self-reported as right-handed. There were no
known prior or current neurological conditions in any of the
participants, nor did they report any previous hand injuries or
surgeries. This study was carried out in accordance with the
recommendations of Institutional Review Board (IRB) at the
University of Southern California (USC) with written informed
consent from all subjects. All subjects gave written informed
consent in accordance with the Declaration of Helsinki. The
protocol was approved by the Office for the Protection of
Research Subjects at USC.

Task 1: Establishing Maximal Unstable

Spring Compression Force

The Strength-Dexterity test provides a quantitative measure of
hand dexterity by requiring dynamic regulation of endpoint force
direction and magnitude to stabilize a slender and compliant
spring prone to bucking (Valero-Cuevas et al, 2003). The
instability in the spring increases with compression force, and
thus the maximal compression force reached is indicative of
the greatest instability the neuromuscular system can control.
The force required to bring the spring to solid length was
approximately 3.7-3.8 N, however the maximal compression
force healthy adults can reach is less than 3.0 N (Dayanidhi,
2012). We specifically chose a spring with a low strength
requirement (<15% maximal precision pinch force) to focus
primarily on cortical drive involved with dexterity demand,
rather than strength. The resting length of the spring measured
4.2 cm in length, weighed approximately two grams and had
a spring constant of 0.86 N/cm. Custom designed 3-D printed
acrylonitrile butadiene styrene (ABS) plastic end caps were glued
to both ends of the spring to create flat surfaces on which to attach
a force transducer. Additional ABS end caps were attached on top
of the sensor for two purposes: (1) to provide a place for subjects
to grasp the object and (2) to serve as a thermal barrier to prevent
body heat from adding a bias to the temperature-sensitive force
transducer. With the addition of the end caps and sensor, the
effective resting length of the spring was 5.7 cm (Figure 1A).

In this task, subjects rested their right arm on a table and used
their index finger and thumb to compress the spring with their
hand resting on the table. During the task, we asked participants
to ensure that their 3rd-5th fingers did not assist in the task by
tucking them into their palm. They were given four attempts (90 s
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FIGURE 1 | Visuomotor force tracking paradigm for a representative subject. (A) A small compliant spring is compressed between the index finger and
thumb. Fingertip forces and bipolar surface EMG from the intrinsic hand muscles FDI and APB (not shown) were recorded. (B) Force tracking task showing three
random presentations during spring compression at forces of 1.0 and 2.1 N. Each force level (high or low) was presented to the subject for 30 s with an inter-stimulus
interval of 5 s. The blue trace represents the recorded compression force. Red dotted lines indicate the £15% tolerance limits relative to target force. Data that are
within the tolerance limits for a minimum of 5 s in duration (shaded regions) were used in the coherence analysis. In the fourth hold, the compression force briefly fell
out of the tolerance range. (C) The visuomotor task is repeated with a stable wooden dowel. (D) Force tracking profile with the dowel at the same force levels and

tolerance limits as with the spring. Gray areas represent data within tolerance and dowel-low and dowel-high refer to dowel-low and dowel-high, respectively.

each) to try to compress the spring as much as possible (Valero-
Cuevas et al., 2003; Dayanidhi et al., 2013a,b; Lawrence et al.,
2014). The average maximal compression force reached prior
to spring buckling was taken as a normalized measure of their
dexterous performance. We rounded this maximal value to the
nearest tenth of a Newton and defined this as the subject-specific
Fmax. We then calculated 40 and 80% of the subject-specific Fyax
for use in the second phase of the study.

Task 2: Visuomotor Force Tracking

Subjects were seated comfortably in front of a computer
providing visual feedback of their precision pinch compression
force. They compressed either the same slender spring or a
wooden dowel (length = 5.2 cm, diameter = 0.12 cm, Figure 1C)
to visually track a series of randomly presented step targets set
to 40 and 80% of their Fp,y. For three trials for a given object,
target force levels were presented at 30 s intervals with 5s of rest
in between (Figures 1B,D). The trial lasted until five repetitions
of each force level were presented. During the resting periods,
the subjects would hold the object with just enough force to
prevent dropping it. Breaks were given in between trials when
necessary to prevent fatigue effects. Subjects then repeated the
procedure with the other object for the same number of trials and
force levels. This two-by-two factorial design yielded four force
conditions: spring-low, spring-high, dowel-low, and dowel-high.

Recordings

Force

Normal compression forces were measured by affixing a uni-axial
load cell (ELFF-B4-10L, Measurement Specialties, Hampton, VA)
with double-sided tape to the index finger side of either the
compliant spring or the wooden dowel. The circular load cell
measured 0.41 cm in height, 1.27 cm in diameter and aligned
perfectly with the diameter of the objects. Signals from the sensor
were differentially amplified with a custom designed circuit

operating in the 0-5 N range. Data were captured using a USB
Data Acquisition (DAQ) system (National Instruments, Austin,
TX) sampling at a rate of 2,048 Hz. Prior to data collection,
the sensor voltage was converted to Newtons by removing the
DC offset and calibrating the load-cell using a four-point linear
regression with fixed weights. The offset and gain of the load cell
were corrected periodically to ensure accurate force recordings.

Electromyography (EMG)

Bipolar surface EMG were collected using a Delsys Bagnoli
system (Delsys, Natick, MA) from the first dorsal interosseous
(FDI) and abductor pollicis brevis (APB). Data were filtered
between 20 and 450 Hz, amplified by 1000, and then sampled
at a 2048 Hz. The reference electrode for the recordings was
placed on the olecranon of the right arm. Recording locations
were identified by palpating the muscle during force production
in the direction of mechanical action for each muscle.

Electroencephalography (EEG)

Sixty four channels of EEG were recorded at a sampling rate of
2048 Hz (ANT Neuro, Enschede, The Netherlands). The fixed
recording sites were arranged according to the international 10—
20 system for scalp electrode placement. We ensured repeatable
recordings of cortical areas across subject by taking skull
measurements and placing electrode Cz at the cross section of
the midway point between the nasion and inion and the midway
point between the left and right tragus of the ear. Electrode
impedances were kept below 10 k with respect to the reference
electrode CPz.

Following digitization, EEG signals were bandpass filtered
between 10 and 500 Hz and both EEG and EMG signals were
notch filtered at 60 Hz and its harmonics up to 500 Hz using a 4th
order Butterworth filter implemented in MATLAB (Mathworks,
Natick, MA) and FieldTrip, a software package for EEG and EMG
analysis (Delorme and Makeig, 2004; Oostenveld et al., 2011).
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Subsequently, EMG were rectified to extract group activity of
motor units (Halliday et al., 1995; Mima and Hallett, 1999). Data
formats collected from two separate systems were synchronized
by configuring the NI-DAQ to send a trigger pulse to the EEG and
EMG systems via a split BNC cable. Custom scripts were created
to read in trigger events and synchronize all data.

Trial Selection

The start of a trial was defined as the time when the on-screen
target transitioned from a resting value to either 40 or 80%
of Frax, and its end was defined as the time when the target
value returned back to rest. Trial windows were 30's in duration
with a 5s inter-stimulus interval. Sample traces of the matching
paradigm are shown in in Figure 1B for the spring (blue trace)
and in Figure 1D for the dowel (orange trace); each showing
three randomized presentations of the low and high force levels
(note that the force levels are the same across objects). Force
data during these steady hold phases were visually examined to
determine if the task was performed correctly. Our requirement
was that the hold phase must be within a £15% tolerance of the
target force value and be held within this range for at least 5 s. The
force profiles meeting these criteria are shown as the gray shaded
areas in Figures 1B,D. Force profiles not meeting these criteria
were excluded from analysis. The accuracy of the force matching
task was analyzed by taking the root mean square error of the
steady hold force compared to the target level for each of the four
conditions.

Epochs of synchronized EEG and EMG from each condition
that satisfied the steady-state criteria were normalized and pooled
across conditions and subjects (Amjad et al., 1997). Normalizing
each epoch of data gives equal weight to each section and
effectively eliminates the possibility of coherence bias which
favors sections with high EMG amplitude (Amjad et al., 1997;
James et al., 2008; Schoffelen et al., 2011).

Coherence Analysis
Synchronous oscillations between cortical activity and EMG
indicate functional connectivity which can be assessed through
coherence analysis (Nunez et al., 1997; Mima and Hallett, 1999).
Briefly, coherence measures the temporal correlation between
two signals through the strength of the consistency of their phase
lag as a function of frequency. The result is a coherence spectrum
bounded between 0 and 1 for each frequency of interest. A value
of 1 indicates a perfect temporal correlation, while 0 indicates no
correlation.

For a given time series, x(t), let the auto spectrum be
represented as

L
Pulf) = 7 X)X ()
i=1

where X;(f) represents the Fourier transform of the signal at
segment i of L, and * indicates the complex conjugate. A similar
spectrum exists for the signal y(t), represented as Py, (f). The

cross spectrum between the signals x () and y(t) is represented as

Po (1) = 1 %) Y7 ().

Coherence is calculated by normalizing the square of the cross-
spectral density between signals x (t) and y(t) by the product of
their individual auto spectral densities (Baker et al., 1997; Nunez
etal., 1997) as represented by

Py ()
S )= 5Py ()

Corticomuscular coherence (CMC) refers to the specific case
where cortical and muscular signals represent x () and y(t).
CMC was computed for each EEG-EMG electrode pair as well
as FDI-APB coherence using FieldTrip, an open-source toolbox
in MATLAB for the analysis of EEG and MEG data (Oostenveld
et al, 2011). We used discrete prolate spheroidal sequences
(DPSS) or Slepian tapers (Slepian, 1978) for the calculation of
the auto and cross spectra. The multi-taper method provides
several measures of the spectral estimation by multiplying the
data series by a series of orthogonal tapers prior to calculating the
Fourier transform (Pesaran, 2008). Three tapers were used in our
analysis, providing a spectral bandwidth of £5 Hz (Maris et al.,
2007; Schoffelen et al., 2011).

Selection of EEG Electrodes

Although CMC can be calculated between each muscle and every
scalp electrode, we limited our selection to EEG electrodes that
showed high FDI-EEG coherence during the dowel-low task.
Similar low-force isometric precision task have been previously
used in literature for CMC analysis (Baker et al., 1997; Kilner
etal., 2000; Fisher et al., 2002; Riddle and Baker, 2006; Chen et al.,
2013). Raw coherence values were first normalized by conversion
to standard Z-scores using the following formula

arctanh (JE)
JI2N

Where N is the total number of tapers used in the calculation
of coherence (C) (Baker et al., 2003; Laine et al., 2013, 2014).
The electrode locations selected for further analysis were those at
which the average Z-score exceeded a Bonferroni-corrected 99%
confidence level (Z = 3.6). The correction accounts for the total
number of EEG channels.

Linear Mixed-Effects Model

A linear mixed-effect model provides a method of describing a
relationship for a measurable quantity as a function of the sum of
weighted independent variables (Winter, 2013). We investigated
the effects of task condition on beta coherence using a linear
mixed-effect model with the following format:

7 =

CMCg = Bo + p1 - Condition + p; - (1|Participant) + €

where CMCy is the average beta-range coherence of an epoch,
Condition (high and low force for both the spring and dowel)
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is the fixed-effect term, Participant is the random-effect term,
B terms are the coeflicients for the independent variables, and
€ is the error. The random-effects term was inserted to account
for subject variability since several measurements were taken for
each condition. Models were generated to estimate CMCg for the
FDI and APB well as beta intermuscular FDI-APB coherence.

RESULTS

Baseline Corticomuscular Coherence

To confirm the spatial sensitivity and validity of our analysis
procedures, we calculated FDI-EEG coherence for the dowel-
low condition. Figure 2A shows a head map of the average Z-
transformed corticomuscular coherence between the FDI and
all EEG channels. The locations of the four electrodes that
exceeded our significance threshold (described previously) are
shown in white over the left primary motor cortex and labeled
C3, C1, CP3, and CP1. The spatial localization and magnitude
shown over the left sensorimotor cortex coincides with previous
literature findings during low force production (Witte et al., 2007;
Chakarov et al., 2009; Piitulainen et al., 2013).

Cortical drive to the FDI during the dowel-high and spring-
high conditions was directly compared. Figure 2B shows the
average Z-transformed coherence spectra (5-100 Hz) of the
four significant electrodes for the dowel-high (orange trace) and
spring-high (blue trace) conditions. The peak coherence for both
conditions appeared in the beta frequency range (gray shaded
area in Figure 2B). The peak Z-transformed coherence during
the dowel-high condition was 6.84 at 20.1 Hz. Despite matched
force levels, however, the peak coherence during the spring-high
condition decreased to 4.59 at 21.1 Hz.

Linear Mixed-Effect Model

Figure 3 shows the results of the linear mixed-effects model
which tests the effects of condition on beta FDI-EEG (Figure 3A)

and APB-EEG (Figure 3B) beta-range coherence. Using an F-
test, we compared the difference in effect of spring-low and
dowel-low model coefficients on beta CMC. We found no
significant difference in effect of low force coefficients on either
FDI-EEG or APB-EEG beta coherence. It is important to note
that, in these low force conditions, both objects remain in the
stable domain as the spring has not been compressed enough to
exhibit instability.

A similar comparison of the difference in the linear mixed-
effect coefficients for the spring-high and dowel-high conditions
revealed a significance difference in effect on both FDI-EEG
(p = 6.8459¢-08) and APB-EEG (p = 1.6889¢-05) beta-range
coherence. Overall, CMC was reduced in the unstable task
(spring-high condition) compared to the stable task (dowel-high
condition) with matched force levels. During the high force
compression conditions, the dowel remains in the stable domain,
but the spring has been compressed to the point of instability.

EMG-EMG Coherence

We tested for changes in FDI-APB beta coherence across
the higher force conditions. Figure4A shows the FDI-APB
intermuscular coherence for the spring and dowel objects. The
dowel-high condition showed a peak beta range Z-transformed
coherence of 6.59 at 24.6 Hz. This peak value was significantly
higher than for that of the spring-high condition, which had a
peak value of 2.33 at 24.4 Hz. Figure 4B depicts the results of the
linear mixed-effect model showing that the effects of the dowel
was significantly higher than for the spring at the high force level
(p = 4.9415¢-10).

DISCUSSION

In this study, we have examined the functional meaning of beta-
band corticomotor drive. Specifically, we tested the hypothesis
that beta-band cortical drive reflects the “binding” of motor

w
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FIGURE 2 | Results for the dowel-low task. (A) Grand average Z-transformed FDI-EEG coherence head map for the dowel-low task with all electrode locations
marked. The four electrodes used for statistical analyses were C1, C3, CP1, and CP3 (labeled) with respective Z-transformed coherence values of 4.81, 5.26, 4.66,
and 4.54. The cluster of electrodes appears over the left sensorimotor cortex. (B) Average coherence spectra of the four electrodes shown in (A) for the spring-high
(blue trace) and dowel-high (orange trace) tasks. The beta frequency band (15-30 Hz) is shown as the gray shaded area. Peak coherence of the average for the
spring-low condition was 4.59 at 21.05 Hz and for the dowel-high condition, 6.84 at 20.1 Hz.
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neurons into functional units for synergistic cortical control, and
thus should depend upon the type/degree of muscle coordination
required by a task. Our findings provide evidence that beta-band
corticomotor drive is inherently a reflection of intermuscular
“binding” rather than steady isometric force production.

It is known that synergistically-activated muscles share
beta-band cortical drive, as measured by intermuscular EMG
coherence (Kilner et al., 1999; Boonstra and Breakspear, 2012;
Boonstra, 2013). It has been suggested that this phenomenon
reflects the “binding” of these muscles into a functional unit (or
synergy) at the cortical level (Gray, 1994; Santello, 2014). As
such, we predicted that beta-band CMC should emerge more
prominently when the task of the motor cortex can be reduced
to scaling the activation of a functional group of motor neurons

(Valero-Cuevas, 2000). The idea that cortical output should
reflect the dimensionality of a task is in line with the work of
Rathelot and Strick (2006, 2009) who proposed that the motor
cortex in humans and some higher primates may have evolved
specific pathways (an “old” and “new” M1) to allow optional and
flexible utilization of muscle synergies or “motor primitives.”

In this study we have used compression of a slender
spring to obligate time-varying fingertip force adjustment while
minimizing physical movement and changes in net force (Valero-
Cuevas et al,, 2003; Dayanidhi et al., 2013a,b; Lawrence et al.,
2014). This paradigm has been shown in an fMRI study
to increase the engagement diverse brain networks (Mosier
et al, 2011) beyond what is required for less-demanding
actions. Succeeding at the unstable task (spring-high) requires
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a level of independent dynamic control of the muscles of
the thumb and index finger to dynamically regulate fingertip
force vectors to stabilize the spring (Johanson et al., 2001;
Venkadesan et al., 2007), which is not the case for isometric
tasks like when a wooden dowel is pinched (Valero-Cuevas,
2000). Accordingly, our data showed a general reduction of
intermuscular coherence between the EMG signals recorded
from the APB and FDI muscles when the spring was compressed
at a level that induced instability. The reduction of beta-band
(15-30 Hz) coherence between muscles can be interpreted
as stemming from an “unbinding” of these two muscles at
the level of the cortex. Changes in force alone would not
explain our results, since little change in IMC was observed
in the dowel-low vs. dowel high condition. Further, increased
spring compression force is associated with increased instability,
but not changes in spring compliance. Our results almost
certainly reflect a neural reaction to the demands of controlling
instabilities.

Similar to our findings for IMC, CMC in the beta-band
was markedly reduced for the FDI and ABP muscles when the
spring became unstable in the spring-high condition. If this
phenomenon were simply due to increased noise in the EEG
signal (e.g., due to increased cortico-cortical communication
during the more difficult task) we would expect that IMC would
have been preserved (since the muscles would still share beta-
band cortical drive), but this was not the case. Further, a change
from static to dynamic force production is known to increase
high-frequency (30-50 Hz) CMC as beta-band CMC shifts to
higher frequencies (Omlor et al., 2007). We did not observe this
type of shift. The simplest interpretation would be that the beta-
band cortical drive was fundamentally an intermuscular signal
in this task, and that a shift in cortical control strategy occurred
when the thumb and index finger muscles required independent
control. This interpretation is also in line with evidence from a
pilot study in which within-muscle motor unit coherence was
reduced in the APB muscle during the same high-force spring
compression task (Laine et al., 2015). A relationship between
beta-band cortical drive and control strategy also agrees with
its dependence on psychosensory aspects of a task (Laine et al.,
2014), although typically it is the higher frequencies of cortical
drive (30-50 Hz) which show the greatest sensitivity to such
features (Brown et al., 1998; Omlor et al., 2007, 2011; Patino et al.,
2008; Mehrkanoon et al., 2014).

Recently it has been hypothesized that beta oscillations arise
from closed loops from M1 to muscle synergies back to M1
(Aumann and Prut, 2015). As such, during sustained contraction
of a muscle, groups of sensorimotor neurons oscillate in
synchrony to maintain the current state (Engel and Fries, 2010).
Conversely during movement, de-synchrony of the local group
disrupts beta rhythms. The results obtained in this study support
this closed-loop hypothesis given in the fact that during the
stable conditions (i.e., spring-low, dowel-low and dowel-high),
synergistic muscle activations were necessary for producing the
target forces. However, in the spring-high condition, it was
necessary to disrupt these synergies despite the fact that a
relatively constant net force was maintained.

Confounds and Alternative Explanations
Physical differences in the objects compressed are of key
importance to this study. Our interpretation is that the primary
factor was the decreased stability of the spring when compressed
at higher forces, however, small differences finger position,
movement, object compliance, etc. could influence coherence
measures and must be considered.

In a previous study, Kilner et al. found positive correlations
between the magnitude of beta-band CMC and object
compliance during a ramp and hold precision pinch task
(Kilner et al., 2000). In our study, we did not observe a difference
in beta-band CMC between the dowel-low and spring-low
conditions, and at high forces, we observed a reduction rather
than an increase in beta-band CMC. While the study of Kilner
et al. shares many similarities with the work presented here, the
compliant object used in our study was free at both ends and
had the propensity to buckle and slip out of the hand when
compressed at applied forces >2.2 N. In contrast, two fixed levers
with programmable compliance were compressed in the study of
Kilner et al. Such differences make direct comparison between
studies inexact, but it is clear that the higher compliance of the
spring relative to the dowel should, if anything, favor beta-band
coherence (Kilner et al., 2000), as should higher force relative
to lower force (Witte et al., 2007). Accordingly, our observation
of decreased beta-band coherence in the spring-high condition
appears to be related to a change in neuromuscular control
strategy in response to the reduced stability of the spring. If very
small movements can influence CMC (Kilner et al., 1999), then
it is possible that the underlying reason for this may relate to the
fact that movement may not allow muscles to be “bound” in the
same way as is possible during static isometric force production.
Although the physical positioning of the fingers can also have
an influence on coherence (Riddle and Baker, 2006) the final
position of the fingers during spring vs. dowel compression did
not differ by more than about 1 cm, and we have no reason to
believe that this would have been a major factor in the present
study. Moreover, prior fMRI work in this same task has shown
that the presence of instability has an effect distinct from that of
compliance (Mosier et al., 2011).

It is also important to consider potential drawbacks of using
EEG and surface EMG signals. For example, surface EMG will
not be as sensitive as single motor unit recordings (Keenan et al.,
2012) and may be influenced by signal processing techniques
such as filtering or rectification (Boonstra and Breakspear, 2012;
Farina et al, 2013). Even so, a systematic difference in the
sensitivity of EMG signals to beta-band drive across tasks seems
an unlikely explanation for our results, especially given the low
levels of force required and our use of the most appropriate
signal processing methods (i.e., EMG rectification) under these
conditions (Farina et al., 2013).

It is relevant that compression of the spring to the point that
it becomes unstable is an inherently difficult and demanding
task. While there is increasing evidence that M1 activity may be
involved with the perception of task goals (Shen and Alexander,
1997; Cisek et al.,, 2003; Scott, 2003), our suggestion is that the
perception of difficulty in motor tasks is secondary to more
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tangible factors, such as the need for time-critical sensorimotor
corrections, and individuated vs. synergistic control of muscles.
In one recent study, for example, beta-band CMC was reduced
when the degree of bimanual muscle coordination was increased
through a visual feedback manipulation (de Vries et al., 2016).
The interpretation was that beta-band CMC relates to the
control of individual muscles, rather than coordination. The
opposite argument could also be made, however, because in
that study, errors of force may have been perceived and
corrected individually for each hand in order to achieve better
overall bimanual coordination. This would be in line with our
coordination-based interpretation of beta-band drive to muscles.
The same study also found that low-frequency IMC (~10 Hz)
across hands was highest when bimanual coordination was
highest. Because ~10 Hz CMC is not present in that study nor
our own, low-frequency drive to individual muscles cannot be
measured or compared concurrently with inter-muscular drive
(i.e., IMC). This makes it difficult to attribute changes in IMC
to inherently coordination-related aspects of our tasks, rather
than other factors which might influence the production of low-
frequency neural drive in general. That said, our Figure 4A
does visibly show low-frequency IMC reduced along with the
beta-band in the spring-high condition, which certainly justifies
further investigation of this issue.

Overall, our study tests the notion that beta-band cortical
drive essentially reflects the dimensionality of cortical
commands, and our results strongly suggest that beta-band
CMC should be interpreted carefully, with special attention to

REFERENCES

Amjad, A. M., Halliday, D. M., Rosenberg, J. R., and Conway, B. A. (1997).
An extended difference of coherence test for comparing and combining
several independent coherence estimates: theory and application to the study
of motor units and physiological tremor. J. Neurosci. Methods 73, 69-79.
doi: 10.1016/S0165-0270(96)02214-5

Androulidakis, A. G., Doyle, L. M., Gilbertson, T. P., and Brown, P. (2006).
Corrective movements in response to displacements in visual feedback
are more effective during periods of 13-35 Hz oscillatory synchrony
in the human corticospinal system. Eur. J. Neurosci. 24, 3299-3304.
doi: 10.1111/.1460-9568.2006.05201.x

Androulidakis, A. G., Doyle, L. M., Yarrow, K., Litvak, V., Gilbertson, T. P.,
and Brown, P. (2007). Anticipatory changes in beta synchrony in the human
corticospinal system and associated improvements in task performance. Eur. J.
Neurosci. 25, 3758-3765. doi: 10.1111/j.1460-9568.2007.05620.x

Aumann, T. D., and Prut, Y. (2015). Do sensorimotor B-oscillations maintain
muscle synergy representations in primary motor cortex?. Trends Neurosci. 38,
77-85. doi: 10.1016/j.tins.2014.12.002

Baker, S. N. (2007). Oscillatory interactions between sensorimotor cortex and the
periphery. Curr. Opin. Neurobiol. 17, 649-655. doi: 10.1016/j.conb.2008.01.007

Baker, S. N., Chiu, M., and Fetz, E. E. (2006). Afferent encoding of
central oscillations in the monkey arm. J. Neurophysiol. 95, 3904-3910.
doi: 10.1152/jn.01106.2005

Baker, S. N., Pinches, E. M., and Lemon, R. N. (2003). Synchronization
in monkey motor cortex during a precision grip task. II. Effect of
oscillatory activity on corticospinal output. J. Neurophysiol. 89, 1941-1953.
doi: 10.1152/jn.00832.2002

Baker, S.N., Olivier, E., and Lemon, R.N. (1997). Coherent oscillations in monkey
motor cortex and hand muscle EMG show task-dependent modulation. J.
Physiol. 501, 225-241. doi: 10.1111/j.1469-7793.1997.225bo.x

muscle coordination and time-critical sensorimotor demands.
Our current speculation, supported by the findings of this
investigation, is that beta-band CMC reflects the use of a low-
dimensional mode of cortical control over groups of muscles,
rather than the maintenance of a steady-state force output. While
fully understanding the neurophysiology and task-dependence
of cortico-motor oscillations requires further study, our results
justify such future work and provide a springboard for more
focused investigations into the relationship between the physical
requirements of a task and neural control strategies necessary
to satisfy them. Finally, such insights into the origin and
modulation of cortico-motor oscillations would not only clarify
fundamental mechanism for sensorimotor control, but perhaps
provide well-founded tasks and analyses directly translatable to
clinical measures and diagnostic tests (Norton and Gorassini,
2006; Hammond et al., 2007; Pogosyan et al., 2009; Fisher et al.,
2012; Ko et al., 2016).

AUTHOR CONTRIBUTIONS

AR, JK, and FV designed research; AR performed research; AR,
CL, and JK analyzed data; AR, CL, JK, and FV wrote the paper.

ACKNOWLEDGMENTS

This material is in part based upon work supported by NSF
Grant EFRI-COPN 0836042, NIH Grant R01-052345, NIH Grant
R01-050520 to FV, and Supplement R01-050520-W1 to AR.

Boonstra, T. W. (2013). The potential of corticomuscular and intermuscular
coherence for research on human motor control. Front. Hum. Neurosci. 7:855.
doi: 10.3389/fnhum.2013.00855

Boonstra, T. W., and Breakspear, M. (2012). Neural mechanisms of intermuscular
coherence: implications for the rectification of surface electromyography. J.
Neurophysiol. 107, 796-807. doi: 10.1152/jn.00066.2011

Boonstra, T. W., Daffertshofer, A., Roerdink, M., Flipse, I., Groenewoud, K.,
and Beek, P. J. (2009b). Bilateral motor unit synchronization of leg muscles
during a simple dynamic balance task. Eur. J. Neurosci. 29, 613-622.
doi: 10.1111/j.1460-9568.2008.06584.x

Boonstra, T. W., van Wijk, B. C., Praamstra, P., and Daffertshofer, A. (2009a).
Corticomuscular and bilateral EMG coherence reflect distinct aspects of neural
synchronization. Neurosci. Lett. 463, 17-21. doi: 10.1016/j.neulet.2009.07.043

Brown, P. (2000). Cortical drives to human muscle: the Piper and related rhythms.
Prog. Neurobiol. 60, 97-108. doi: 10.1016/S0301-0082(99)00029-5

Brown, P., Farmer, S. F., Halliday, D. M., Marsden, J., and Rosenberg, J. R. (1999).
Coherent cortical and muscle discharge in cortical myoclonus. Brain 122,
461-472. doi: 10.1093/brain/122.3.461

Brown, P., Salenius, S., Rothwell, J. C., and Hari, R. (1998). Cortical correlate of the
Piper rhythm in humans. J. Neurophysiol. 80, 2911-2917.

Chakarov, V., Naranjo, J. R., Schulte-Monting, J., Omlor, W., Huethe, F,,
and Kristeva, R. (2009). Beta-range EEG-EMG coherence with isometric
compensation for increasing modulated low-level forces. J. Neurophysiol. 102,
1115-1120. doi: 10.1152/jn.91095.2008

Chen, S., Entakli, J., Bonnard, M., Berton, E., and De Graaf, J. B. (2013). Functional
corticospinal projections from human supplementary motor area revealed
by corticomuscular coherence during precise grip force control. PLoS ONE
8:¢60291. doi: 10.1371/journal.pone.0060291

Cisek, P., Crammond, D. J., and Kalaska, J. F. (2003). Neural activity in primary
motor and dorsal premotor cortex in reaching tasks with the contralateral
versus ipsilateral arm. J. Neurophysiol. 89, 922-942. doi: 10.1152/jn.00607.2002

Frontiers in Computational Neuroscience | www.frontiersin.org

April 2017 | Volume 11 | Article 17


https://doi.org/10.1016/S0165-0270(96)02214-5
https://doi.org/10.1111/j.1460-9568.2006.05201.x
https://doi.org/10.1111/j.1460-9568.2007.05620.x
https://doi.org/10.1016/j.tins.2014.12.002
https://doi.org/10.1016/j.conb.2008.01.007
https://doi.org/10.1152/jn.01106.2005
https://doi.org/10.1152/jn.00832.2002
https://doi.org/10.1111/j.1469-7793.1997.225bo.x
https://doi.org/10.3389/fnhum.2013.00855
https://doi.org/10.1152/jn.00066.2011
https://doi.org/10.1111/j.1460-9568.2008.06584.x
https://doi.org/10.1016/j.neulet.2009.07.043
https://doi.org/10.1016/S0301-0082(99)00029-5
https://doi.org/10.1093/brain/122.3.461
https://doi.org/10.1152/jn.91095.2008
https://doi.org/10.1371/journal.pone.0060291
https://doi.org/10.1152/jn.00607.2002
http://www.frontiersin.org/Computational_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Computational_Neuroscience/archive

Reyes et al.

Beta Coherence Reflects Muscle Strategies

Conway, B. A, Halliday, D. M., Farmer, S. F., Shahani, U., Maas, P., Weir, A.L,
et al. (1995). Synchronization between motor cortex and spinal motoneuronal
pool during the performance of a maintained motor task in man. J. Physiol. 489,
917-924. doi: 10.1113/jphysiol.1995.sp021104

Danna-Dos Santos, A., Poston, B., Jesunathadas, M., Bobich, L. R., Hamm, T.
M., and Santello, M. (2010). Influence of fatigue on hand muscle coordination
and EMG-EMG coherence during three-digit grasping. J. Neurophysiol. 104,
3576-3587. doi: 10.1152/jn.00583.2010

Dayanidhi, S. (2012). Behavioral, Muscular and Dynamical Changes in Low Force
Dexterous Manipulation during Development and Aging. Los Angeles, CA:
University of Southern California.

Dayanidhi, S., Hedberg, A., Valero-Cuevas, F. J., and Forssberg, H. (2013a).
Developmental improvements in dynamic control of fingertip forces last
throughout childhood and into adolescence. J. Neurophysiol. 110, 1583-1592.
doi: 10.1152/jn.00320.2013

Dayanidhi, S., Kutch, J. J., and Valero-Cuevas, F. J. (2013b). Decrease
in muscle contraction time complements neural maturation in the
development of dynamic manipulation. J. Neurosci33, 15050-15055.
doi: 10.1523/JNEUROSCI.1968-13.2013

De Lange, F. P, Jensen, O., Bauer, M., and Toni, I. (2008). Interactions between
posterior gamma and frontal alpha/beta oscillations during imagined actions.
Front. Hum. Neurosci. 2:7. doi: 10.3389/neuro.09.007.2008

Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis
of single-trial EEG dynamics including independent component analysis. J.
Neurosci. Methods 134, 9-21. doi: 10.1016/j.jneumeth.2003.10.009

de Vries, I. E., Daffertshofer, A., Stegeman, D. F., and Boonstra, T. W.
(2016). Functional connectivity in neuromuscular system underlying bimanual
coordination. . Neurophysiol. 116, 2576-2585. doi: 10.1152/jn.00460.2016

Donoghue, J. P., Sanes, J. N., Hatsopoulos, N. G., and Gaal, G. (1998). Neural
discharge and local field potential oscillations in primate motor cortex during
voluntary movements. J. Neurophysiol. 79, 159-173.

Engel, A. K., and Fries, P. (2010). Beta-band oscillations—signalling the status quo?
Curr. Opin. Neurobiol. 20, 156-165. doi: 10.1016/j.conb.2010.02.015

Farina, D., Negro, F., and Jiang, N. (2013). Identification of common synaptic
inputs to motor neurons from the rectified electromyogram. J. Physiol. 591,
2403-2418. doi: 10.1113/jphysiol.2012.246082

Farmer, S.F., Bremner, F.D., Halliday, D.M., Rosenberg, J.R., and Stephens, J.A.
(1993). The frequency content of common synaptic inputs to motoneurones
studied during voluntary isometric contraction in man. J. Physiol. 470, 127-155.
doi: 10.1113/jphysiol.1993.sp019851

Farmer, S., Halliday, D., Conway, B., Stephens, J., and Rosenberg, J. (1997).
A review of recent applications of cross-correlation methodologies
to human motor unit recording. J. Neurosci. Methods 74, 175-187.
doi: 10.1016/S0165-0270(97)02248-6

Feige, B., Aertsen, A., and Kristeva-Feige, R. (2000). Dynamic synchronization
between multiple cortical motor areas and muscle activity in phasic voluntary
movements. J. Neurophysiol. 84, 2622-2629.

Fisher, K. M., Zaaimi, B., Williams, T. L., Baker, S. N., and Baker, M. R.
(2012). Beta-band intermuscular coherence: a novel biomarker of upper
motor neuron dysfunction in motor neuron disease. Brain 135, 2849-2864.
doi: 10.1093/brain/aws150

Fisher, R. J., Galea, M. P., Brown, P., and Lemon, R. N. (2002). Digital nerve
anaesthesia decreases EMG-EMG coherence in a human precision grip task.
Exp. Brain Res. 145, 207-214. doi: 10.1007/s00221-002-1113-x

Gilbertson, T., Lalo, E., Doyle, L., Di Lazzaro, V., Cioni, B., and Brown, P. (2005).
Existing motor state is favored at the expense of new movement during 13-35
Hz oscillatory synchrony in the human corticospinal system. J. Neurosci. 25,
7771-7779. doi: 10.1523/JNEUROSCI.1762-05.2005

Gray, C. M. (1994). Synchronous oscillations in neuronal systems: mechanisms
and functions. J. Comput. Neurosci. 1, 11-38. doi: 10.1007/BF00962716

Halliday, D. M., Rosenberg, J. R., Amjad, A. M., Breeze, P., Conway, B. A., and
Farmer, S. F. (1995). A framework for the analysis of mixed time series/point
process data—theory and application to the study of physiological tremor,
single motor unit discharges and electromyograms. Prog. Biophys. Mol. Biol.
64, 237-278. doi: 10.1016/S0079-6107(96)00009-0

Hammond, C., Bergman, H., and Brown, P. (2007). Pathological synchronization
in Parkinson’s disease: networks, models and treatments. Trends Neurosci. 30,
357-364. doi: 10.1016/j.tins.2007.05.004

James, L. M., Halliday, D. M., Stephens, J. A., and Farmer, S. F. (2008). On
the development of human corticospinal oscillations: age-related changes
in EEG-EMG coherence and cumulant. Eur. J. Neurosci. 27, 3369-3379.
doi: 10.1111/j.1460-9568.2008.06277.x

Johanson, M. E., Valero-Cuevas, F. J., and Hentz, V. R. (2001). Activation patterns
of the thumb muscles during stable and unstable pinch tasks. J. Hand. Surg. Am.
26, 698-705. doi: 10.1053/jhsu.2001.26188

Kattla, S., and Lowery, M. M. (2010). Fatigue related changes in electromyographic
coherence between synergistic hand muscles. Exp. Brain Res. 202, 89-99.
doi: 10.1007/s00221-009-2110-0

Keenan, K. G., Massey, W. V., Walters, T. J., Collins, J. D. (2012). Sensitivity
of EMG-EMG coherence to detect the common oscillatory drive to hand
muscles in young and older adults. J. Neurophysiol. 107, 2866-2875.
doi: 10.1152/jn.01011.2011

Kilner, J. M., Baker, S. N., Salenius, S., Jousmiki, V., Hari, R., and Lemon, R. N.
(1999). Task-dependent modulation of 15-30 Hz coherence between rectified
EMGs from human hand and forearm muscles. J. Physiol. 516, 559-570.
doi: 10.1111/j.1469-7793.1999.0559v.x

Kilner, J. M., Baker, S. N., Salenius, S., Hari, R., and Lemon, R. N. (2000). Human
cortical muscle coherence is directly related to specific motor parameters. J.
Neurosci. 20, 8838-8845.

Kilner, J. M., Fisher, R. ., and Lemon, R. N. (2004). Coupling of oscillatory activity
between muscles is strikingly reduced in a deafferented subject compared with
normal controls. J. Neurophysiol. 92, 790-796. doi: 10.1152/jn.01247.2003

Ko, N. H,, Laine, C. M., Fisher, B. E., and Valero-Cuevas, F. J. (2016). Dynamic
fingertip force variability in individuals with Parkinson’s disease. J. Hand Ther.
29, 8. doi: 10.1016/.jht.2016.02.020

Kristeva, R., Patino, L., and Omlor, W. (2007). Beta-range cortical motor
spectral power and corticomuscular coherence as a mechanism for effective
corticospinal interaction during steady-state motor output. Neuroimage 36,
785-792. doi: 10.1016/j.neuroimage.2007.03.025

Laine, C. M., Negro, F., and Farina, D. (2013). Neural correlates of task-
related changes in physiological tremor. J. Neurophysiol. 110, 170-176.
doi: 10.1152/jn.00041.2013

Laine, C. M., Reyes, A., Farina, D., and Valero-Cuevas, F. J. (2015). “Stability-
dependent modulation of neural drive to the thumb during precision grip,” in
Proceedings of the 25th Annual Conference of the Society for Neural Control of
Movement (Charleston, SC).

Laine, C. M., Yavuz, S. U,, and Farina, D. (2014). Task-related changes in
sensorimotor integration influence the common synaptic input to motor
neurones. Acta Physiol. 211, 229-239. doi: 10.1111/apha.12255

Lalo, E., Gilbertson, T., Doyle, L., Di Lazzaro, V., Cioni, B., and Brown,
P. (2007). Phasic increases in cortical beta activity are associated with
alterations in sensory processing in the human. Exp. Brain Res. 177, 137-145.
doi: 10.1007/s00221-006-0655-8

Lawrence, E. L., Fassola, I, Werner, L, Leclercq, C., and Valero-Cuevas,
F. J. (2014). Quantification of dexterity as the dynamical regulation of
instabilities: comparisons across gender, age, and disease. Front. Neurol. 5:53.
doi: 10.3389/fneur.2014.00053

Lebedev, M. A., and Wise, S. P. (2000). Oscillations in the premotor cortex: single-
unit activity from awake, behaving monkeys. Exp. Brain Res. 130, 195-215.
doi: 10.1007/s002210050022

Lemon, R. N, Baker, S. N., Davis, J. A., Kirkwood, P. A., Maier, M. A, and Yang,
H.S. (1998). The importance of the cortico-motoneuronal system for control of
grasp. Novartis Found Symp. 218, 202-215.

Lemon, R. N., and Mantel, G. W. (1989). The influence of changes in discharge
frequency of corticospinal neurones on hand muscles in the monkey. J. Physiol.
413, 351-378. doi: 10.1113/jphysiol.1989.sp017658

Lemon, R. N, Johansson, R. S., and Westling, G. (1995). Corticospinal control
during reach, grasp, and precision lift in man. J. Neurosci. 15, 6145-6156.

Maris, E. J., Schoffelen, J. M., and Fries, P. (2007). Nonparametric statistical
testing of coherence differences. J. Neurosci. Methods 163, 161-175.
doi: 10.1016/j.jneumeth.2007.02.011

Mehrkanoon, S., Breakspear, M., and Boonstra, T. W. (2014). The reorganization
of corticomuscular coherence during a transition between sensorimotor states.
Neuroimage 100, 692-702. doi: 10.1016/j.neuroimage.2014.06.050

Mima, T., and Hallett, M. (1999). Corticomuscular coherence: a review. J. Clin.
Neurophysiol. 16, 501. doi: 10.1097/00004691-199911000-00002

Frontiers in Computational Neuroscience | www.frontiersin.org

April 2017 | Volume 11 | Article 17


https://doi.org/10.1113/jphysiol.1995.sp021104
https://doi.org/10.1152/jn.00583.2010
https://doi.org/10.1152/jn.00320.2013
https://doi.org/10.1523/JNEUROSCI.1968-13.2013
https://doi.org/10.3389/neuro.09.007.2008
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1152/jn.00460.2016
https://doi.org/10.1016/j.conb.2010.02.015
https://doi.org/10.1113/jphysiol.2012.246082
https://doi.org/10.1113/jphysiol.1993.sp019851
https://doi.org/10.1016/S0165-0270(97)02248-6
https://doi.org/10.1093/brain/aws150
https://doi.org/10.1007/s00221-002-1113-x
https://doi.org/10.1523/JNEUROSCI.1762-05.2005
https://doi.org/10.1007/BF00962716
https://doi.org/10.1016/S0079-6107(96)00009-0
https://doi.org/10.1016/j.tins.2007.05.004
https://doi.org/10.1111/j.1460-9568.2008.06277.x
https://doi.org/10.1053/jhsu.2001.26188
https://doi.org/10.1007/s00221-009-2110-0
https://doi.org/10.1152/jn.01011.2011
https://doi.org/10.1111/j.1469-7793.1999.0559v.x
https://doi.org/10.1152/jn.01247.2003
https://doi.org/10.1016/j.jht.2016.02.020
https://doi.org/10.1016/j.neuroimage.2007.03.025
https://doi.org/10.1152/jn.00041.2013
https://doi.org/10.1111/apha.12255
https://doi.org/10.1007/s00221-006-0655-8
https://doi.org/10.3389/fneur.2014.00053
https://doi.org/10.1007/s002210050022
https://doi.org/10.1113/jphysiol.1989.sp017658
https://doi.org/10.1016/j.jneumeth.2007.02.011
https://doi.org/10.1016/j.neuroimage.2014.06.050
https://doi.org/10.1097/00004691-199911000-00002
http://www.frontiersin.org/Computational_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Computational_Neuroscience/archive

Reyes et al.

Beta Coherence Reflects Muscle Strategies

Mosier, K., Lau, C, Wang, Y., Venkadesan, M., and Valero-Cuevas, F.
J. (2011). Controlling instabilities in manipulation requires specific
cortical-striatal-cerebellar networks. J. Neurophysiol. 105, 1295-1305.
doi: 10.1152/jn.00757.2010

Muir, R. B., and Lemon, R. N. (1983). Corticospinal neurons with a special role in
precision grip. Brain Res. 261, 312-316. doi: 10.1016/0006-8993(83)90635-2

Murthy, V. N,, and Fetz, E. E. (1992). Coherent 25-to 35-Hz oscillations in the
sensorimotor cortex of awake behaving monkeys. Proc. Natl. Acad. Sci. U.S.A.
89, 5670-5674. doi: 10.1073/pnas.89.12.5670

Murthy, V. N., and Fetz, E. E. (1996a). Synchronization of neurons during
local field potential oscillations in sensorimotor cortex of awake monkeys. J.
Neurophysiol. 76, 3968-3982.

Murthy, V. N, and Fetz, E. E. (1996b). Oscillatory activity in sensorimotor cortex
of awake monkeys: synchronization of local field potentials and relation to
behavior. J. Neurophysiol. 76, 3949-3396.

Nazarpour, K., Barnard, A., and Jackson, A. (2012).
control of task-specific muscle synergies. J. Neurosci. 32, 1234-12360.
doi: 10.1523/jneurosci.5481-11.2012

Norton, J. A., and Gorassini, M. A. (2006). Changes in cortically related
intermuscular coherence accompanying improvements in
skills in incomplete spinal cord injury. J. Neurophysiol. 95, 2580-2589.
doi: 10.1152/jn.01289.2005

Nunez, P. L., Srinivasan, R., Westdorp, A. F., Wijesinghe, R. S., Tucker, D.
M, Silberstein, R. B., et al. (1997). EEG coherency: I: statistics, reference
electrode, volume conduction, Laplacians, cortical imaging, and interpretation
at multiple scales. Electroencephalogr. Clin. Neurophysiol. 103, 499-515.
doi: 10.1016/S0013-4694(97)00066-7

Omlor, W., Patino, L., Mendez-Balbuena, I, Schulte-Monting, J., and
Kristeva, R. (2011). Corticospinal beta-range highly
dependent on the pre-stationary motor state. J. Neurosci. 31, 8037-8045.
doi: 10.1523/JNEUROSCI.4153-10.2011

Omlor, W., Patino, L., Hepp-Reymond, M. C., and Kristeva, R. (2007). Gamma-
range corticomuscular coherence during dynamic force output. Neuroimage 34,
1191-1198. doi: 10.1016/j.neuroimage.2006.10.018

Oostenveld, R., Fries, P., Maris, E., and Schoffelen, J. M. (2011). FieldTrip:
open software for advanced analysis of MEG, EEG, and
invasive electrophysiological data. Comput. Intell. Neurosci. 1, 2011.
doi: 10.1155/2011/156869

Patino, L., Omlor, W., Chakarov, V., Hepp-Reymond, M. C., and Kristeva,
R. (2008). Absence of gamma-range corticomuscular coherence during
dynamic force in a deafferented patient. J. Neurophysiol. 99, 1906-1916.
doi: 10.1152/jn.00390.2007

Pesaran, B. (2008). “Spectral analysis for neural signals,” in Short Course III, ed P.
Mitra (Washington, DC: Society for Neuroscience), 1.

Piitulainen, H., Bourguignon, M., De Tiege, X., Hari, R., and Jousmaiki, V.
(2013). Coherence between magnetoencephalography and hand-action-related
acceleration, force, pressure, and electromyogram. Neuroimage 72, 83-90.
doi: 10.1016/j.neuroimage.2013.01.029

Pogosyan, A., Gaynor, L. D., Eusebio, A., and Brown, P. (2009). Boosting cortical
activity at beta-band frequencies slows movement in humans. Curr. Biol. 19,
1637-1641. doi: 10.1016/j.cub.2009.07.074

Rathelot, J. A., and Strick, P. L. (2006). Muscle representation in the macaque
motor cortex: an anatomical perspective. Proc. Natl. Acad. Sci. U.S.A. 103,
8257-8262. doi: 10.1073/pnas.0602933103

Rathelot, J. A., and Strick, P. L. (2009). Subdivisions of primary motor cortex
based on cortico-motoneuronal cells. Proc. Natl. Acad. Sci. U.S.A. 106,918-923.
doi: 10.1073/pnas.0808362106

Riddle, C. N., and Baker, S. N. (2006). Digit displacement, not object compliance,
underlies task dependent modulations in human corticomuscular coherence.
Neuroimage 33, 618-627. doi: 10.1016/j.neuroimage.2006.07.027

Rosenberg, J. R, Amjad, A. M., Breeze, P., Brillinger, D. R., and Halliday,
D. M. (1989). The Fourier approach to the identification of functional

Flexible cortical

locomotor

coherence is

source

coupling between neuronal spike trains. Prog. Biophys. Mol. Biol. 53, 1-31.
doi: 10.1016/0079-6107(89)90004-7

Salenius, S., Portin, K., Kajola, M., Salmelin, R., and Hari, R. (1997). Cortical
control of human motoneuron firing during isometric contraction. J.
Neurophysiol. 77, 3401-3405.

Sanes, J. N., and Donoghue, J. P. (1993). Oscillations in local field potentials of the
primate motor cortex during voluntary movement. Proc. Natl. Acad. Sci. U.S.A.
90, 4470-4474. doi: 10.1073/pnas.90.10.4470

Santello, M. (2014). “Synergistic control of hand muscles through common neural
input,” in The Human Hand as an Inspiration for Robot Hand Development, eds
R. Balasubramanian and V. J. Santos (Cham: Springer), 23-48.

Schoffelen, J. M., Poort, J., Oostenveld, R., and Fries, P. (2011). Selective movement
preparation is subserved by selective increases in corticomuscular gamma-band
coherence. J. Neurosci. 31, 6750-6758. doi: 10.1523/JNEUROSCI.4882-10.2011

Scott, S. H. (2003). The role of primary motor cortex in goal-directed movements:
insights from neurophysiological studies on non-human primates. Curr. Opin.
Neurobiol. 13, 671-677. doi: 10.1016/j.conb.2003.10.012

Shen, L., and Alexander, G. E. (1997). Neural correlates of a spatial sensory-to-
motor transformation in primary motor cortex. J. Neurophysiol. 77,1171-1194.

Slepian, D. (1978). Prolate spheroidal wave functions, Fourier analysis, and
uncertainty—V: the discrete case. Bell Syst. Techn. ]. 57, 1371-1430.
doi: 10.1002/.1538-7305.1978.tb02104.x

Stancék A. Jr., and Pfurtscheller, G. (1996). Event-related desynchronisation of
central beta-rhythms during brisk and slow self-paced finger movements
of dominant and nondominant hand. Cogn. Brain Res. 4, 171-183.
doi: 10.1016/S0926-6410(96)00031-6

Valero-Cuevas, F. J. (2000). Predictive modulation of muscle coordination pattern
magnitude scales fingertip force magnitude over the voluntary range. J.
Neurophysiol. 83, 1469-1479.

Valero-Cuevas, F. J., Smaby, N., Venkadesan, M., Peterson, M., and Wright, T.
(2003). The strength-dexterity test as a measure of dynamic pinch performance.
J. Biomech. 36, 265-270. doi: 10.1016/S0021-9290(02)00340-8

Venkadesan, M., Guckenheimer, J., and Valero-Cuevas, F. J. (2007).
Manipulating the edge of instability. J. Biomech. 40, 1653-1661.
doi: 10.1016/j.jbiomech.2007.01.022

Winter, B. (2013). A very basic tutorial for performing linear mixed effects analyses
arXiv preprint arXiv:1308.5499.

Witham, C. L., Riddle, C. N., Baker, M. R., and Baker, S. N. (2011). Contributions of
descending and ascending pathways to corticomuscular coherence in humans.
J. Physiol. 589, 3789-3800. doi: 10.1113/jphysiol.2011.211045

Witham, C. L., Wang, M., and Baker, S. N. (2010). Corticomuscular coherence
between motor cortex, somatosensory areas and forearm muscles in the
monkey. Front. Syst. Neurosci. 4:38. doi: 10.3389/fnsys.2010.00038

Witte, M., Patino, L. Andrykiewicz, A., Hepp-Reymond, M. C., and
Kristeva, R. (2007). Modulation of human corticomuscular beta-range
coherence with low-level static forces. Eur. ]. Neurosci. 26, 3564-3570.
doi: 10.1111/j.1460-9568.2007.05942.x

Conflict of Interest Statement: FV holds US Patent No. 6,537,075 on some
of the technology used in this study that is commercialized by Neuromuscular
Dynamics, LLC.

The other authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2017 Reyes, Laine, Kutch and Valero-Cuevas. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Computational Neuroscience | www.frontiersin.org

April 2017 | Volume 11 | Article 17


https://doi.org/10.1152/jn.00757.2010
https://doi.org/10.1016/0006-8993(83)90635-2
https://doi.org/10.1073/pnas.89.12.5670
https://doi.org/10.1523/jneurosci.5481-11.2012
https://doi.org/10.1152/jn.01289.2005
https://doi.org/10.1016/S0013-4694(97)00066-7
https://doi.org/10.1523/JNEUROSCI.4153-10.2011
https://doi.org/10.1016/j.neuroimage.2006.10.018
https://doi.org/10.1155/2011/156869
https://doi.org/10.1152/jn.00390.2007
https://doi.org/10.1016/j.neuroimage.2013.01.029
https://doi.org/10.1016/j.cub.2009.07.074
https://doi.org/10.1073/pnas.0602933103
https://doi.org/10.1073/pnas.0808362106
https://doi.org/10.1016/j.neuroimage.2006.07.027
https://doi.org/10.1016/0079-6107(89)90004-7
https://doi.org/10.1073/pnas.90.10.4470
https://doi.org/10.1523/JNEUROSCI.4882-10.2011
https://doi.org/10.1016/j.conb.2003.10.012
https://doi.org/10.1002/j.1538-7305.1978.tb02104.x
https://doi.org/10.1016/S0926-6410(96)00031-6
https://doi.org/10.1016/S0021-9290(02)00340-8
https://doi.org/10.1016/j.jbiomech.2007.01.022
https://doi.org/10.1113/jphysiol.2011.211045
https://doi.org/10.3389/fnsys.2010.00038
https://doi.org/10.1111/j.1460-9568.2007.05942.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Computational_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Computational_Neuroscience/archive

	Beta Band Corticomuscular Drive Reflects Muscle Coordination Strategies
	Introduction
	Methods
	Participants
	Task 1: Establishing Maximal Unstable Spring Compression Force
	Task 2: Visuomotor Force Tracking
	Recordings
	Force
	Electromyography (EMG)
	Electroencephalography (EEG)

	Trial Selection
	Coherence Analysis
	Selection of EEG Electrodes
	Linear Mixed-Effects Model

	Results
	Baseline Corticomuscular Coherence
	Linear Mixed-Effect Model
	EMG-EMG Coherence

	Discussion
	Confounds and Alternative Explanations

	Author Contributions
	Acknowledgments
	References


