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Abstract

Previous research has connected a specific pattern of beta oscillatory activity to proper motor 

execution, but no study to date has directly examined how resting beta levels affect motor-related 

beta oscillatory activity in the motor cortex. Understanding this relationship is imperative to 

determining the basic mechanisms of motor control, as well as the impact of pathological beta 

oscillations on movement execution. In the current study, we used magnetoencephalography 

(MEG) and a complex movement paradigm to quantify resting beta activity and movement-related 

beta oscillations in the context of healthy aging. We chose healthy aging as a model because 

preliminary evidence suggests that beta activity is elevated in older adults, and thus by examining 

older and younger adults we were able to naturally vary resting beta levels. To this end, healthy 

younger and older participants were recorded during motor performance and at rest. Using 

beamforming, we imaged the peri-movement beta event-related desynchronization (ERD) and 

extracted virtual sensors from the peak voxels, which enabled absolute and relative beta power to 

be assessed. Interestingly, absolute beta power during the pre-movement baseline was much 

stronger in older relative to younger adults, and older adults also exhibited proportionally large 

beta desynchronization (ERD) responses during motor planning and execution compared to 

younger adults. Crucially, we found a significant relationship between spontaneous (resting) beta 

power and beta ERD magnitude in both primary motor cortices, above and beyond the effects of 

age. A similar link was found between beta ERD magnitude and movement duration. These 

findings suggest a direct linkage between beta reduction during movement and spontaneous 

activity in the motor cortex, such that as spontaneous beta power increases, a greater reduction in 

beta activity is required to execute movement. We propose that, on an individual level, the primary 

motor cortices have an absolute threshold of beta power that must be reached in order to move, 
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and that an inability to suppress beta power to this threshold results in an increase in movement 

duration.
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1. Introduction

Proper movement execution is served by a specific pattern of oscillatory activity throughout 

the sensorimotor network. Basically, prior to movement, there is a strong event-related 

desynchronization (ERD) in the beta (14–30 Hz) band, commonly termed the peri-

movement beta ERD, which is sustained throughout movement and dissipates shortly after 

movement termination (Cheyne et al., 2006; Gaetz et al., 2010; Heinrichs-Graham and 

Wilson, 2015; Heinrichs-Graham et al., 2014b; Jurkiewicz et al., 2006; Pfurtscheller and 

Lopes da Silva, 1999; Wilson et al., 2014; 2010; 2011b). After this beta ERD, there is a 

robust resynchronization in the beta band, called the post-movement beta rebound (PMBR), 

that overshoots baseline levels and is sustained for about 2.0 s after movement termination 

(Cheyne et al., 2006; Gaetz et al., 2010; Heinrichs-Graham et al., 2014b; Jurkiewicz et al., 

2006; Ohara et al., 2000; Parkes et al., 2006; Szurhaj et al., 2003; Wilson et al., 2010; 

2011b). The peri-movement beta ERD has been associated with movement planning and 

execution, while the PMBR is thought to be related to movement termination and inhibition 

processes (for a review, see (Cheyne, 2013)). Finally, there is a strong, transient gamma (60–

90 Hz) synchronization that occurs shortly after movement onset and lasts about 50 to 250 

ms (Cheyne et al., 2008; Dalal et al., 2008; Hall et al., 2011; Muthukumaraswamy, 2010; 

2013; Wilson et al., 2010). These responses are at least somewhat spatially distinct, and are 

most often localized to the precentral and postcentral gyri bilaterally (stronger contralateral 

to movement), premotor cortices, parietal cortices, and supplementary motor area (Cheyne et 

al., 2006; 2008; Gaetz et al., 2010; Heinrichs-Graham and Wilson, 2015; Heinrichs-Graham 

et al., 2014b; Jurkiewicz et al., 2006; Muthukumaraswamy, 2010; Parkes et al., 2006; Wilson 

et al., 2010; 2011b).

Understanding the unique pattern of beta activity prior to, during, and after movement is a 

fundamental step in determining the basic mechanisms of motor control in humans. Further, 

a multitude of studies examining the neurophysiology of movement disorders, such as 

Parkinson’s disease (Brown, 2007; Cassidy et al., 2002; Heinrichs-Graham et al., 2014a; 

Heinrichs-Graham et al., 2014b; Little and Brown, 2014; Pollok et al., 2012; Weinberger et 

al., 2006), cerebral palsy (Kurz et al., 2014), Tourette syndrome (Franzkowiak et al., 2010; 

Niccolai et al., 2015; Tinaz et al., 2014), dystonia (Hinkley et al., 2012), and stroke (Rossiter 

et al., 2014a; Shiner et al., 2015; Wilson et al., 2011a) have shown aberrant sensorimotor 

beta power at rest and/or during movement. These beta aberrations are often correlated with 

symptom severity, which suggests that the degree of motor impairment is closely tied to beta 

activity in the motor cortices. Importantly, movement-related beta oscillatory activity is 

almost always expressed as a percent power change relative to the baseline, which is 

generally defined as a 0.5 to 1.0 s period of time that occurs 1.5 to 3.0 s prior to movement 
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onset. Given this practice, abnormal resting beta activity would directly affect motor-related 

beta activity, as the baseline or “starting place” would be altered. This biasing could 

potentially mask beta ERD effects related to the baseline, depending on whether the 

amplitude of the beta ERD or the absolute beta level is the most critical parameter for motor 

performance. In short, the source of beta aberrations is not entirely clear and no study to date 

has directly investigated the relationship between resting and movement-related beta activity, 

in health or disease. Such data is imperative to understanding the basic mechanisms that 

serve motor control, as well as the impact of pathological beta oscillations on proper 

movement execution.

Recent work from our lab provides intriguing evidence as to the relationship between resting 

and task-related motor beta oscillations (Wilson et al., 2014). Briefly, we examined how 

circadian rhythms (e.g., time of day effects) affected movement-related beta oscillatory 

activity. Four participants were recorded at rest and during performance of a simple right-

hand finger tapping task in the morning, midday, and afternoon for three consecutive days. 

We found that the amplitude of the peri-movement beta ERD significantly increased as a 

function of time of day in a number of motor regions, including the primary motor cortices 

bilaterally, left premotor cortex, and left supplementary area (Wilson et al., 2014). Resting 

beta levels also increased in these same brain regions as a function of time of day. 

Interestingly, the PMBR only increased in the SMA as a function of time of day; there were 

no time of day differences in PMBR amplitude in any other brain region. While this study 

had a relatively small sample size, it suggests, at least tentatively, that the beta ERD response 

is closely related to the local level of resting beta activity; essentially, as resting beta levels 

go up, beta ERD amplitude also goes up. An indirectly related MEG study from Rossiter and 

colleagues (Rossiter et al., 2014b) examined the effects of age on sensorimotor cortical beta 

rhythms during rest and a controlled-force grip task. They found a significant positive 

relationship between age and resting beta amplitude in the left primary motor cortex, such 

that the older the participant, the more elevated the resting beta amplitude. Further, they 

found a significant correlation between age and peri-movement beta ERD amplitude during 

movement execution in the ipsilateral primary motor cortex, with increased age being 

associated with greater beta suppression (i.e., stronger decrease relative to baseline). While 

the relationship between resting and movement-related beta activity was not directly probed 

in this study, the pattern of results again suggests that the beta ERD during movement is 

closely tied to the spontaneous beta level in the sensorimotor cortices, and also provides new 

evidence that resting and movement-related beta levels may be modulated by healthy aging. 

As such, it appears that healthy aging may be a useful, naturalistic model by which to study 

the association between resting beta activity and movement-related beta oscillatory activity.

In the current study, we used a complex motor sequence paradigm to study the relationship 

between spontaneous beta activity and movement-related beta oscillations in the context of 

healthy aging. The goal of this study was two-fold. First, using healthy aging as a model, we 

aimed to identify whether spontaneous (i.e., resting) beta activity in the motor cortex 

modulates movement-related beta oscillatory activity. Secondly, we sought to evaluate the 

effects of healthy aging on motor performance and peri-movement beta oscillatory activity. 

To this end, we utilized high-density MEG to record healthy younger and older participants 

at rest and while they performed sequences of finger movements. The peri-movement beta 
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ERD response was imaged using beamforming, and the effects of aging on absolute and 

relative beta power were assessed. We hypothesized that beta ERD dynamics would be 

tightly yoked to spontaneous beta power. Further, we hypothesized that healthy older adults 

would have elevated beta power at rest, and as such would have an elevated beta ERD 

response during movement.

2. Methods

2.1 Subject Selection

We studied 16 healthy younger males (mean age: 28.31 (SD: 5.44) years) and 17 healthy 

older males (mean age: 65.41 (SD: 7.09) years), all of whom were recruited from the local 

community. We focused on males in this study due to several recent reports of sex 

differences in the aging brain (Scheinost et al., 2015; Shaw et al., 2016). Exclusionary 

criteria included any medical illness affecting CNS function, neurological or psychiatric 

disorder, history of head trauma, current substance abuse, and the MEG Laboratory’s 

standard exclusion criteria (e.g., dental braces, metal implants, battery operated implants, 

and/or any type of ferromagnetic implanted material). After complete description of the 

study was given to participants, written informed consent was obtained following the 

guidelines of the University of Nebraska Medical Center’s Institutional Review Board, 

which approved the study protocol.

2.2 Experimental Paradigm and Stimuli

During MEG recording, participants were seated in a nonmagnetic chair within the 

magnetically-shielded room. Each participant rested their right hand on a custom-made five-

finger button pad (see Figure 1b) while fixating on a crosshair presented centrally. This 

response pad was connected such that each button sent a unique signal (i.e., TTL pulse/

trigger code) to the MEG system acquisition computer, and thus behavioral responses were 

temporally synced with the MEG data. This allowed accuracy, reaction times, and movement 

durations (in ms) to be computed offline. In order to create a sufficient baseline, participants 

initially fixated on a crosshair for 3.75 s before the beginning of each trial (Figure 1a). After 

this baseline period, a series of three numbers, each corresponding to a finger on the hand 

(Figure 1b), was presented on the screen in black for 0.5 s. After 0.5 s, the numbers changed 

color, signaling the participant to tap the fingers corresponding to the motor plan 

sequentially. The participant was given 2.25 s to complete the motor plan and return to rest. 

Then, the numbers disappeared and only the fixation crosshair remained. This series of 

slides constituted one trial; Figure 1a depicts the total time course of a single trial. A total of 

160 trials were completed for this task. Participants also completed a six minute block of 

eyes-closed rest during each MEG session. Total MEG recording time was ~22 minutes per 

session (including both tasks).

2.3 MEG Data Acquisition & Coregistration with Structural MRI

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 
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subject 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). For motion correction, the position of the head throughout the recording 

was aligned to the individual’s head position when the recording was initiated. 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 anatomic images were acquired with a Philips Achieva 3T X-series 

scanner using an eight-channel head coil and a 3D fast field echo sequence with the 

following parameters: TR: 8.09 ms; TE: 3.7 ms; field of view: 24 cm; slice thickness: 1 mm 

with no gap; in-plane resolution: 1.0 × 1.0 mm; sense factor: 1.5. The structural volumes 

were aligned parallel to the anterior and posterior commissures and transformed into 

standardized space. After beamformer analysis, each subject’s functional images were also 

transformed into standardized space using the transform applied to the structural MRI 

volume and spatially resampled.

2.4 MEG Preprocessing, Time-Frequency Transformation, & Sensor-Level Statistics

Cardio-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 5.8 s duration, with 0.0 s defined as 

movement onset (i.e., first button press) and the baseline defined as the −1.8 to −1.2 s time 

window (i.e., before movement onset; Figure 1a). Epochs containing artifacts were rejected 

based on a fixed threshold method, supplemented with visual inspection. Artifact-free 

epochs were then transformed into the time-frequency domain using complex demodulation 

(resolution: 2.0 Hz, 25 ms; (Papp and Ktonas, 1977)) and the resulting spectral power 

estimations 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 −1.2 s time period.

The specific time-frequency windows used for imaging were determined by statistical 

analysis of the sensor-level spectrograms across the entire array of gradiometers. Each data 

point in the spectrogram 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 t-tests were conducted on each data point and the output spectrogram 

of t-values was thresholded at p < 0.05 to define time-frequency bins containing potentially 

significant oscillatory deviations across all participants. 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 t-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, time-frequency 

windows that corresponded to events of a priori interest (e.g., the peri-movement beta ERD) 
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and contained a statistically significant oscillatory event across all participants were 

subjected to the beamforming analysis.

2.5 MEG Imaging & Virtual Sensor Extraction

Cortical networks were imaged through an extension of the linearly constrained minimum 

variance vector beamformer (Gross et al., 2001; Van Veen et al., 1997), which employs 

spatial filters in the frequency domain to calculate source power for the entire brain volume. 

The single images were 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). MEG pre-processing and imaging used the Brain Electrical Source Analysis 

(BESA version 6.0) software. Normalized source power was computed for the selected time-

frequency bands over the entire brain volume per participant at 4.0 × 4.0 × 4.0 mm 

resolution. Beamformer images per time-frequency window of interest were then averaged 

across all participants, and coordinates corresponding to the peak responses were identified. 

We then extracted virtual sensors for the peak voxel of these responses, 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. Virtual sensors were extracted from the eyes-closed rest data using the 

same coordinates and computational method. Once these virtual sensors were extracted, 

absolute beta activity values during rest, and absolute and relative beta activity values during 

movement were computed and subjected to statistical analyses.

3. Results

3.1 Behavioral Results

All participants were able to successfully complete the motor task, with an average accuracy 

of over 96% across both groups. There was no significant difference in accuracy between 

older and younger participants, t(31) = 0.237, p = .814, nor was there a difference in reaction 

time (i.e., time between the cue to move and first button press) between groups, t(31) = 

0.712, p = .482. However, there was a difference in movement duration (i.e., how long it 

took to complete the tapping sequence) between groups, t(31) = 4.945, p < .001, with older 

participants executing sequences significantly slower than younger participants. Mean 

movement duration for the younger and older groups were 593.00 (SD: 207.72) ms and 

878.97 (SD: 113.81) ms, respectively. Behavioral results are shown in Figure 2. To control 

for behavioral differences between groups, MEG data analyses were synced with movement 

onset in each trial and all analyses were focused on the time window preceding and during 

the early stages of movement execution (i.e., before movement termination in either group). 

Only correct trials were used for analysis. Following artifact rejection, the average number 

of trials used in the analysis was 131.44 (SD: 5.97) for younger adults and 130.24 (SD: 5.91) 
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for older adults. This difference in number of trials used per group was not significant, t(31) 

= 0.581, p = .565.

3.2 MEG Sensor-level Results

Sensor level spectrograms were statistically examined using nonparametric permutation 

testing to derive the precise time-frequency bins for follow up beamforming analyses. The 

results showed significant (p < 0.001; corrected) beta ERD in a subset of gradiometers near 

the left and right sensorimotor cortices in each group, which extended from 16–26 Hz from 

approximately 0.5 s before movement onset until about 0.3 s after movement offset (0.0 s = 

movement onset). A significant alpha (8–12 Hz) ERD response was also found during this 

time period. In addition, a significant resynchronization (i.e., PMBR) in the same 16–26 Hz 

band was detected during the 0.8 to 1.4 s time window in roughly the same set of 

gradiometers near the left sensorimotor cortices (p < 0.001; corrected). These neural 

responses correspond closely to the peri-movement beta ERD, alpha ERD, and PMBR 

responses identified in many previous studies.

The time window corresponding to the maximum beta ERD response (−0.2 to 0.4 s, 0.0 s = 

movement onset) was imaged, using beamforming and a window of equal bandwidth and 

duration from the baseline period, to derive the spatial location of significant beta ERD 

activity for subsequent virtual-sensor analysis. The time window corresponding to the 

maximum alpha ERD response (−0.2 to 0.4 s, 0.0 s = movement onset) was also imaged to 

derive the spatial location of significant alpha ERD activity for virtual sensor analysis. Of 

note, we did not directly probe the PMBR response because it is tightly yoked to the 

termination of movement. Since there were significant differences in movement duration 

between groups, any potential alteration in the PMBR response would be confounded by 

performance differences. Thus, any neurophysiological changes in the PMBR would not be 

interpretable.

3.3 Virtual Sensor Results

3.3.1 Beta activity during movement—The peak peri-movement beta ERD locations 

were within the left and right precentral gyri, and are shown with group-averaged virtual 

sensor spectrograms in Figure 3. Group differences in peri-movement beta ERD power were 

assessed in the left and right precentral gyri individually, using the relative mean power 

during the −0.2 to 0.4 s time period, expressed as a percentage of the baseline, and the 

absolute beta level. The relative mean analyses showed significantly stronger beta ERD 

power in older adults compared to younger adults for the left, t(31) = 5.183, p < .001 and 

right precentral gyri, t(31) = 6.111, p < .001. During this time period, the older group 

showed greater beta ERD power, almost double on average, compared to the younger group. 

The results were similar for absolute beta power during this period, as older participants had 

greater absolute beta power in the left precentral gyrus, t(31) = 2.657, p = .012, and 

marginally greater absolute beta in the right precentral gyrus, t(31) = 1.895, p = .067. The 

time courses of relative and absolute beta power during movement are shown in Figure 4.

3.3.2 Resting beta power & pre-movement baseline beta activity—Analysis of 

beta power during rest also showed a significant effect of age, with older participants having 
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higher beta power in the left primary motor cortex, t(31) = 4.674, p < .001, as well the right 

primary motor cortex, t(31) = 4.228, p < .001 compared to younger participants (Figure 5). 

In addition, we computed absolute beta power levels during the baseline period of the motor 

task (−1.8 to −1.2 s before movement onset) and found the same pattern of results in both 

the left precentral gyrus, t(31) = 5.261, p < .001, and right precentral gyrus, t(31) = 4.675, p 
< .001 (Figure 4).

In order to investigate whether baseline levels during the movement task were artificially 

high due to unequal contamination by the PMBR in either hemisphere, we compared 

baseline beta power with resting beta power using a mixed-model ANOVA, with task as a 

within-subjects factor and group as a between-subjects factor. In the left precentral gyrus, 

there was a significant main effect of group, F(1,31) = 25.559, p < .001. The main effect of 

task was not significant, F(1,31) = 0.936, p = .341, nor was the group-by-task interaction, 

F(2,31) = 0.498, p = .486. In the right precentral gyrus, there was also a significant main 

effect of group, F(1,31) = 19.277, p < .001, but again no significant main effect of task, F(1, 

31) = 2.332, p = .137, or group-by-task interaction, F(2, 31) = 0.040, p = .842. In sum, beta 

power at rest and baseline beta power during the movement task were not significantly 

different in either brain region; thus, we are confident that differences in baseline power 

between groups during the movement task were not due to contamination by the PMBR.

3.3.3 Alpha activity during movement and rest—In order to determine whether 

differences extended beyond the beta frequency, exploratory analyses were performed on 

alpha activity. Group differences in peri-movement alpha power were assessed in the left and 

right precentral gyri individually in the same way as described above. The relative mean 

analyses showed significantly higher alpha ERD power in older adults compared to younger 

adults for the left, t(31) = 3.140, p = .003 and right precentral gyri, t(31) = 4.143, p < .001. 

However, there were no significant differences between groups in absolute alpha power 

during rest or movement (all p’s < .10), although visual inspection of the alpha virtual 

sensors showed a somewhat similar pattern as that found in the beta frequency. These time 

courses are shown in Supplemental Figure S1.

3.3.4 Correlations between measures—Correcting for age, there was a significant 

correlation between resting beta power and relative beta ERD power in the left precentral 

gyrus, r(30) = −.404, p = .022, as well as the right precentral gyrus, r(30) = −.539, p = .001, 

such that the greater the resting beta power, the stronger (i.e., more negative) the relative 

beta ERD. There was also a significant correlation between movement duration and beta 

ERD power in the left precentral gyrus after controlling for age, r(30) = −.361, p = .043. 

Basically, the greater the beta ERD power (i.e., more negative relative to baseline) 

contralateral to movement, the longer the movement. No other correlations were significant. 

These results are shown in Figure 6.

4. Discussion

In the current study, we investigated the relationship between peri-movement beta ERD 

activity and motor cortical resting beta levels in the context of healthy aging. Consistent with 

prior literature, we found increased resting beta power, as well as increased peri-movement 
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beta ERD in the primary motor cortices bilaterally in older adults compared to younger 

adults. Interestingly, a comparison of absolute beta levels during the peri-movement beta 

ERD period showed that, despite a much larger reduction in beta power relative to baseline 

levels, older adults still had significantly higher absolute beta power during this time period 

than younger adults in the left precentral gyrus, and marginally in the right precentral gyrus. 

Furthermore, we found a significant correlation between resting beta power and beta ERD 

power in both the left and right precentral gyri, as well as beta ERD power in the left 

precentral gyrus and movement duration, above and beyond the effects of age. Below we 

discuss the implications of this work in understanding the functionality of beta oscillations 

in the motor cortex.

Older participants exhibited significantly stronger spontaneous (resting) beta power in the 

primary motor cortices. Elevated activity in these regions has been previously shown using 

fMRI (for a review, see (Li et al., 2015)), and thus our study adds further support and 

provides an important cross-modal link. Interestingly, older adults also had stronger beta 

desynchronizations (relative response) during movement compared to younger adults, 

although absolute beta power during movement was still significantly higher in these older 

participants. This pattern of results suggests not only that healthy aging results in an increase 

in spontaneous sensorimotor beta activity, but also that there is a direct link between 

spontaneous beta oscillations and peri-movement beta ERD levels in these regions. Rossiter 

and colleagues (2014b) found a correlation between age and peri-movement beta ERD, as 

well as resting beta levels, such that as age increased, resting beta amplitude in the 

contralateral (left) motor cortex increased and movement-related beta desynchronization 

became more negative in the ipsilateral motor cortex (relative to baseline) during isometric 

force. However, they did not directly analyze the relationship between these two variables. 

Regrettably, this study and the current study cannot be directly compared, in part because of 

the difference in movement parameters and the fact that age was treated as a continuous 

variable in the Rossiter et al. (2014b) study. Nonetheless, the current study directly 

compared beta activity in the motor cortices of younger and older adults, and found a 

strikingly similar pattern, which provides further evidence that healthy aging is related to an 

elevation of spontaneous beta levels in the motor cortex, as well as increased beta 

desynchronization during movement. The current study also augments the work of Rossiter 

et al. by showing that absolute beta levels during movement remain elevated in older 

participants, despite the significantly stronger beta ERD, and this appears to be related to 

parameters of the performed movement.

Interestingly, controlling for age, there was a negative relationship between peri-movement 

beta ERD power and movement duration, as well as a relationship between spontaneous beta 

power and beta ERD power, which indicates that the magnitude of the beta ERD relative to 

absolute baseline beta levels is important to successful movement completion. Taken 

together, our results suggest that the motor cortex may have an absolute beta threshold that 

must be reached in order to execute proper movements. Basically, the greater the 

spontaneous beta level in the motor cortex, the stronger the motor cortex beta suppression 

must be in order to reach a sufficient threshold to move. In turn, it is possible that the greater 

the reduction in beta activity required within the motor cortex, the less efficient the system, 

and consequently the longer it takes the participant to complete a movement. As mentioned 
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in the introduction, our lab recently probed the effects of circadian rhythm (i.e., time of day 

effects) on movement-related beta oscillatory activity and resting beta levels in the 

sensorimotor network, and found that the peri-movement beta ERD significantly increased 

as a function of time of day in a number of regions throughout the sensorimotor network, 

including the primary motor cortices bilaterally (Wilson et al., 2014). Resting beta levels 

also increased in these regions as a function of time of day, similar to the current study. 

Given that beta ERD power is calculated relative to baseline levels, the increase in peri-

movement beta desynchronization found in the Wilson et al. (2014) study could reflect the 

motor cortex returning to the same (absolute) beta level during movement execution, as 

resting beta was increasing across the day. This same hypothesis also applies to the 

significant differences in movement duration in the current study, as older adults had 

significantly higher absolute beta power during movement compared to younger adults, 

despite a much larger relative beta power (ERD) decrease. It is possible that, due to the 

significant increase in spontaneous beta power in the motor cortex with age, beta activity 

may not be suppressed to the necessary threshold for movement execution in the aging 

cortex (as suggested by the significantly higher absolute beta levels during movement in 

older adults compared to younger adults), and this may contribute to older participants 

taking longer to perform the movement. While our findings support this intriguing 

hypothesis, further studies are certainly necessary to fully vet this idea.

Mechanistically, a wealth of literature points to the role of the inhibitory neurotransmitter γ-

aminobutryic acid (GABA) in modulating beta and gamma oscillatory power in the motor 

cortices (Gaetz et al., 2011; Hall et al., 2011; Jensen et al., 2005; Muthukumaraswamy et al., 

2013). In general, with increased GABA level (either endogenously, or through 

pharmacological manipulation), studies show an increase in overall beta power in the 

sensorimotor cortices, as well as increases in motor-related oscillatory activity, although 

there is disagreement on whether the PMBR is also affected (Gaetz et al., 2011; Hall et al., 

2011; Muthukumaraswamy et al., 2013). For example, Muthukumaraswamy et al. (2013) 

utilized MEG and a blinded, placebo-controlled, crossover design to study the effects of 

tiagabine, a GABA reuptake inhibitor, on movement-related oscillatory activity. They found 

that increased GABA concentration led to increased resting beta power, as well as increased 

beta desynchronization during movement (Muthukumaraswamy et al., 2013). A similar 

increase in spontaneous beta power, as well as enhanced peri-movement beta ERD (i.e., 

more negative relative to baseline), was also shown after administration of the GABA 

agonist diazepam in an earlier study (Hall et al., 2011). Though we were unable to directly 

determine the role of GABA in our results, the pattern exhibited in our older adults 

compared to younger adults resembled that of the drug relative to the placebo condition in 

the aforementioned studies, such that older adults had significantly greater resting beta 

power, as well as increased beta ERD power during movement compared to younger adults. 

Thus, it is intuitive that the increase in baseline beta activity and peri-movement beta ERD 

power are a result of increased GABA in older adults. However, a close but alternative 

interpretation that aligns with the current study, as well as prior work, is that the relative 

change in peri-movement beta ERD power (i.e., more negative) is a result of the elevation in 

baseline beta activity, and not directly due to differences in GABA itself. In other words, we 

suggest that resting beta activity in the motor cortices is related to GABA concentration, but 
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that elevated beta ERD power is simply a byproduct, as the stronger resting beta activity 

must be suppressed further to reach the absolute threshold needed to execute a movement. 

Importantly, this interpretation is somewhat speculative and future work should directly 

compare the relationship between sensorimotor beta power during rest and movement-

related beta power under differing GABA concentration levels to more fully address this 

hypothesis.

In conclusion, this study was the first to identify significant differences in motor-related beta 

oscillations between healthy younger and older adults. We found significantly higher 

spontaneous beta power, as well as significantly larger beta ERD (i.e., more negative relative 

to baseline) responses in the primary motor cortices of older adults compared to younger 

adults. However, despite having a much larger beta ERD relative to baseline, absolute beta 

power during movement was still significantly higher in older adults compared to younger 

adults. We also found a significant relationship between spontaneous beta power and relative 

beta ERD power, as well as relative beta ERD power and movement duration, above and 

beyond the effects of age. These findings suggest a direct relationship between beta 

reduction during movement and spontaneous activity in the motor cortex, such that as 

spontaneous beta power increases, there must be a greater reduction of beta power in the 

motor cortex in order to properly move. We propose that, on an individual level, the primary 

motor cortices may have an absolute threshold of beta power that must be reached in order 

to adequately execute a movement, and that an inability to reduce beta power to this 

threshold results in an increase in movement duration. Recent MEG studies of movement 

disorders such as cerebral palsy (Kurz et al., 2014), Parkinson’s disease (Heinrichs-Graham 

et al., 2014b; Pollok et al., 2012), and stroke (Rossiter et al., 2014a; Shiner et al., 2015; 

Wilson et al., 2011a) have demonstrated aberrant movement-related beta oscillatory activity 

within these populations. Future work should examine the relationship between resting beta 

activity and movement-related beta oscillations in the context of these movement disorders. 

Future studies should also probe how baseline beta activity is related to PMBR power and, 

as mention above, how GABA mediates these processes directly or indirectly by modulating 

baseline beta activity.
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Figure 1. Motor task paradigm
A) Participants fixated on a crosshair for 3.75 s. After this baseline period, a series of three 

numbers (each corresponding to a digit on the finger) appeared on the screen in black and 

after 0.5 s the numbers changed color cueing the participant to move. The participant then 

had 2.25 s to complete the motor plan and return to rest. B) The button pad used during this 

task. Each button on the pad corresponded to a specific finger; the thumb was not used for 

task performance.
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Figure 2. Motor task behavioral results
There were no group differences in accuracy (percent correct) or reaction time (in s) 

between age groups (both p’s > 0.48). However, there was a significant difference in 

movement duration (in s), with older participants taking significantly longer to complete 

sequences than younger participants (p < .001). See legend for color descriptions. Error bars 

denote the standard error of the mean (SEM). * = p < 0.05
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Figure 3. Identification of peri-movement beta ERD and peak voxel extraction
Group mean beamformer images (pseudo-t; see color bar) of beta activity prior to and during 

movement (−0.2 to 0.4 s, 16–26 Hz) for each age group are shown in the top panel, with the 

peak voxel locations used for the virtual sensor analysis identified with a yellow dot. Note 

that a different pseudo-t scale is used in each group. Peak voxel time-frequency 

spectrograms are shown on the bottom panel. Time (in s) is denoted on the x-axis, with 0.0 s 

defined as movement onset. Frequency (in Hz) is shown on the y-axis. All signal power data 

(bottom panel) is expressed as the percent difference from baseline, with the color legend 

shown to the right.
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Figure 4. Absolute and relative temporal evolution of the beta ERD response
Voxel time series were extracted from the peak voxels of the left precentral gyrus (top panel) 

and right precentral gyrus (bottom panel) to more precisely examine the dynamics of the 

beta ERD in younger (black line) and older adults (red line). Time (in s, movement onset = 

0.0 s) is denoted on the x-axis, while power is shown on the y-axis. The left panel shows 

each response as percentage relative to baseline (−1.8 to −1.2 s), while the right panel shows 

the absolute power (in nAm2). Note that older participants had much higher beta levels 

during the baseline period, but beta levels were reduced in the aging cortex to levels near 

that of younger participants just before movement onset. The shaded area around each line 

denotes the standard error of the mean (SEM).
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Figure 5. Resting beta power in the motor cortices
Resting beta power during eyes-closed rest was extracted from the voxels of the left and 

right precentral gyri that were identified in the motor task. Average power (in nAm2) is 

shown on the y-axis, while region is identified on the x-axis. The younger group is shown in 

black, while the older group is shown in red. As shown, resting beta activity was much 

stronger in older participants. Error bars denote SEM. * = p < 0.001
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Figure 6. Correlations with beta ERD power
On the left panel, the left precentral gyrus beta ERD power (% relative to baseline) is shown 

on the y-axis, with the region’s resting beta power (in nAm2) on the x-axis. There was a 

significant correlation between beta ERD power and resting beta power in both the left and 

right precentral gyri (not shown), such that the greater the resting power, the greater the beta 

ERD power relative to baseline, controlling for age. On the right panel, left precentral gyrus 

beta ERD power is denoted on the y-axis, while movement duration (in s) is shown on the x-

axis. There was also a significant relationship between beta ERD power and movement 

duration in the left precentral gyrus, such that the larger the beta ERD power, the longer the 

movement duration, controlling for age. Younger adults are shown in black, while older 

adults are shown in red.
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