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Corticomuscular coherence (CMC) is hypothesized to be a measure by which 

the robustness of connectivity between the brain and muscles can be measured. This 

study utilized EEG and EMG over both extensor carpi radialis muscles. Electrical 

activity between 13 and 30Hz was recorded while 11 healthy participants conducted a 

dynamic motor control task with 10 different task conditions. The three key questions I 

sought to answer were: how does contralateral vs. ipsilateral coherence vary within 

healthy participants? How does contralateral coherence of an arm change depending on 

whether the other arm is held in contraction or relaxed during a block? How does 

coherence change for an arm depending on response type: whether it is always the 

responding arm during the task, maybe responding during the task, or not responding to 

the task? Results showed that contralateral coherence and phase coherence were 

significantly greater between tasks for both the right and left arms. Both contralateral 

coherence and phase coherence were greater when the opposite arm was held in 

contraction, rather than relaxed. No difference in measurements were found depending 
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on the response type of either arm. Considering the variety of factors that affect CMC, I 

believe further research into a specific task is required to determine consistent patterns 

in heathy people. I hope that in the future a map of healthy coherence values will help to 

identify biomarkers for those living with motor system pathologies. 
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Introduction  

A crucial aspect in studying pathologies of the nervous system (i.e. Parkinson’s 

Disease, stroke, dystonia) is determining the functional connectivity between the motor 

system and the muscular system. Electromyography (EMG), used in conjunction with 

electroencephalography (EEG) can help determine the degree of connectivity between 

these two systems. Electromyography (EMG) uses surface or intramuscular electrodes 

to record the electrical activity generated by muscles. EEG is a noninvasive way to 

measure electrical activity of the brain in which a series of electrodes placed over the 

scalp can be used to detect extracellular currents generated from the synaptic activity of 

neuron populations. EEG displays continuous brain activity as measured by the 

electrodes, but unfortunately, it offers poor spatial resolution, making it hard to assign 

observed activity to specific motor pathways of the brain. Although it was not used in 

this study, functional magnetic resonance imaging (fMRI) can be paired with EEG 

studies to complement the data with subject-specific spatial imaging of brain function. 

Magnetic resonance technology images parts of the brain that are activated in response 

to stimuli by detecting areas that experience an increase in oxygenated blood (Enders & 

Nigg, 2016). 

One hypothesized way to measure the functional activity between the brain and 

muscles is with Corticomuscular Coherence (CMC). In 2005, neurophysiologist Pascal 

Fries suggested the Communication-through-coherence hypothesis: coherence between 

neuronal groups allows for effective communication because of phase-locking patterns 

between the oscillatory electrical potentials they send out. In other words, when 

Nicki Swann
Double check with ian about if this is the most accurate way to describe this. Also note that we use surface EMG, but one can also use indwelling EMG where you record with penetrating electrodes. My sense is that this description is more inline with indwelling and what you did would be better described as some sort of summed muscle activity 

Nicki Swann
Would be more accuracate to say increase in oxegenated blood

Nicki Swann
It seems like it would be better to put this paragraph before the previoius one since this one feels like you are introducing coherence, but you actually mention it above. 



 
 

2 
 

neuronal groups’ windows for receiving synaptic input or output have consistent 

relationships, communication is facilitated. Neuronal groups in the brain emit 

oscillatory electrical signals due to changes in synaptic potentials and some may be 

more likely to fire at certain phases in an oscillation. If neuronal Group A consistently 

fires at a time when neuronal Group B is at a crucial phase of its oscillation, it could 

have a heavier influence on Group B and therefore establish better communication with 

Group B. This could lead to a consistent phase relationship between the two separate 

neuronal groups. Dynamic and flexible neural communication enables healthy cognitive 

function. Coherence which is too high constricts neurons to inflexible patterns of signal 

transmission like that thought to be seen in Parkinson’s Disease patients (Silberstein, 

2005; Voytek and Knight, 2015). In contrast, low coherence disables adequate 

communication or is a sign of no communication between structures altogether (Fries, 

2005).  

Another manner by which coherence is paramount to flexible cognitive function 

is explained in Fries’ Binding-By-Synchronization hypothesis (BBS). Coherence binds 

neurons together into assemblies which make them more flexible in channeling stimuli. 

It serves as a “binding tag” which leads to neuronal pathways having more 

“representational capacity” and the ability to create stronger signals by synchronizing 

beta (13-30Hz)  or gamma (30-80Hz) frequency oscillations. In other terms, coherence 

helps to establish the “highway routes” through which motor neural signals travel in the 

brain. With the frequent use of certain pathways, communication within the motor 

cortex becomes structured and regulated. Different from structured pathway 

communication, is “global” communication through the brain. Global communication is 

Nicki Swann
I would also cite Voytek and Knight 2015 Biol Psychiatry



 
 

3 
 

characteristic of epileptic seizures and indicates intermittent failure of the brain’s 

regulated communication system (Fries, 2005).  

EEG-EMG coherence readings must be taken with a muscle held in tonic 

contraction in order to measure cortico-muscular connectivity. This is because EMG at 

rest is a flat signal with no activity to compare to the EEG (Enders & Nigg, 2016).  

Coherence is a quantitative measure of functional connectivity between the brain and a 

muscle. This study seeks to measure coherence value measures between 

electromyography and electroencephalography while a subject holds tonic contractions 

and performs a simple reaction time task. This particular task allows investigation of the 

functional connectivity between the sensorimotor cortex and muscles during preparation 

and execution of movement in a variety of contexts. This helps scientists better 

understand how movements are prepared and executed in the healthy brain. It also 

allows us to obtain a foundation for coherence patterns in healthy participants. It is 

hypothesized that motor control disorders are associated with  abnormal coherence 

patterns when compared to those patterns in healthy people. If future research proves 

this hypothesis, it could be possible to compare these abnormal coherence patterns to a 

healthy baseline map and thereby identify biomarkers for motor pathologies (i.e. stroke 

or Parkinson’s Disease). 

In a task similar to the current experiment, Schoffelen, Oostenveld, and Fries 

sought patterns of corticomuscular coherence (CMC) between the motor cortex and 

distant corresponding motor units in the extensor carpi radialis muscle (ECR). Both 

included manual response tasks incorporating varying levels of muscle contraction and 

both looked at coherence between the nervous system and the extensor carpi radialis 

Nicki Swann
Are you speaking genreally here, or about your task? If the later, may be good to say during preparation and execution of movement since you did a blocked analysis. 

Nicki Swann
Are asociated with?
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muscle. The study confirmed that beta-oscillations or “beta band” activity were seen 

before and during stimulus presentation and were strongest during weak and medium 

force muscle contractions. The prominence of the measured beta band activity 

suggested that communication in this frequency range was crucial to maintenance of 

contraction. Gamma band activity was noticed during anticipation of the stimulus and 

after presentation of the stimulus and are therefore thought to aid in readiness for 

response. Gamma oscillations are dominant during slow and maximal contractions. 

Overall findings included that gamma and beta oscillatory signals are detected in the 

same or overlapping neuronal groups and this overlap in coherence could contribute to 

the decreased reaction times noticed when subjects respond to anticipated stimuli 

(Schoffelen et al., 2005).  

When changes in beta frequency activity in the brain are measured by EEG, it is 

expected to be most apparent on the side of the brain contralateral to limb movement. 

Some researchers believe this to indicate the brain’s processing of motor signals 

returning from the muscle (efference) as well as information returning from 

somatosensory systems (Novembre et al. 2018), (Ushiyama et al. 2012). Alternatively, 

beta signals could be traveling from the brain to muscles; a study conducted in 2010 by 

Miller et al. observed that subjects who thought about movement (motor imagery) 

(without any overt movement) elicited a change in beta values (Miller et al., 2010). It is 

highly possible that activity is in fact bilateral: beta travels from muscles to brain and 

from brain to muscles.  

Consideration of coherence mechanisms and patterns can shed light on how 

motor systems change with time. The motor system develops in the early years after 

Nicki Swann
Modified this since Miller 2010 didn’t really have any reason to suggest muscle to brain 
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birth, into early adolescence, and deteriorates with aging (James et al., 2008). The 

lifetime trajectory of motor system flexibility mimics an inverted U-shape seen in 

several cognitive processes (McIntosh, 2013). With maturation of the brain into 

adulthood, variability of brain signals increases (in continuous EEG) (McIntosh, 2014). 

This is thought to be proof of more flexible cognition and greater neural complexity. 

However, with the elderly experiencing a decrease in variability of brain signals, it is 

suspected that their corticomuscular coupling will decrease as well. Contradictory to 

this hypothesis are the findings of Voytek and colleagues which showed that elderly 

patients displayed more signal variability across different frequencies (Voytek, 2015). 

Studies like the current will contribute towards a baseline map of what healthy motor 

system function looks like so it can be used to identify abnormalities and the effects of 

aging.  

In the case of pathologies like stroke, CMC is shown to decrease in the areas of 

the brain most affected by the lack of blood flow. This is suspected to be due to 

decrease in the inhibitory neurotransmitter Gamma-Aminobutyric Acid (GABA) that 

results from stroke damage (von Carlowitz-Ghori et al., 2013). After the passage of time 

and patients’ healing, however, CMC measurements begin to rise again and coincide 

with recovered control of the motor system and motor skills (von Carlowitz-Ghori et al., 

2013). This is a prime example of where CMC mapping aided in the monitoring of a 

pathology’s effects and subsequent recovery in patient populations. As the knowledge 

base of healthy coherence patterns grows, the biomarkers seen in pathologies will 

become more apparent and this clarity will enable earlier medical interventions. 
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This study sought to answers to how CMC between contralateral and ipsilateral 

sensorimotor cortices and the extensor carpi radialis muscle varies in different contexts 

of motor preparation and execution.  These questions will be asked while considering 

bilateral and unilateral arm recruitment. The array of task conditions allows these 

measures to be taken in a variety of circumstances. The diversity of conditions might 

also better simulate motor functioning in response to real world tasks. 

I hypothesized that beta activity and coherence will be greatest in conditions that 

involved both arms be contracted throughout the task, because of the extra attention and 

cross-hemispheric communication required to maintain the bilateral activation. Greater 

demands on the motor system should increase coherence. Seeing as participants were all 

right handed, I expected coherence to be greater in trials where the right arm was held 

in contraction (verses in trials where the left arm was held in contraction). If an arm was 

either not responding, definitely responding, or maybe responding to the task cue, I 

would expect coherence to be greatest when the arm was maybe responding. Tzagarakis 

et al., found that beta-band activity increased with greater motor preparation. This 

preparation as well as inhibitory activity would be most probable in trials where the arm 

is definitely responding (Tzagarakis et al., 2015). 

 

Nicki Swann
Interesting- perhaps elaborate on why?

Nicki Swann
Did you have a hypothesis about coherence for if a hand would be a respond hand or not? 
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METHODS 

Participants 

 All participants were oriented to the task with a verbal introduction and written 

description. Engagement was entirely voluntary— the subjects were welcome to leave 

the study at any point in time. Subjects gave written consent before any experimentation 

began. The study was conducted within the Swann Lab at the University of Oregon. The 

IRB protocol for this study was covered under Dr. Nicole Swann’s protocol titled “EEG 

signatures of the motor system”. IRB approval was granted as of January 2018. The 

IRB protocol number is 01222018033. 

Right-handed participants of either gender, between the ages of 18 and 40, and 

with healthy motor systems were sought for this study. No specified levels of fitness 

were required, however decent health was assumed considering the age range of 

subjects. Members of no specific socioeconomic status were sought. Participants were 

recruited through the UO Department of Psychology Human Subject Pool (SONA). 

Compensation was given in the form of research credit required for students in 

psychology courses at the U of O. 

Datasets from eight student participants (4 female, mean age 19.125 ± 0.87 

years) were utilized in this study. A total of 11 participants were recruited for EEG. For 

two people, data sets were incomplete, and for the third, response accuracy was below 

the acceptable level for all blocks. Six behavioral subjects were also recruited prior to 

EEG testing to pilot the behavioral task (3 female, mean age 19.33), although data from 

their experiments are not included here. 
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Task Design 

For this experiment, the movement of joysticks was used to react to stimuli 

displayed on a monitor. A total of ten task conditions (blocks) were presented in 

random order. During three of the blocks, both hands were held in contracted positions 

(bimanual task). One of these blocks featured responses from either the right or left 

hand, another, responses from only the right, and another responses from only the left. 

Three similar blocks existed, but with the arms remaining in the relaxed position 

(unilateral task).  Two additional trials required the right arm to be the sole responder—

one in which it was held at rest, and one in which it was held contracted. The final two 

blocks had the same design for the left arm. In the case of this task a “contracted” arm 

was one that was held in tonic contraction during the block. A contracted arm was not 

necessarily the a “response arm”. Only if the responding arm is held in tonic contraction 

between stimuli presentations was it considered to be held in contraction. 

The participants performed 60 trials for each of the task conditions. Fixations 

appeared as centered white squares and stimuli appeared as white, left or right pointing 

triangles against a dark grey background.  For each trial, there was a jittered delay (0.5-

1.5 seconds) between the fixation and stimulus appearance, then another delay period of 

up to 1.5 seconds before the disappearance of the stimulus. If the subject did not 

respond within 1.5 seconds of the stimulus appearance, the arrow would disappear and 

the next fixation would arise. A one second interval separated trials.  All in all, each 

trial lasted approximately 3.5 seconds. The entire experimental run-time was 

approximately 35 minutes. Responses were recorded regardless of which arm 

responded. 

Nicki Swann
Were subjects included who had the longer version (before the bug was fixed), if so we should mention that, and just explain that it was not thought to impact results. 
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The first three subjects were run on a longer version of the experiment than the 

last five. This was due to errors in the code which caused each successive block to be 

longer than the one before. As a consequence, the task time for the first three 

participants was approximately 70 minutes. This error was not considered impactful to 

the study, as it did not alter the condition of the task block or require any additional 

response. 

Between each block the participant was allowed a break of however long was 

needed to prepare for the next portion of the task. Specific instructions were displayed 

on the screen prior to the beginning of subsequent blocks. To proceed with the next 

condition, a numeric keypad was pressed. 

If an arrow pointing to the right was shown, the subject would twist the right 

wrist to deflect the joystick outwards. The desired movement was akin to an outward 

flick of the hand. If a contraction were to be held, the wrist would be kept at an angle 

that induced a constant extension of the extensor carpi radialis muscle. All of these 

movements were explained and demonstrated to the participants prior to the start of the 

experiment. 

Experimental Setup 

 Upon the desk in front of the monitor was a numeric keypad which the 

participant would use to proceed with the block between tasks. On either side of the 

keypad were the joysticks. Prior to experimental setup and the start of the trial, the 

subject was allowed to adjust how wide apart the joysticks would be from each other 

and move them forward or backward depending on comfort. Adjustment was allowed as 

long as the joysticks remained rotated at a slight inward angle. It was determined that 
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this orientation would require a greater extension of the wrist and therefore more 

obvious contraction of the erector carpi radialis muscle while discouraging movement at 

the elbow or shoulder joint.  Two crossed pieces of masking tape were used to anchor 

the lightweight base of the joystick to the table. 

As part of EEG data collection, participants wore a BioSemi 64-channel 

electrode cap and eight additional BioSemi external flat active electrodes. Placement of 

the additional electrodes was as follows: one on each mastoid process as possible 

alternative references for EEG, one under the left eye and one lateral to the right eye for 

blink and eye movement recordings, and two on both the left and right extensor carpi 

radialis muscles. These last four EMG electrodes on the two arms were necessary for 

coherence calculations (Ho et al., 2014).  Finally, on each wrist, an accelerometer was 

velcroed for a more accurate recording of movement times. 

Upon completion of the experimental set-up, participants were oriented to the 

task and given demonstrations on the type of wrist-response desired. They were not 

explicitly asked to avoid unnecessary movement. Prior to the beginning of the computer 

task, three minutes of resting EEG data were collected.  

Data Collection and Preprocessing 

EEG data was collected with a 64-channel Biosemi ActiveTwo system with 

sampling at 1024 Hz. Electrode offset was limited to ±20 microvolts. Processing of all 

subjects was conducted in MATLAB using a combination of custom code and build in 

eeglab functions (Delorme & Makeig, 2004). For preprocessing, first the mean of each 

electrode was removed followed by application of average reference (including all 64 

scalp channels). Additionally, high pass filtering at 0.5 Hz with FIR1 in eegfilt served to 

Microsoft Office User
I had copied 512 Hz from Nick’s paper. If it is usually 1024Hz, I have changed it to that number
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eliminate low frequency fluctuations/drift (Delorme & Makeig, 2004). Dataset 1 

exhibited exceptional electrical artifact and was therefore low pass filtered at 30Hz to 

remove 60Hz noise. EMG electrodes were referenced with a bipolor referencing scheme 

(neighboring electrodes over the same muscle were subtracted). Next, datasets 

underwent manual artifact rejection. Artifacts representing clear muscle movements, 

eye blinks, errant electrical noise, etc. were marked and indices of these events were 

saved for removal following filtering (to avoid filtering over discontinuous signals 

which can cause artifacts). The two electrodes nearest to the sensorimotor cortex of the 

brain, C3 and C4, supplied the data used to calculate coherence for each block 

separately. 

The algorithm used for coherence was: 

 𝛾𝛾𝑖𝑖𝑖𝑖(𝑓𝑓) =  |𝐺𝐺𝑖𝑖𝑖𝑖(𝑓𝑓)|

�𝐺𝐺𝑖𝑖𝑖𝑖(𝑓𝑓)𝐺𝐺ℎ𝑗𝑗𝑗𝑗(𝑓𝑓)
 

                                                                                

Where      

                      

 (Chorlian et al. , 2003) 

Xin represents the Hilbert transform, which picks out the phase angle and 

frequency from a signal at time point n (Wang et al., 2014). The asterisk indicates that 

complex conjugates of the values were applied for each 0.5Hz frequency bin (Chorlian 

et al. , 2003).             

Nicki Swann
Zeeya – the code I worked on with you actually did what I wrote here rather than concatenating lke you are describing – did you change it? If not, just keep with what I wrote here. 

Nicki Swann
The coherence you actually used is the square root of this (this is known as magnitide squared coherence) for your formula it would be no square for the top number and square root over each value in the denominator
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In addition to coherence, phase coherence was measured for each arm in each 

condition. This measure extracts phase using a Hilbert transform and measures the 

consistency of the phase difference between the two signals over time. Coherence 

analysis takes into account both the amplitude and phase of a signal when calculating 

values. It is the traditional and most common way of examining EEG-EMG data. Some 

believe this leaves data vulnerable to error caused by excess noise or artifacts that 

would inflate the amplitude of a signal (Galka, 2000; Mezeiová et al., 2012). To 

circumnavigate this issue, scientists may look at phase coherence as a more reliable 

coherence measure, because it only takes into account differences in signals’ phases 

when assessing their synchronization. It is therefore thought to be less affected by 

artifact (Lachaux et al., 1999, Mezeiová et al., 2012). By taking these two measures, we 

were able to compare coherence and phase coherence values. 

Data Analysis 

Three core comparisons for both the right and left arm were looked at during 

data analysis. The first was to see how contralateral and ipsilateral coherence/phase 

coherence compared. The second was to examine how contralateral values changed 

depending on whether the opposite arm was contracted or relaxed. The third was to see 

how response type (definitely responding, maybe responding, or not responding) 

affected values. 

Data analysis was completed using MATLAB and Microsoft Excel. Significance 

between groups of coherence values (whether looking at contralateral vs. ipsilateral, left 

arm or right arm, etc.) was found using paired t-test functions in excel (p<0.05). An 

ANOVA with repeated measures was completed using the Two-factor without 

Nicki Swann
I would add that coherence is the classic/traditional way to examine EEG-EMG coherence, but we also examined phase coherence to see how it compared (and for the reason you explained below)

Nicki Swann
Start this section by stating the 3 core comparisons that you were doing and explain you did each one for right versus left separately
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replication ANOVA test offered in the MS Excel data analysis toolpack. To correct for 

multiple comparisons, since both right and left hands were examined separately, a 

Bonferroni correction was applied. Hence, significance was considered to be a p-value 

under 0.025 (0.05/2).  

Any coherence or phase coherence value that originated from a block with less 

than 50% accuracy from any subject, was excluded in calculations. Accuracy was 

determined by the percentage of trials responded to by the correct arm. Reaction times 

were calculated per block. Reaction times less than  0.1 seconds were considered to be 

premature and excluded. The reaction time was recorded as the time when the joystick 

first started moving after stimulus presentation.  Asterisks are applied adjacent to 

significant differences. 
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RESULTS 

 
Figure 1. Ipsilateral versus contralateral coherence  

Values are from both arms across 7 block types. Contralateral coherence was found to 

be significantly greater (p = 0.0034) (n=8). 

 
Figure 2. Ipsilateral versus contralateral phase coherence 

Values are from both arms across 7 block types. Contralateral phase coherence was 

found to be significantly greater (p = 0.00040) (n=8). 

* 

* 

Nicki Swann
May want to consider adding astericks for sig values
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Figure 3. Contralateral coherence for the left and right arm 

Values are from both the left and right arm across 7 blocks (n=8). No significant 

difference was noticed between the two data sets (p = 0.093). 

 
Figure 4. Contralateral phase coherence for the left and right arm 

Values are from both the left and right arm across 7 blocks (n=8). No significant 

difference was noticed between the two data sets (p = 0.429). 
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Figure 5. Right contralateral coherence dependent on whether the left arm was 

contracted or relaxed 

Coherence measurements for the right arm were significantly greater when the left arm 

was held in contraction (blocks 1, 5, 6) versus when it was relaxed (block 9),                

(p = 0.0049) (n=8). 

 
Figure 6. Left contralateral coherence dependent on whether the right arm was 

contracted or relaxed 

* 

* 
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Coherence measurements for the left arm were significantly greater when the right arm 

was held in contraction (blocks 1, 5, 6) versus when it was relaxed (block 10),              

(p = 0.048) (n=8). 

 
Figure 7. Right contralateral phase coherence dependent on whether the left arm was 

contracted or relaxed 

Phase coherence measurements for the right arm were significantly greater when the 

left arm was held in contraction (blocks 1, 5, 6) versus when it was relaxed (block 9),   

(p = 0.011) (n=8). 

 
Figure 8. Left contralateral phase coherence dependent on whether the right arm was 

contracted or relaxed 

* 

* 
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Phase coherence measurements for the left arm were significantly greater when the 

right arm was held in contraction (blocks 1, 5, 6) versus when it was relaxed (block 10), 

(p = 0.011) (n=8). 

 
Figure 9. Right contralateral coherence dependent on response type 

Right contralateral coherence values dependent on whether the right arm was definitely 

responding to a task (blocks 5,9), maybe responding (block 1) or definitely not 

responding (blocks 6,8). A multiple repeated measures ANOVA analysis detected no 

significant differences between response types. 

 
Figure 10. Left contralateral coherence dependent on response type 
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Left contralateral coherence values dependent on whether the left arm was definitely 

responding to a task (blocks 6,10), maybe responding (block 1) or definitely not 

responding (blocks 5,7). A multiple repeated measures ANOVA analysis detected no 

significant differences between response types. 

 
Figure 11. Right contralateral phase coherence dependent on response type 

Right contralateral phase coherence values dependent on whether the right arm was 

definitely responding to a task (blocks 5,9), maybe responding (block 1) or definitely 

not responding (blocks 6,8). A multiple repeated measures ANOVA analysis detected 

no significant differences between response types. 

 
Figure 12. Left contralateral phase coherence dependent on response type 
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Left contralateral phase coherence values dependent on whether the left arm was 

definitely responding to a task (blocks 6,10), maybe responding (block 1) or definitely 

not responding (blocks 5,7). A multiple repeated measures ANOVA analysis detected 

no significant differences between response types. 

 
Figure 14. Average reaction times per task condition 

Reaction times, averaged between all subjects over the 10 blocks, showed no significant 

differences.   

Without regard for arm or block type, coherence and phase coherence values 

were significantly greater for contralateral responses (as opposed to ipsilateral 

responses) in the majority of blocks. Contralateral versus ipsilateral coherence and 

phase coherence showed p-values of 0.0034 and 0.00040 respectively (Fig. 1; Table 1, 

Fig. 2; Table 2).  

Neither coherence nor phase coherence showed significant differences between 

left and right contralateral values (Fig. 3, Fig. 4) with p-values of 0.093 and 0.429 

respectively.  

Nicki Swann
Reference table?

Microsoft Office User
This is a new finding when I re-did the averages
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Contralateral coherence values for the right arm when the left arm was held 

contraction were significantly greater than those when the left arm was relaxed, 

indicated by a p-value of  0.0049 (Fig 5; Table 5, Fig. 6; Table 6). This finding was not 

significant when considering left coherence values depending on the condition of the 

right arm (Fig. 6; Table 6, p=0.0487). Contralateral phase coherence values for the right 

arm when the left was held in contraction were significantly greater than when the left 

was relaxed (Fig. 7; Table 7, p = 0.011). The same finding existed for left phase 

coherence when the right arm was flexed versus relaxed (Fig. 8; Table 8, p =0.011). 

These findings suggest that bimanual tasks elicit greater coherence. 

Neither coherence nor phase coherence values were significantly different for an 

arm depending on whether it was definitely responding, maybe responding, or not 

responding during a block. ANOVA testing for coherence values of the right and left 

arm depending on response type yielded p-values of 0.77 and 0.62 respectively (Fig. 9, 

Fig. 10). Phase coherence values for the right versus left arm depending on response 

type showed no significance either and elicited p-values of 0.60 and 0.68 respectively 

(Fig. 11, Fig. 12).  

A repeated measures ANOVA test found no significant difference between task 

condition reaction times. 

 

 

Nicki Swann
This is correct right?

Nicki Swann
Just to confirm, this was different than what you showed me before? 

Microsoft Office User
Yes! You were right to tell me to recheck my values, because I had entered in some incorrectly!

Nicki Swann
With what test?
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DISCUSSION 

Limb movements are controlled by the contralateral hemispheres of the brain. 

Findings that contralateral coherence values exceeded those of ipsilateral values are 

therefore expected and have been confirmed by several previous studies (Novembre et 

al., 2018; Ushiyama et al., 2012; Conway et al., 1995; etc.). In contrast, ipsilateral 

coherence has been found to be insignificant. The discovery of increased contralateral 

coherence led to use of coherence to test corticomuscular connectivity (Conway et al., 

1995; Liu et al., 2019), and those past findings have been upheld here. I hypothesized 

that right coherence values would be greater as the right arm was the dominant arm for 

all participants in this study, however no significant differences were found between 

dominant or nondominant values.  

There are several factors to a task that affect coherence values: the amount of 

attention required, the amount of resistance applied to muscles, the amount of 

movement required, the amount of force exerted by a muscle, etc. These can all be 

legitimate factors that compete in influencing coherence calculations. It appears that 

further research is needed to determine how the dominant versus nondominant arm is 

affected by dynamic tasks in terms of corticomuscular coherence.  

The findings of Perez et al., could shed light on how and why coherence and 

phase coherence values were greater for the left and right arm when the opposite arm 

was contracted versus relaxed in a bimanual task. Their 2012 paper outlines a study in 

which participants were made to perform a tonic contraction task with their non-

dominant hand while keeping their dominant arm either stationary or active in a task. 

They found that contractions above 40% of subjects’ maximal isometric voluntary 

Nicki Swann
Was this your hypothesis? Or others?

Nicki Swann
Perhaps the additional coherence was needed for compensitory reasons?
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contraction elicited an increase in contralateral coherence values for the non-dominant 

hand (Perez et al., 2012). This relationship between left and right coherence, depicted in 

Figure 3, does not take into consideration the activity of the opposite hand, so clear 

parallels cannot be drawn between these results and those of Perez and colleagues. 

However, Perez et al. hypothesized that their findings of increased coherence in non-

dominant hands could be contributed to “mirroring”. Mirroring is when a seemingly 

stationary muscle (in an arm, for example) experiences partial activation as a result of 

the opposite arm’s full recruitment.  As a consequence of this mirroring, extra inhibition 

must be present in the opposite arm as well. This suggests that many corticomuscular 

pathways must be working for each arm to be doing what is directed by a task. This is 

one reason why it is thought that increased coherence complements increased inhibitory 

ability. Perez adds that such mirroring and inhibition might be possible through the 

reticulospinal tract, a brainstem output pathway with bilaterally spanning neurons. This 

tract has also been found to be important in fine motor output and to have some effect 

over hand movement (Perez et al., 2012; Davidson and Buford, 2006; Baker, 2011; 

Peterson et al., 1975). 

The findings of Perez could play a part in explaining why the response type of 

the active arm (responding, maybe responding, not responding) did not show a clear 

pattern in coherence values. The findings of Perez could suggest that conditions where 

the arm was definitely responding would require the greatest contraction and therefore, 

perhaps, the greatest coherence, because maximal contraction of one arm would be 

more likely to elicit mirroring in the other. Meanwhile, as cited above, previous studies 

would suggest that the element of uncertainty/ necessary preparation could show the 

Nicki Swann
Would this explain the finding related to relaxation/contraction at all?
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highest values. No significant differences in coherence values depending on the 

response type were detected. 

 Contradictory to the findings of Perez are those of Johnson et al., who observed 

beta-band coherence decreased during bimanual tasks. Johnson attributed this to the 

greater division of attention that accompanies more complex tasks (Johnson et al., 

2011). Johnson’s findings complemented those of previous studies that had found 

divided attention lowers EEG-EMG synchronization in the beta range (Kristeva-Feige 

et al., 2002).   

In yet another bimanual motor task, Zheng and colleagues found that coherence 

of the right arm increased as contraction of the left arm grew. However, once 

contraction of the left arm reached 50% of its maximal isometric voluntary coherence, 

no contralateral coherence of the right arm was observed. Following their study, Zheng 

et al., argued that Perez and Johnson hypotheses (mirroring increasing coherence and 

attention division decreasing coherence) might both be at play depending on the task.   

Were Johnson’s findings corroborated by the current study, uncertainty in 

response (a “maybe respond” condition) might show a lower coherence value. Zheng’s 

considerations offer a fair idea of why no pattern was seen when looking at coherence 

depending on response types: when we are looking at one arm, we do not see what the 

opposite arm is doing to change expected coherence values. A reasonable future path 

would be to examine more carefully what the opposite arm is doing during the various 

response type tasks. 

 

 

Nicki Swann
Not clear why this would explain it?

Nicki Swann
What do you mean? Wasn’t this non-sig?

Nicki Swann
Could this be addressed by examining what the other arm is doing (not for your thesis but as a next step you could write about?)
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LIMITATIONS 

Reaction times in this task were recorded when the participant had completed a 

response by moving a joystick to the end of its deflection zone/ had contracted the wrist 

fully. In reality, the beginning of a reaction would have been when the participant first 

began to move the wrist. Thus, reaction times were inflated by nature of the recording 

system. By looking closely at accelerometer data in relation to task events, a more 

accurate picture of reaction times could be found. Not all conditions for each subject 

were completed with 100% accuracy. If the activity of the arms were not consistent in 

regard to the task condition requirements, the calculated values are not from a “pure” 

block. By analyzing data from the entire blocks, I could not see how beta coherence 

values fluctuated between different parts of each trial. For example, I was unable to see 

if there were clear patterns in CMC changes between the preparation and execution 

phases of each trial.  Additionally, this study looked at coherence from only two 

electrodes and only in the beta range. As mentioned earlier, it is known that gamma 

frequencies can also exhibit patterns with maximal muscle contraction.  

 

Nicki Swann
You can also mention that you looked at the whole block, but you could also look at certain phases of the task separately (preparation, execution, etc), and perhaps show differences with yes, no, maybe respond
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CONCLUSION 

In the hopes of contributing to a picture of healthy motor function and aiding in 

discovery of a biomarker of motor pathologies, this experiment sought patterns in 

coherence values during a bimanual task. In agreement with previous studies, it was 

found that contralateral coherence was significantly greater across all blocks and 

coherence was greater when the opposite arm was contracted versus relaxed. Whether 

an arm was definitely responding, maybe responding, or not responding during a block 

appeared to have no significant effect on coherence.  

It is important to remember that coherence is a measure that is subject to 

dynamic and versatile neural and muscular systems. These findings, although they do 

not offer conclusive patterns, contribute to the realization that coherence measurement 

is highly dependent on task design. To create a reliable baseline map of coherence 

values that could be used clinically in the future, a standard and accessible task would 

have to be developed. Of course, before this can be achieved, further research and 

corroboration of findings is necessary to understand the underlying mechanisms that 

modulate coherence and phase synchrony.  

A follow-up on this current study would be to consider beta-power in addition to 

coherence between the right and left arms. Beta-power would look closely at the power 

of the signal within the beta range of 13 to 30 Hertz. Spectral power is measured in 

various ways and has displayed promising patterns in different motor tasks over the 

years. Patterns in power changes could offer information on which factors of a task are 

more heavily affecting coherence. 
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SUPPLEMENARY DATA 

 

Condition 
Number 

Condition Name Ipsilateral 
Mean 

Contralateral 
Mean 

P- Value Significant? 
(uncorrected) 

1 Both Contract--
Choice 

0.029 
±0.020 

0.0950 ± 
0.074 

0.0018 
 

Yes 

5 Both Contract -- 
Right 

0.030 
±0.012 

0.100±0.062 0.0007 Yes 

6 Both Contract-- 
Left 

0.036 
±0.030 

0.104 ±0.079 0.0073 Yes 

7 Left Contract-- 
Right 

0.0218 
±0.0082 

0.065 ±0.060 0.026 Yes 

8 Right Contract--
Left 

0.02 ±0.012 0.078 ±0.055 0.000837 Yes 

9 Right Contract--
Right 

0.026±0.019 0.062±0.044 0.028 Yes 

10 Left Contract--
Left 

0.020±0.015 0.048±0.034 0.0112 Yes 

All 
Conditions  
(1, 5-10) 

All Conditions 
(1, 5-10) 

0.025±0.006 0.073 ±0.036 0.0034 Yes 

Table 1. Ipsilateral and contralateral coherence values per condition  

Values for both hands are combined in ipsilateral and contralateral readings per 

condition. The p-value was found by comparing a set of each subject’s average 

ipsilateral values to a set of each subject’s averaged contralateral values (n=8). 

Contralateral coherence was found to be significantly greater. 

 

Condition 
Number 

Condition Name Ipsilateral 
Mean 

Contralateral 
Mean 

P-Value Significant? 
(uncorrected) 

1 Both Contract--
Choice 

0.024±0.015 0.064 ±0.041 0.00220 Yes 

5 Both Contract -- 
Right 

0.024±0.011 0.072±0.038 0.000175 Yes 
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6 Both Contract-- 
Left 

0.031 ± 
0.018 

 0.071± 0.046 0.005 Yes 

7 Left Contract-- 
Right 

0.0202 
±0.009 

0.053 ±0.047 0.0297 Yes 

8 Right Contract--
Left 

0.028±0.017 0.059±0.042 0.0149 Yes 

9 Right Contract--
Right 

0.024±0.022 0.058±0.045 0.098 No 

10 Left Contract--
Left 

0.019±0.010 0.067±0.092 0.045 Yes 

All 
Conditions  
(1, 5-10) 

All Conditions 
(1, 5-10) 

0.024 ± 
0.007 

 0.056± 0.018 0.00040 Yes 

Table 2. Ipsilateral and contralateral Phase-coherence values per condition 

 Values for both hands are combined in ipsilateral and contralateral readings per 

condition. The p-value was found by comparing a set of each subject’s average 

ipsilateral values to a set of each subject’s averaged contralateral values (n=8). 

Contralateral phase coherence was found to be significantly greater.  

 

Condition 
Number 

Condition 
Name 

Arm 
Contracted 

Ipsilateral 
Mean 

Contralateral 
Mean 

P-
Value 

Significant? 
(uncorrected) 

1 Both 
Contract--

Choice 

Right 0.027 
±0.026 

0.071 ± 
0.052 

0.016 Yes 

1 Both 
Contract--

Choice 

Left 0.031 ± 
0.015 

0.112 
±0.096 

0.049 Yes 

5 Both Contract 
-- Right 

Right 0.034 
±0.011 

0.093 
±0.043 

0.0064 Yes 

5 Both Contract 
-- Right 

Left 0.029 
±0.012 

0.099 
±0.080 

0.052 No 

6 Both 
Contract-- 

Left 

Right 0.024 
±0.020 

0.067 
±0.053 

0.040 Yes 
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6 Both 
Contract-- 

Left 

Left  0.048 
±0.035 

0.141 
±0.086 

0.0043 Yes 

7 Left Contract-
- Right 

Left 0.0236 
±0.0075 

0.104 
±0.063 

0.012 Yes 

8 Right 
Contract--Left 

Right 0.031 
±0.013 

0.078 
±0.042 

0.0073 Yes 

9 Right 
Contract--

Right 

Right 0.0165 
±.0066 

0.037 
±0.024 

0.070 No 

10 Left Contract-
-Left 

Left 0.021 ± 
0.014 

0.030 
±0.028 

0.46 No 

Table 3. Contralateral vs. ipsilateral coherence for contracted arms in each block (n=8) 

Condition 
Number 

Condition 
Name 

Arm 
Contracted 

Ipsilateral 
Mean 

Contralateral 
Mean 

P-
Value 

Significant? 
(uncorrected) 

1 Both 
Contract--

Choice 

Right 0.021 
±0.015 

0.054 ± 
0.028 

 
0.0023 

Yes 

1 Both 
Contract--

Choice 

Left 0.026 ± 
0.016 

 0.073 
±0.050 

0.068 No 

5 Both Contract 
-- Right 

Right 0.026 
±0.010 

0.073±0.031 0.0044 Yes 

5 Both Contract 
-- Right 

Left 0.021 
±0.013 

0.064 
±0.047 

0.034 Yes 

6 Both 
Contract-- 

Left 

Right 0.029 
±0.018 

 0.052 
±0.040 

0.11 No 

6 Both 
Contract-- 

Left 

Left  0.034± 
0.019 

0.091 
±0.044 

0.0046 Yes 

7 Left Contract-
- Right 

Left 0.0250 
±0.0076 

0.082 ± 
0.051 

0.018 Yes 

8 Right 
Contract--Left 

Right 0.036 ± 
0.018 

0.068± 
0.044 

0.021 Yes  
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9 Right 
Contract--

Right 

Right 0.012 ± 
0.0047 

0.025 
±0.016 

0.17 No 

10 Left Contract-
-Left 

Left 0.023 
±0.010 

0.034 
±0.019 

0.65 No 

Table 4. Contralateral vs. ipsilateral phase coherence for contracted arms in each block 

(n=8) 

 

Condition 
Number 

Condition Name Relaxed or Contracted Left 
Arm 

Right Arm 
Coherence 

1 Both Contract--
Choice 

Contracted 0.071±0.052 

5 Both Contract -- 
Right 

Contracted 0.102 ±0.047 

6 Both Contract-- Left Contracted 0.060±0.054 

9 Right Contract--
Right 

Relaxed 0.037±0.024 

Table 5. Contralateral coherence values for a contracted Right hand in conditions where 

the left arm was relaxed versus where the left arm was contracted  

The p-value was found by averaging left contracted readings per subject and comparing 

that data set to left relaxed values per subject (n=8). Values where the left arm was 

contracted were found to be significantly greater (p=0.0049). 

Condition 
Number 

Condition Name Relaxed or Contracted Right 
Arm 

Left Arm 
Coherence 

1 Both Contract--
Choice 

Contracted 0.11±0.096 

5 Both Contract -- 
Right 

Contracted 0.089 ±0.080 

6 Both Contract-- Left Contracted 0.141±0.086 

10 Left Contract--Left Relaxed 0.030±0.028 
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Table 6. Contralateral coherence values for a contracted left arm in conditions where 

the right arm was relaxed versus when the right arm was contracted throughout a block  

The p-value was found by averaging right contracted readings per subject and 

comparing that data set to right relaxed values per subject (n=8). A slim significance 

(p= 0.048) was found with values being higher when the right arm was contracted. 

 

Condition 
Number 

Condition Name Relaxed or Contracted Left 
Arm 

Right Arm Phase 
Coherence 

1 Both Contract--
Choice 

Contracted 0.057 ±0.028 

5 Both Contract -- 
Right 

Contracted 0.0700 ±0.032 

6 Both Contract-- 
Left 

Contracted 0.052±0.040 

9 Left Contract--Left Relaxed 0.025±0.016 
Table 7. Contralateral phase coherence values for a contracted Right hand in conditions 

where the left arm was relaxed versus when the left arm was contracted throughout a 

block 

The p-value was found by averaging left contracted readings per subject and comparing 

that data set to left relaxed values per subject (n=8). Values where the left arm was 

contracted were found to be significantly greater (p=0.011). 

 

Condition 
Number 

Condition Name Relaxed or Contracted 
Right Arm 

Right Arm Phase 
Coherence 

1 Both Contract--
Choice 

Contracted 0.073 ±0.050 

5 Both Contract -- 
Right 

Contracted 0.070 ±0.048 

6 Both Contract-- 
Left 

Contracted 0.091±0.046 

10 Left Contract--
Left 

Relaxed 0.034±0.019 
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Table 8. Contralateral phase coherence values for a contracted left  hand in conditions 

where the right arm was relaxed versus when the right arm was contracted throughout a 

block.  

The p-value was found by averaging right contracted readings per subject and 

comparing that data set to right relaxed values per subject (n=8). Values where the right 

arm was contracted were found to be significantly greater (p=0.011). 
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