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Abstract

Movement execution generally occurs in an environment with numerous distractors, and requires
the selection of a motor plan from multiple possible alternatives. However, the impact of such
distractors on cortical motor function during movement remains largely unknown. Previous studies
have identified two movement-related oscillatory responses that are critical to motor planning and
execution, and these responses include the peri-movement beta event-related desynchronization
(ERD) and the movement-related gamma synchronization (MRGS). In the current study, we
investigate how visual distractors cuing alternative movements modulate the beta ERD and MRGS
responses. To this end, we recorded magnetoencephalography (MEG) during an arrow-based
version of the Eriksen flanker task in 42 healthy adults. All MEG data were transformed in the
time-frequency domain and the beta ERD and MRGS responses were imaged using a beamformer.
Virtual sensors (voxel time series) were then extracted from the peak voxels of each response for
the congruent and incongruent flanker conditions separately, and these data were examined for
conditional differences during the movement. Our results indicated that participants exhibited the
classic “flanker effect,” as they responded significantly slower during incongruent relative to
congruent trials. Our most important MEG finding was a significant increase in the peak frequency
of the MRGS in the incongruent compared to the congruent condition, with no conditional effect
on response amplitude. In addition, we found significantly stronger peri-movement beta ERD
responses in the ipsilateral motor cortex during incongruent compared to congruent trials, but no
conditional effect on frequency. These data are the first to show that the peak frequency of the
MRGS response is linked to the task parameters, and varies from trial to trial in individual
participants. More globally, these data suggest that beta and gamma oscillations are modulated by
visual distractors causing response competition.
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1. Introduction

In daily life, movement selection is rarely a straightforward process. Multiple movement
options are almost always available, and competing environmental cues and distractions are
ubiquitously present. One classic experiment that captures this phenomenon is the Eriksen
flanker task (Eriksen and Eriksen, 1974). Briefly, during the Eriksen flanker task,
participants attend to a central stimulus that is “flanked” by non-target stimuli. In the
“congruent” or non-distractor condition, the flanking stimuli indicate the same response as
the target stimulus. However, in the “incongruent” or distractor condition, the flanking
stimuli indicate a conflicting, often opposite response to the target stimulus. The classic
finding in this task is an increase in reaction time in the incongruent relative to the congruent
condition. Many studies have identified the brain regions serving congruent and incongruent
stimuli processing in the context of selective attention and/or conflict monitoring (e.g.,
(Botvinick et al., 1999; Bunge et al., 2002; Cavanagh et al., 2009; Clayson and Larson,
2011; Cohen and van Gaal, 2014; Danielmeier et al., 2009; Hazeltine et al., 2000; Hochman
etal., 2014; Larson et al., 2012; Nigbur et al., 2012; Nigbur et al., 2011; Padrao et al., 2015;
Tillman and Wiens, 2011); others). However, very few studies have focused on the motor
response aspect of the task, which is unfortunate as it could provide critical insights on how
distracting stimuli and response conflict modulate movement selection during ongoing
cognitive processing.

Recent neurophysiological studies of motor control in humans have largely focused on two
movement-related oscillatory responses. First, prior to and during movement, there is an
event-related desynchronization (ERD) in the beta band (~14-30 Hz), termed the peri-
movement beta ERD (Cheyne et al., 2006; Engel and Fries, 2010; Gaetz et al., 2010;
Heinrichs-Graham and Wilson, 2015, 2016; Heinrichs-Graham et al., 2014; Jurkiewicz et al.,
2006; Pfurtscheller and Lopes da Silva, 1999; Wilson et al., 2014; 2010; 2011). This
response typically persists from about 1.0 s prior to movement onset until about 0.5 s after
movement and peaks in the bilateral precentral gyri, with stronger responses found
contralateral to movement. Other regions that generate a peri-movement beta ERD,
especially during complex movements, include the supplementary motor area (SMA),
premotor cortices, parietal cortices, and cerebellum (Cheyne et al., 2006; Heinrichs-Graham
et al., 2016; Heinrichs-Graham and Wilson, 2015; Kurz et al., 2014; Wilson et al., 2010;
2011). Multiple studies have recently probed the functional roles of the peri-movement beta
ERD, and this work overwhelmingly supports the notion that this response is crucial to
motor planning and movement selection. For example, the amplitude of the beta ERD is
known to be significantly modulated by complexity of the movement to be executed
(Heinrichs-Graham and Wilson, 2015), the certainty of the pending movement direction
(Doyle et al., 2005; Kaiser et al., 2001; Tzagarakis et al., 2010), the similarity between
potential movement plans (Grent-'t-Jong et al., 2014; Praamstra et al., 2009), and other cue-
related factors (Alegre et al., 2003; Heinrichs-Graham et al., 2016). Of note, there is a
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resynchronization in the beta band that follows movement termination, termed the post-
movement beta rebound (PMBR), but given the time course of this response, it is not
thought to be directly involved in motor planning or execution (Alegre et al., 2008; Alegre et
al., 2004; Fry et al., 2016; Heinrichs-Graham et al., 2017; Houdayer et al., 2006; Jurkiewicz
et al., 2006; Parkes et al., 2006; Pfurtscheller and Lopes da Silva, 1999; Reyns et al., 2008;
Solis-Escalante et al., 2012; Wilson et al., 2010).

In addition to the beta responses, there is also increased gamma activity during movement
called the movement-related gamma synchronization (MRGS). The MRGS occurs in the 60—
90 Hz range and typically starts about 0.05 s prior to the movement and extends until about
0.1 s after movement onset. This response is primarily isolated to the precentral gyrus
contralateral to movement, though it has also been found in the SMA (Cheyne et al., 2008;
Gaetz et al., 2011; Gaetz et al., 2010; Muthukumaraswamy, 2010; Wilson et al., 2010). Very
few studies have focused on the functional role of the MRGS, but given the temporal
characteristics of the response, and its relative isolation in the primary motor cortex, the
MRGS has long been thought to be the oscillatory signature of the motor execution signal.
For example, Muthukumaraswamy (2010) used magnetoencephalography (MEG) and
several simple motor tasks to identify the basic parameter space of the MRGS response. He
found bursts of MRGS activity at the onset of both simple transient movements and
isometric forces, and that this burst did not persist for the duration of the isometric force.
However, during repetitive transient movements, there was a MRGS at the onset of each
movement. These data suggest that the MRGS functions specifically as a movement onset
response, as it is not sustained throughout motor execution.

While these motor-related oscillations have been widely studied, the potential impact of
interference and response conflict in modulating these neural responses remains largely
unknown. One recent study used a modified Eriksen flanker task and MEG to investigate
how these parameters (congruent vs. incongruent) altered the peri-movement beta ERD and
MRGS (Grent-'t-Jong et al., 2013). They found that both left sensorimotor beta ERD
(contralateral to movement) and mid-frontal MRGS began significantly earlier during
incongruent compared to congruent trials, which resulted in a significantly larger beta ERD
and MRGS during very early components of each response. However, since these findings
were only observed with respect to movement onset (and not stimulus onset), one
interpretation of these data is that the findings largely reflect the differential amount of time
between stimulus onset and the motor response in congruent relative to incongruent trials. In
other words, when the motor response is defined as time zero, the stimulus occurred longer
ago in the incongruent relative to the congruent condition, and this alone could underlie such
oscillatory differences early in the time course. This scenario seems especially plausible, as
one of the main findings was that the conditional difference in the mid-frontal MRGS was
significantly correlated with a stronger flanker effect (i.e., larger reaction time differences
between congruent and incongruent trials; Grent-‘t-Jong et al., 2013. Another MEG study
also probed the impact of interference on motor oscillations, but instead of the flanker task
they utilized a conceptually similar multi-source response interference task (Gaetz et al.,
2013). As with the flanker task, a key finding was that the MRGS in the primary motor
cortex contralateral to movement began earlier during interference trials compared to trials
without response interference (Gaetz et al., 2013). Again, these results could reflect
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differences in reaction time, as participants responded slower in the interference trials and
thus stimulus onset occurred longer ago relative to trials without interference. In sum,
neither of these studies found differences in motor-related oscillations during the movement
(when the responses peak), which raises the question of whether the findings reflect specific
motor control differences or just prolonged processing in the interference/response conflict
conditions.

The goal of the current study was to clarify the role of motor-related oscillatory activity in
the sensorimotor cortices in the context of visual interference causing response competition.
To this end, healthy adult participants performed a unimanual, arrow-based version of the
Erickson flanker task during MEG. The resulting data were imaged in the time-frequency
domain and virtual sensors (voxel time series) were extracted to evaluate the temporal
dynamics of both the beta ERD and the MRGS. We hypothesized that the beta ERD and
MRGS would be uniquely altered during the actual response (i.e., movement) during the
incongruent relative to congruent trials, indicative of each response’s unique role in
movement selection and execution.

2. Methods

2.1 Participants

Forty-seven healthy adults (22 females) completed the study. Five participants (3 females)
were excluded from analysis due to poor performance, MEG artifacts, and/or no significant
movement-related oscillatory response. The mean age of the remaining 42 participants was
27.17 years (SD: 4.53, range: 20-44 years). A total of 7 participants in the final sample were
left-handed. Exclusionary criteria included any medical diagnosis affecting CNS function
(e.g., psychiatric and/or neurological disease), known brain neoplasm or lesion, history of
significant head trauma, current substance dependence, and ferromagnetic implants. Written
informed consent was obtained from each participant following the guidelines of the
University of Nebraska Medical Center’s Institutional Review Board, who approved the
study protocol.

2.2 Stimuli and task

Participants performed an arrow-based version of the Eriksen flanker task (Eriksen and
Eriksen, 1974) while seated in a nonmagnetic chair within the magnetically-shielded room.
Each trial began with a fixation that was presented for an interval of 1.5 + .05 s. A row of 5
arrows was then presented for 2.5 s, and participants were instructed to respond with their
right hand as to the direction of the middle arrow by pressing their index finger (left arrow)
or middle finger (right arrow). In congruent trials, the middle arrow was pointing the same
direction as the flanker arrows, while in the incongruent trials, the middle arrow was
pointing in the opposite direction of the flanker arrows (Figure 1). Trials were pseudo-
randomized and equally split between congruent and incongruent conditions, with left and
right pointing arrows being equally represented in each condition. A total of 200 trials were
presented, making the overall MEG recording time about 14 minutes for the task.
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2.3 MEG data acquisition

All recordings were conducted in a one-layer magnetically-shielded room with active
shielding engaged. Neuromagnetic responses were sampled continuously at 1 kHz with an
acquisition bandwidth of 0.1-330 Hz using an Elekta MEG system with 306 magnetic
sensors (Elekta, Helsinki, Finland). Using MaxFilter (v2.2; Elekta), MEG data from each
participant were individually corrected for head motion and subjected to noise reduction
using the signal space separation method with a temporal extension (Taulu and Simola,
2006; Taulu et al., 2005).

2.4 MEG coregistration and structural MRI processing

Prior to MEG measurement, four coils were attached to the subject’s head and localized,
together with the three fiducial points and scalp surface, with a 3-D digitizer (Fastrak
3SF0002, Polhemus Navigator Sciences, Colchester, VT, USA). Once the subject was
positioned for MEG recording, an electric current with a unique frequency label (e.g., 322
Hz) was fed to each of the coils. This induced a measurable magnetic field and allowed each
coil to be localized in reference to the sensors throughout the recording session. Since coil
locations were also known in head coordinates, all MEG measurements could be
transformed into a common coordinate system. Each participant’s MEG data were
coregistered with high-resolution structural T1-weighted MRI data, prior to the application
of source space analyses (i.e., beamforming), using BESA MRI (Version 2.0). These
structural volumes were acquired with a Philips Achieva 3T X-series scanner using an eight-
channel head coil (TR: 8.09 ms; TE: 3.7 ms; field of view: 240 mm; slice thickness: 1 mm
with no gap; in-plane resolution: 1.0 x 1.0 mm). The structural volumes were aligned
parallel to the anterior and posterior commissures and transformed into standardized space,
along with the functional images, after beamforming (see below). All images were then
spatially resampled.

2.5 MEG pre-processing, time-frequency transformation, & statistics

Cardiac artifacts were removed from the data using signal-space projection (SSP), which
was accounted for during source reconstruction (Uusitalo and Ilmoniemi, 1997). The
continuous magnetic time series was divided into epochs of 4.0 s duration (2.0 to 2.0 s),
with 0.0 s defined as movement onset (i.e., button press) and the baseline defined as the -1.8
to —1.0 s time window. Note that this baseline period was selected to ensure that the onset of
the flanker stimulus did not occur during the baseline. Epochs containing artifacts were
rejected based on a fixed threshold method, supplemented with visual inspection. After
artifact rejection, an average of 84.02 (SD: 5.58) trials in the congruent and 83.76 (SD: 4.41)
trials in the incongruent condition remained in each participant; this difference was not
significant, {41) = 0.413, p=.682.

Acrtifact-free epochs were transformed into the time-frequency domain using complex
demodulation with a time-frequency resolution of 2 Hz and 25 ms. The resulting spectral
power estimates per sensor were averaged over trials to generate time-frequency plots of
mean spectral density. These sensor-level data were normalized by dividing the power value
of each time-frequency bin by the respective bin’s baseline power, which was calculated as
the mean power during the —1.8 to —1.0 s time period. The specific time-frequency windows
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used for imaging were determined by statistical analysis of the sensor-level spectrograms
across all trials (congruent and incongruent) and the entire array of gradiometers. Each data
point in the resulting sensor-specific spectrograms was initially evaluated using a mass
univariate approach based on the general linear model. To reduce the risk of false positive
results while maintaining reasonable sensitivity, a two-stage procedure was followed to
control for Type 1 error. In the first stage, one-sample £tests were conducted on each data
point and the output spectrogram of #values was thresholded at p < 0.05 to define time-
frequency bins containing potentially significant oscillatory deviations across all participants
and conditions. In stage two, time-frequency bins that survived the threshold were clustered
with temporally and/or spectrally neighboring bins that were also above the (p < 0.05)
threshold, and a cluster value was derived by summing all of the #values of all data points in
the cluster. Nonparametric permutation testing was then used to derive a distribution of
cluster-values and the significance level of the observed clusters (from stage one) were
tested directly using this distribution (Ernst, 2004; Maris and Oostenveld, 2007). For each
comparison, at least 10,000 permutations were computed to build a distribution of cluster
values. Based on these analyses, the time-frequency windows containing significant
oscillatory events around responses of a priori interest (i.e., beta ERD, MRGS) across all
participants and conditions were selected for imaging.

2.6 MEG source imaging, voxel time series extraction, & statistics

Cortical networks were imaged through an extension of the linearly constrained minimum
variance vector beamformer (Gross et al., 2001), which employs spatial filters in the
frequency domain to calculate source power for the entire brain volume. The single images
are derived from the cross spectral densities of all combinations of MEG gradiometers
averaged over the time-frequency range of interest, and the solution of the forward problem
for each location on a grid specified by input voxel space. Following convention, the source
power in these images was normalized per participant using a separately averaged pre-
stimulus noise period of equal duration and bandwidth (Hillebrand et al., 2005). Such
images are typically referred to as pseudo-#maps, with units (pseudo-2) that reflect noise-
normalized power differences (i.e. active vs. baseline) per voxel. MEG pre-processing and
imaging used the Brain Electrical Source Analysis (BESA version 6.1) software.

Normalized source power was computed for the selected time-frequency bands over the
entire brain volume per participant at 4.0 x 4.0 x 4.0 mm resolution. Beamformer images for
each time-frequency window of interest were then averaged across both conditions and all
participants, and coordinates corresponding to the peak responses (per time-frequency
window) were identified. We then extracted virtual sensor data separately per condition from
each these peak coordinates, which corresponded to the left and right precentral gyri. To
create the virtual sensors, we applied the sensor weighting matrix derived through the
forward computation to the preprocessed signal vector, which yielded two time series for
each coordinate in source space, and we used the time series with the maximal response for
our analyses (Gross et al., 2001). Note that this virtual sensor extraction was done per
participant, once the coordinates of interest (i.e., one per cluster) were known. Once these
virtual sensors were extracted, characteristics of each response (i.e., peak amplitude, peak
frequency) were assessed per condition.
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3. Results

The final 42 participants performed generally well, with an average accuracy of 98.86%
(SD: 3.68%) in the congruent condition, and 98.40% (SD: 2.85%) in the incongruent
condition. Reaction times for the congruent and incongruent conditions were 569.19 ms
(SD: 120.91 ms) and 611.52 ms (SD: 119.98 ms), respectively (Figure 2). While accuracy
was not significantly different between conditions, {41) = 1.740, p=.089, there was a
significant difference in reaction time, {41) = 10.480, p< .001, d=1.587, 95% CI [35.794,
53.173], such that participants took longer to respond in the incongruent relative to the
congruent condition.

3.1 Sensor-level results

Sensor level spectrograms across both conditions and all participants were statistically
examined using nonparametric permutation testing to derive the precise time-frequency bins
for follow up beamforming analyses. The results showed significant beta ERD in a subset of
gradiometers near the left and right sensorimotor cortices, which extended from
approximately 0.5 s before movement onset until about 0.3 s after onset in the 16-26 Hz
range (0.0 s = movement onset; p < 0.001; corrected). A significant resynchronization (i.e.,
PMBR) in the same 16-26 Hz band was detected during the 0.5 to 1.5 s time window in
roughly the same gradiometers (p < 0.001; corrected). These neural response parameters are
typical of the peri-movement beta ERD and PMBR responses previously described by our
group and many others. Finally, there was a significant MRGS that stretched from 60-80 Hz
in a smaller subset of gradiometers near the left sensorimotor cortices. This response began
approximately 0.05 s prior to movement onset and extended until about 0.1 s afterward.
Given the focus of the study and our hypotheses, we focused the beta ERD and MRGS
responses in all remaining analyses.

3.2 Source imaging

The time-frequency windows corresponding to the maximum beta ERD (-0.2 to 0.3 s, 16—
26 Hz) and MRGS (-0.05 to 0.1 s, 60-80 Hz) responses, and a window of equal bandwidth
and duration from the baseline period, were individually imaged using a beamformer. These
images were then separately averaged across participants to derive the spatial locations of
each response for subsequent virtual-sensor analysis (Figure 3). For the beta ERD, this
revealed a strong, widespread desynchronization with peaks in the bilateral pre- and
postcentral gyri, premotor cortices, SMA, paracentral lobule, parietal cortices, and
cerebellum. In contrast, the MRGS was produced by a weaker response that was constrained
to the left precentral gyrus. In line with our hypotheses, we extracted separate virtual sensors
(i.e., voxel time series) for each condition from the peak voxel of each response in the
precentral gyri (see Methods). Thus, the same peak voxel coordinates were used for the
congruent and incongruent conditions for each time-frequency response. Of note, four
virtual sensor time series were extracted for the beta ERD per participant, as the response
was found bilaterally in the left and right precentral gyri. In contrast, the MRGS was only
found in the left precentral gyrus; thus, only two virtual sensors (congruent and incongruent)
were extracted for each participant. Time-frequency spectra corresponding to the left
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precentral gyrus peaks, per condition and across conditions, are shown for the beta ERD and
MRGS in Figure 4.

3.3 Virtual-sensor analysis: Beta ERD

We first probed the effects of condition (congruent vs. incongruent) on the relative power
and peak frequency of the beta ERD response. To this end, we used two repeated-measures
ANOVAS to probe response power and peak frequency separately, with each ANOVA having
hemisphere (left, right) and condition (congruent, incongruent) as within-subjects factors.
The analysis of beta ERD power revealed a significant effect of condition, A1,41) = 4.168, p
=.048, indicating that participants had greater beta ERD power (i.e., more negative relative
from baseline) across hemispheres in the incongruent relative to the congruent condition.
There was also a significant main effect of hemisphere, A1, 41) = 27.910, p< .001, such
that there was a stronger beta ERD in the left (contralateral to movement) relative to the
right precentral gyrus. Finally, there was a significant hemisphere-by-condition interaction,
A1,41) =5.754, p=.021. Follow-on analysis showed that beta ERD power was significantly
stronger in the right precentral gyrus during incongruent relative to congruent trials, £41) =
2.871, p=.006, d= .451, 95% CI [1.846, 10.599], and that beta ERD power in the left
precentral gyrus did not statistically differ between conditions, {41) = 0.020, p=.984. Thus,
beta ERD power was more bilateral in the incongruent than in the congruent condition,
which can be discerned from the beamformer images in Figure 3. In contrast to the beta
ERD power analyses, the analysis of peak frequency showed no significant effect of
condition, A1,41) = 0.620, p=.436, or hemisphere, A1,41) = 1.670, p=.204, nor was there
a hemisphere-by-condition interaction, A1,41) = 0.257, p=.615.

3.4 Virtual-sensor analysis: MRGS

Since there was no hemisphere factor for the MRGS response, we examined the effect of
condition on power and peak frequency using paired-samples £tests. Analysis of response
power was not significant, 41) = 0.840, p = .406. However, analysis of peak frequency was
significant, f41) = 2.159, p=.037, d=0.335, 95% CI [0.234, 7.004], and showed that the
MRGS frequency was significantly higher in the incongruent compared to the congruent
condition (Figure 5). Lastly, to determine whether there was a link between the beta ERD
and MRGS in the context of response competition, a correlation analysis was run between
MRGS and beta ERD characteristics. These correlations were not significant (all p’s > .05).

4. Discussion

This study examined how visual interference and response conflict modulate motor-related
oscillatory activity during movement execution using an arrow-based version of the Eriksen
flanker task. We hypothesized that there would be distinct changes in both peri-movement
beta ERD and MRGS activity when distractors were present, indicative of each response’s
unique role in movement planning and selection. In line with this hypothesis, we found
distinct patterns of beta and gamma activity as a function of condition, which had not been
previously described in oscillatory studies of motor control during visual interference (Gaetz
etal., 2013; Grent-'t-Jong et al., 2013). Specifically, we observed stronger ipsilateral beta
ERD power in the incongruent compared to the congruent condition, whereas no conditional
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differences in MRGS power were identified. Conversely, we observed an increase in MRGS
peak frequency in the incongruent compared to the congruent condition, which was not
found in the beta band. Below we discuss the implications of these findings as they relate to
understanding the functional role of movement-related oscillations during response selection
in the presence of conflict.

Our most important finding was likely the significant effect of condition on MRGS peak
frequency, which indicated that the peak gamma frequency was higher in the incongruent
compared with the congruent condition. This is the first study to report condition-dependent
differences in the MRGS peak frequency within individuals. In fact, recent work suggests
that while gamma frequency differs as a function of the type of movement performed
(Cheyne et al., 2008; Muthukumaraswamy, 2010), there is remarkable consistency within
individuals as to their movement-specific gamma frequency profile (Cheyne and Ferrari,
2013), which is in direct contrast to the current data. Importantly, in this study, participants
performed the same movements in each condition (i.e., right-hand movements of either the
index finger or middle finger, equally-balanced across conditions), so differences in the
movement itself cannot account for the differences in gamma frequency. Thus, our data
provides evidence that the MRGS response is not simply a motor execution signal, but is
instead modulated by the cognitive demands of the movement to be executed. In other
words, some aspect of the movement selection process, in addition to the parameters of the
movement itself, is related to MRGS frequency. In the current investigation, the MRGS
frequency was elevated in the presence of response conflict. Future research should further
investigate whether MRGS frequency increases as a function of increasing response conflict,
or whether some other aspect of movement selection, such as difficulty of the movement
choice, modulates MRGS frequency. Additionally, given that this is the first report of within-
subject modulation of MRGS frequency, replication studies are necessary. Nonetheless, the
results from our study suggest that the MRGS frequency is modulated by higher-order
cognitive processes accompany movement selection, rather than acting simply as a motor
execution signal.

In regard to mechanism, a wealth of literature suggests a tight positive relationship between
peak gamma frequency and/or amplitude and -y-aminobutyric acid (GABA) concentration
across the visual and sensorimotor domains (Campbell et al., 2014; Edden et al., 2009;
Gaetz et al., 2011; Kujala et al., 2015; Magazzini et al., 2016; Muthukumaraswamy et al.,
2009), though this is not always the case (Cousijn et al., 2014; Lozano-Soldevilla et al.,
2014). Of note, there is evidence that the NMDA receptor antagonist ketamine also increases
gamma amplitude (Shaw et al., 2015). GABA is the most abundant inhibitory
neurotransmitter in the brain; thus, the increase in MRGS frequency in the incongruent
condition observed in the current study may be reflective of an increase in local neural
inhibition. Basically, in the incongruent condition, the four flanking arrows pointed in the
opposite direction of the target arrow, and thus primed the participant to respond with the
incorrect finger. The primed response may have to be actively inhibited within the motor
cortex in order for the participant to respond correctly, which could result in a transient
increase in GABA concentration in this neural region. On the other hand, response inhibition
was not required during congruent trials, as the flanker arrows were the same as the target
arrow, and as such primed the participant to respond correctly from the onset. However, this
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interpretation is only speculative, as we did not measure GABA concentrations in this study,
and to date there is no available methods for noninvasively measuring GABA concentration
trial-to-trial.

The current study also found that the amplitude of the peri-movement beta ERD was
modulated by condition. Numerous studies have linked the peri-movement beta ERD to
motor planning and movement selection (Alegre et al., 2003; Doyle et al., 2005; Grent-'t-
Jong et al., 2014; Heinrichs-Graham et al., 2016; Heinrichs-Graham and Wilson, 2015;
Kaiser et al., 2001; Praamstra et al., 2009; Tzagarakis et al., 2010). As such, it was not
surprising that the presence of conflicting response commands, as in the incongruent
condition, modified the beta ERD response. However, it was particularly interesting that the
presence of incongruent flanking stimuli caused an increase in beta ERD power in the
ipsilateral, but not contralateral primary motor cortex. In other words, the left primary motor
cortex, which is known to be primarily responsible for movement selection of the right hand,
was not affected despite both response options originating in the right hand; rather the
response was more bilateral in the incongruent condition. It is possible that the increased
difficulty or ambiguity of the response decision in the incongruent condition induced a more
widespread beta ERD response, resulting in greater recruitment of the ipsilateral motor
cortex in that condition. Indeed, a classic EEG study by Doyle and colleagues (2005)
showed that in the presence of more ambiguous movement cues, the peri-movement beta
ERD was more bilateral than when the movement cue was more direct.

The only other MEG studies that probed differences in these responses in the context of
response conflict found no differences in beta ERD power or MRGS frequency during and
slightly preceding the movement onset (Grent-'t-Jong et al., 2013), which is in direct
contrast with the current study. We propose that differences in the characteristics of the
movement and/or the cognitive demands of the motor selection process may have
contributed to the disparities between studies. Specifically, Gaetz and colleagues (2013)
utilized a multi-source interference task, where they presented three numbers to the
participant and instructed the participant to identify which number was dissimilar, and to
perform an extension-flexion of the finger corresponding to that number. Importantly, in the
incongruent condition, the dissimilar number was presented in a location different than the
finger being tapped. On the contrary, Grent-‘t-Jong and colleagues (2013) used a vertical,
arrow-based Flanker task that required an extension or flexion of the same finger as response
options. In the current study, we employed a horizontal, arrow-based Flanker design that
required an extension-flexion of either the right index or middle finger. Thus, all three
studies utilized flexion-extension movements, but the number of muscle groups involved in
the target movements differed, as did the precise visuo-motor response mapping process
across each study. Future studies should investigate whether the different movement options
modulate MRGS frequency. However, we feel that this possibility unlikely since studies of
one (Grent-‘t-Jong et al.) or three (Gaetz et al.) different movement options did not show an
effect, while our study of two movement options did. In our view, it is more likely that the
disparate findings across these studies and ours reflects a power issue; the current study had
almost two- to three-fold more participants than previous studies. Given the notable
between-subject variability in MRGS characteristics (Muthukumaraswamy 2010; Cheyne et
al. 2008), power was likely a contributor.
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To close, the current study sought to identify whether response competition modulated
motor-related oscillatory activity, using an arrow-based version of the Eriksen flanker task
during MEG. Our results are the first to show a context-dependent modulation of peak
gamma frequency, in that the MRGS peak frequency was significantly increased during
incongruent relative to congruent processing. We posit that this increase in frequency may be
due to a transient increase in GABA concentration, but further work is needed to test this
hypothesis. Further, EMG was not recorded in this study, so the possibility that the response
characteristics of the congruent vs. incongruent conditions were of different speed, strength,
etc. cannot be definitively ruled out and this may have affected MRGS frequency, though
there is no evidence to date that MRGS frequency is modulated by these response
parameters. In contrast, the presence of response conflict induced an elevation of peri-
movement beta ERD power in the motor cortex ipsilateral to movement, which may be due
to the increased ambiguity of the response plan in the incongruent compared to congruent
conditions. In sum, this pattern of results suggests that the peri-movement beta ERD and
MRGS have unique roles in motor planning and movement selection in the presence of
response conflict, and that higher-order cognitive functioning may impact critical parameters
of the MRGS, which indicates that this response is not simply a motor execution response as
previously thought.
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Figure 1. Flanker task paradigm
In each trial, participants fixated on a crosshair for 1500 + 50 ms, then a display with a

series of five arrows appeared for 2500 ms, during which participants responded with their
right hand as to whether the center arrow was pointing to the left (index finger) or right
(middle finger). During “congruent” trials, the flanking arrows matched the target, whereas
in “incongruent” trials the flanking arrows pointed in the direction opposite of the center
arrow.
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Figure 2. Behavioral results
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In each bar graph, the congruent condition is shown in black, while the incongruent
condition is shown in gray. Error bars denote the standard error of the mean (SEM).
Accuracy (percentage correct) is shown on the left, and reaction time (in ms) is shown on the
right. While there was no difference in accuracy between conditions, there was a significant
difference in reaction time (p < .001), with participants responding more slowly in the

incongruent compared to the congruent condition. * = p<.001.
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Figure 3. Peri-movement beta ERD and MRGS responses
Group-averaged beamformer images (pseudo-) for the peri-movement beta ERD (left panel)

and MRGS (right panel) are shown for the congruent and incongruent conditions
individually. Images are shown in radiologic convention (R = L). In both conditions, the task
induced a strong peri-movement beta ERD in the bilateral primary motor cortices (stronger
in the contralateral), and a MRGS response that was restricted to the contralateral primary
motor cortex. Virtual sensors were extracted from the peak voxel(s) in the grand average
image (congruent and incongruent) of each response, and these time series were used to
assess the effects of condition on amplitude and peak frequency.
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Figure 4. Virtual sensor time-frequency spectra for the peri-movement beta ERD and MRGS
response

Voxel time series were extracted from each participant’s data using the peak voxels
corresponding to the peri-movement beta ERD and MRGS in the grand average images. For
the beta ERD, virtual sensors were extracted for the left (top row) and right primary motor
cortices (not shown), while for the MRGS virtual sensors were extracted solely from the left
primary cortex (bottom row). For each voxel time series, frequency (in Hz) is shown on the
y-axis, with time (in seconds) on the x-axis. In each spectrogram, color depicts percentage
increase (warmer colors) or decrease (cooler colors) from the baseline, with the scale bar
shown to the far right of each row. Time-frequency spectrograms combined across both
conditions are shown in the left column, while the congruent condition is shown in the
middle column and the incongruent condition is shown in the right column. White boxes
denote the time-frequency bins that were imaged prior to virtual sensor extraction.
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Figure 5. MRGS peak frequency by condition
Box plots showing the peak frequency for the congruent (left) and incongruent (right)

conditions. Frequency (in Hz) is denoted on the y-axis. The center line within each box
denotes the median frequency, and the bottom and top of each box designate the first and
third quartile, respectively. Each lower and upper stem reflects the minimum and maximum
values. The peak frequency of the MRGS response was higher in the incongruent relative to
the congruent condition, {41) = 2.159, p=.037.
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