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Abstract

Objective—To assess the developmental trajectory of spectral, topographic, and source structural
properties of functional mu desynchronization (characterized during voluntary reaching/grasping
movement), and investigate its spectral/topographic relation to spontaneous EEG in the developing
alpha band.

Methods—Event related desynchronization (ERD) and power spectral density spectra/
topography are analyzed in twelve month-old infants, four year-old children, and adults. Age-
matched head models derived from structural MRI are used to obtain current density
reconstructions of mu desynchronization across the cortical surface.

Results—Infant/child EEG contains spectral peaks evident in both the upper and lower
developing alpha band, and spectral/topographic properties of functionally identified mu rhythm
strongly reflect those of upper alpha in all subject groups. Source reconstructions show distributed
frontoparietal patterns of cortical mu desynchronization concentrated in specific central and
parietal regions which are consistent across age groups.

Conclusions—Peak frequencies of mu desynchronization and spontaneous alpha band EEG
increase with age, and characteristic mu topography/source-structure is evident in development at
least as early as twelve months.

Significance—Results provide evidence for a cortically distributed functional mu network, with
spontaneous activity measurable in the upper alpha band throughout development.
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1. Introduction

Mu-rhythm has received renewed attention from cognitive neuroscientists in the past decade,
owing in part to its proposed association with a putative human mirror neuron system
(Pineda 2005, Marshall et al. 2011a). As such it has grown increasingly important to
characterize the properties of this signal in greater detail, thereby allowing researchers to
assess cognitive and behavioral associations with mu rhythm independent from the other
rhythms present at overlapping frequencies in human EEG (Basar et al. 1999; Nunez et al.
2001). This is especially important in developmental studies, since the properties of mu
rhythm are less well established for infants/children than for adults. However, numerous
studies have provided strong evidence for an infant/child analogue of adult mu (Smith 1939;
Smith 1941; Hagne et al. 1973; Stroganova et al. 1999; Marshall et al. 2002), referred to as
infant/child central rhythm. Such studies have used the established properties of adult mu
rhythm as a guide for their investigations, and gauge for comparison. In this work, we
compare these properties across adult and infant/child populations directly to more clearly
elucidate their development.

1.1 Adult Mu Rhythm

In the decades since its early descriptions, adult mu rhythm has been characterized by a suite
of three defining properties: topographic specificity, spectral specificity, and functional
dependence on behavior. Functionally, mu rhythm has long been known to desynchronize in
response to voluntary motor movement (Gaustaut and Dongier 1954; Chatrian et al. 1959).
Unlike posterior alpha, it is not strongly affected by changes in ambient light (Kuhlman
1978). A large body of work has since established that mu rhythm also desynchronizes in
response to somatosensory stimulation (Pfurtscheller 1989; Salenius et al. 1997), imagined
movements (Wolpaw et al. 2004; Pfurtscheller et al. 2006), observed movement (Gaustaut
and Bert 1954; Pineda et al. 2000; Muthukumaraswamy et al. 2004), and shifting spatial
attention (Covello et al. 1975; Jones et al. 2010; Bauer et al. 2012, Thorpe et al. 2012).
Though modulation of alpha rhythm by spatial attention has been well studied for many
years (Foxe et al. 1998; Worden et al. 2000), the comparatively recent work examining its
effects on mu has shown that modulation of both rhythms can occur simultaneously in
anticipation of attended stimuli across multiple modalities, including vision and
somatosensation (Bauer et al. 2012), as well as audition (Thorpe et al. 2012). Still, studies
comparing desynchronization across conditions (such as execute versus observed or
imagined movements) have shown it to be most robust in response to motor execution
(Pineda et al. 2000; Muthukumaraswamy et al. 2004). As such, motor execution has become
the gold standard for functional definitions of mu rhythm.

Adult mu rhythm peaks in the same 8 — 13 Hz frequency band as posterior alpha rhythm.
This spectral overlap complicates the task of distinguishing between mu and alpha rhythms,
especially since it has been shown the two rhythms cohabit overlapping cortical areas
(including central regions) to some degree (Andrew et al. 1997). Nonetheless, the two
rhythms remain functionally distinct, and possess differentiable topographic/source
distributions (Manshandren et al. 2002). Recent studies have provided evidence for a
division between upper (10 — 13 Hz) and lower (8 — 10 Hz) mu band rhythms (Pfurtscheller
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2000). Pfurtscheller et al. (2000) argue for different functional and topographic properties
within these bands, with the upper band showing a more topographically focused,
movement-type specific ERD pattern, in contrast to a more widespread and generalized
pattern in the lower band. In addition, several studies provide evidence for a beta band (15 -
25 Hz) component to adult mu-rhythm (Salmelin and Hari 1994; Hari et al. 1997; Ritter
2009). These studies argue for a topographic distinction between the high and low bands,
with the high frequency beta component possessing a more anterior (pre-central) spatial
distribution compared to the traditional 8 — 13 Hz activity, which they argue has a post-
central locus.

Mu rhythm is typically described as attaining maximal amplitude at central scalp regions.
This specificity extends to studies of event related desynchronization (ERD) which have
shown that mu rhythm reliably desynchronizes over these regions (Pfurtscheller 1979;
Pfurtscheller 1989), and that central desynchronization is greater than that observed over
other areas of the scalp (Frenkel-Toledo et al. 2013). Studies which have attempted source
reconstructions of mu activity via equivalent current dipole (ECD) models have concluded
various frequency components of the rhythm localize primarily to motor and somatosensory
cortices (Salmelin et al. 1994a; Salmelin 1994b; Salmelin et al. 1995; Hari et al. 1997),
although Salmelin and colleagues (1995) did show evidence for reactive posterior parietal
sources of 10 Hz mu activity which were suppressed by finger and toe movement. However,
questions remain concerning the extent of the source distribution underlying mu activity
stemming from methodological considerations of these early studies. First, it is known that
MEG is maximally sensitive to activity of sources located tangentially with respect to the
scalp (Nunez and Srinivasan 2006). The tight clustering of mu sources about the central
sulcus observed in MEG studies may be due to relative insensitivity to radially oriented
sources located along various cortical gyri which are more readily detected using EEG.
Indeed, an additional study using ECD modeling with simultaneously recorded EEG and
MEG showed that, while MEG sources did cluster about the central sulcus, EEG sources
were more widely distributed throughout central and parietal areas (Manshanden et al.
2002). Second, dipolar fits of oscillatory MEG activity in these studies only occasionally
exceed the authors’ goodness of fit threshold (typically greater than 90% of measured field
variance). Hari et al. (1997) explain that, in their experience, dipolar fits are only adequate
for 1 — 3% of evaluated time points, suggesting that most of the time more complicated
source distributions are required to explain the variability in scalp recorded mu rhythm.

Adding to these concerns, much evidence exists which suggests that mu rhythm is not
exclusively constrained to central scalp locations. Indeed, numerous EEG studies also report
desynchronization of mu band activity over parietal and frontal electrodes in response to
motor execution (Cochin et al 1999; Frenkel-Toledo et al. 2013). There has also been
disagreement in electrocorticographic (EcoG) studies of mu desynchronization, with some
authors reporting somatotopically mapped ERD specific to sensorimotor cortices (Arroyo et
al. 1993), while others have argued that diffuse bilateral responses observed for voluntary
unilateral limb movements evidence a more distributed underlying cortical network (Crone
et al. 1998). Such reports corroborate neuroimaging studies which show parietal cortex, in
particular, to be active in tasks involving motor planning and execution (Buneo et al. 2002;
Connoly et al. 2003); motor imagery (Hanakawa et al. 2003; Solodkin et al. 2004), motor
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observation (Van Overwalle and Baetens 2009; Molenberghs al. 2012), as well as saccade
production and shifting spatial attention (Corbetta et al. 1998; Gitelman et al. 1999). Indeed,
parietal cortex is known to subserve precisely the type of visuomotor integration required for
the reaching/grasping tasks often employed in EEG studies of mu rhythm (Culham and
Valyear 2006; lacoboni 2006). Mu suppression has even been shown to correlate with
fluctuations of BOLD signal in premotor and parietal areas (Arnstein et al. 2011). Such
evidence suggests that mu rhythm more likely reflects synchronous activity in a an extended
fronto-parietal network supporting the coordination and execution of complex motor plans,
thereby obviating the need for evaluation of mu source activity across the entire cortical
surface.

1.2 Infant/Child Central Rhythm

Early studies of infant EEG established that the dominant frequencies observable on the
infant scalp are much lower than those observed for adults (Lindsley 1939; Smith 1938a;
Smith 1938b). In contrast to occipital rhythms, the infant “central alpha” observed by Smith
(1939; 1941) was not readily blocked by the opening of eyes. Thus, some rudimentary
elements of the same topographic, spectral, and functional properties which have come to
define adult mu rhythm have been evident in the infant central rhythm from the very
beginning of its study. To date, numerous results concerning the functional properties of
infant/child central rhythm have been reported. These studies have focused primarily on the
functional dependence of alpha-band infant/child EEG on voluntary motor behavior
(Southgate et al. 2009, 2010; Marshall et al. 2011b), observed motor behavior (Van Elk et al.
2008; Stapel et al. 2010; Nystrom 2011), and changes in ambient visual stimulation (Galkina
and Boravova 1996; Stroganova et al. 1999). Together, these studies have established that
infant/child central rhythm shows much of the same functional dependence on behavior as
that observed for adult mu rhythm.

Contemporary developmental studies suggest a practical range of roughly 6 — 9 Hz is
sufficient to capture developing mu dynamics over the first few years of life (Stroganova et
al. 1999; Marshall et al. 2002). These studies defined the developing mu band via the
presence of peaks observable in the power spectra of central electrodes which were not
enhanced by decreases in ambient light (Stroganova et al. 1999), or else not clearly
discernible at other scalp locations (Marshall et al. 2002). These findings are largely
corroborated by Berchicci et al. (2011) who undertook a systematic MEG study tracking the
development of mu rhythm defined functionally (via desynchronization during prehensile
squeezing of a soft pipette) in infant, preschool, and adult populations. Although this study
focused only on a cluster of sensors located over central areas of the left cerebral
hemisphere, the results indicate the average frequency of peak mu desynchronization
increased rapidly over the first year of life, from roughly 3 to 8 Hz, with the increase
slowing considerably between the ages of 2 — 4 years, and eventually stabilizing near 10 Hz
in adulthood.

Far less is known concerning the topographic distribution of mu throughout development
than has been determined for adults, although at least one study comparing
desynchronization across the scalp in response to motor execution has shown statistical
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significance restricted to central electrodes (Marshall et al. 2011b). Topographic structure
remains among the open questions in developmental mu research, as the distribution of
neural populations (and resultant scalp locations) which exhibit desynchronization during
the planning and execution of a given motor act could conceivably vary throughout
development. In their illuminating review, Marshall et al. (2011a) stressed the importance of
comparison across electrodes covering multiple areas of the scalp, with the aim of advancing
the study of topographic specificity of the rhythm. Still, most developmental studies of mu
rhythm do not make a point to show topographic comparisons via visualization of mu
derived metrics across a full scalp-wide array of EEG/MEG sensors. In this study we
investigate scalp wide topography of mu desynchronization throughout development, as well
as, uniquely, its underlying source structure.

In addition to uncertainty concerning the topographic/source-structural trajectory of mu
rhythm development, a number of other questions remain. Specifically, the nature of the
relationship between the spectral trajectories of developing mu and alpha rhythms is
currently unknown. That is, it is currently unclear whether the spectral content of these
rhythms necessarily coincide throughout development, or whether their trajectories, while
possibly similar, evolve independently of one another. Berchicci et al. (2011) is the first
study to track the development of functionally defined mu rhythm across multiple subject
populations using the same voluntary motor execution task for each group, but its limitations
include both the restriction of analyses to small clusters of central electrodes, as well as the
lack of relating the spectral structure of mu desynchronization to the dominant frequencies
observed spontaneously on the scalp.

In the current study we address these issues by consideration of the scalp wide structure of
both mu desynchronization and spontaneous alpha rhythms together in three age groups
consisting of 12-month old infants, 4-year old children, and adults. We identify the evolving
spectral and topographic characteristics of mu rhythm defined functionally via
desynchronization in response to execution of a reaching/grasping movement. Additionally,
we show that spontaneous EEG for all subject groups contains spectral peaks in both the
lower and upper developing alpha band, and we compare the relative topographies of these
peaks. Finally, we investigate structural development of mu-rhythm via sLoreta source
reconstructions to assess cortical desynchronization during motor execution. The data
suggest the spectral and topographic development of functionally defined mu-rhythm is
tightly locked to that of the upper alpha band, and that patterns of desynchronization
observed on the scalp during movement involve distributed frontal and parietal cortical
areas.

2. Methods

2.1 Participants

Adult subjects consisted of 20 participants (11 female, 9 male) ranging in age from 18 to 21
years (Mean = 20; SD = 0.9). 4-year subjects consisted of 47 participants (21 female, 26
male) ranging in age from 45 to 68 months (Mean = 50; SD = 6.7). 12-month subjects
consisted of 50 participants (24 female, 26 male) ranging in age from 11.4 to 12.7 months
(Mean = 12.2; SD = 0.37). An additional nine 4-year olds as well as three 12-month old
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were tested but excluded from the analyses due to either excessive fussiness before the onset
of EEG recording (/7= 7 for 4-year, 1 for 12-month), or a lack of resultant artifact-free
usable data (7= 2 for 4-year, 2 for 12-month).

2.2 Experimental Set-up and Procedure

Figure 1C shows the general layout of the subject, and experimental equipment. A puppet
stage was set up on a table covered with black cloth in a testing room. A curtain at the front
of the stage was raised/lowered at the onset/offset of each trial interval. A video camera at
the back of the stage captured the subject’s behavior on each trial. A PC running E-prime 2.0
software (Psychology Software Tools, Inc., Sharpsburg, PA) sent event timing information
acquired via experimenter button-press (E-prime button box info) to an EEG acquisition
computer running Net Station version 4.5.1 (Electrical Geodesics, Inc., Eugene, OR).
Subjects were seated in a chair (or on their caregiver’s lap) approximately 40 cm from the
edge of the stage. Each trial consisted of a three-second baseline interval followed by a grasp
execution interval during which the subject was prompted to reach towards and grasp the
toy.

During the baseline period, adult and 4-year subjects viewed a white foam core board (28 x
23 cm) with a black shape or pattern (Figure 1B). For 12-month subjects these images failed
to adequately capture attention during piloting, so a moving pinwheel was presented instead.
An experimenter signaled the beginning of each baseline interval to E-Prime via button-
press when the subject began attending the baseline stimulus, and the event marking the end
of the three second interval initiated by this button press was automatically marked by E-
Prime as well.

During the grasp execution interval, the toy was placed approximately 12 cm from the
subject’s end of the stage. As the curtain was raised, an experimenter (not visible to the
subject) pushed the stage top toward the subject (via drawer casters) to within reaching
distance (pictured in figure 1A). Infant subjects were given approximately 60 seconds to
grasp the toy or the trial was aborted (adult and 4-year subjects typically completed the
reach almost immediately after the curtain was raised). Ten unique baseline pictures and toys
were presented in unique orders, randomized across subjects. Adult subjects could complete
up to 20 such trials, whereas 4-year subjects could complete up to twelve, and 12-month
subjects up to fifteen. Finally, interleaved with the grasp execution trials analyzed in this
work were trials of an alternate “grasp observation” condition (not analyzed here) in which
the subject observed an experimenter reach and grasp the toy. Additionally, 12-month
subjects received a third interleaved condition in which they observed the experimenter
make a communicative pointing gesture towards the toy, which was also not analyzed here.

2.3 Behavioral Coding for EEG Segmentation

Video was recorded at a resolution of 320 x 240 with a frame rate of 30 Hz, allowing
accuracy of coding to within approximately 33 ms for each behavior of interest. Two
independent coders viewed each video offline (100% overlap), frame-by-frame and
identified the times in which the subject first touched the toy in an act that resulted in grasp
completion. Inter-rater agreement, within three frames, was achieved on 90% of the trials.
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Additionally, trials in which the subject appeared to make a reach, gesture, or grasping
motion during the baseline period were identified and eliminated from final analysis.

2.4 EEG Data Acquisition and Pre-processing

For all subjects, EEG was recorded using an EGI Net Amps 300 high input-impedance
amplifier (Electrical Geodesics, Inc., Eugene, OR). For Adult and 4-year subjects, data was
acquired using a 64-channel HydroCel Geodesic Sensor Net, whereas a 128-channel
HydroCel Geodesic net was used for 12-month subjects. EEG for all subject groups was
sampled at 500 Hz, and impedance values for all EEG channels were below the
manufacturer recommended limit of 100 k at the start of data acquisition (50 k for Adult and
four year subjects). In order to deal with data/event timing offset introduced by the NA300
anti-aliasing filter (detailed in an advisory notice released by EGI in August 2014), all events
marked in the continuous recording were moved back in time by the manufacturer specified
offset of 18 ms. Continuous data from the entire recording session of each subject were then
baseline corrected, and average referenced. By default we excluded from this reference a set
of channels from each net which lie about the sides of the face and eyes, and as such are
heavily prone to net displacement artifact. Specifically, these were channels 23, 55, and 61 —
64 for the 64 channel net and 38, 43, 44, 48, 49, 113, 114, 119, 120, 121, and 125 — 128 for
the 128 channel net. Additionally, the data were forward/reverse Butterworth filtered (pass
band 1 — 50 Hz, stop band 0.1 — 59 Hz, 3 dB ripple, 10 dB attenuation from pass to stop
band).

2.5 EEG Artifact Rejection

Continuous data were artifact edited using a thresholding procedure to remove high
amplitude waveforms associated with egregious movement artifact. The procedure was
applied as follows — First, the continuous data was broken into adjacent 250 ms epochs.
Epochs for which more than 5 channels exceeded a threshold of +/-150 microvolts were
deemed bad, and removed from the record (the sample numbers of all such discontinuities
were recorded for purposes of later segmentation). For each epoch removed from the record,
the previous and subsequent epochs were smoothed to zero for each channel by an inverted
Hanning window of 500 ms centered on the discontinuity. Individual channels which
exceeded threshold on more than 10 percent of epochs were deemed bad, and their data was
interpolated (spherical spline with age-matched electrode coordinates described section 2.9)
from the set of good channels for all epochs. This resulted in an additional average 0.3 (SD
=0.73), 0.34 (SD = 0.67), and 2.51 (SD = 1.42) channels being interpolated per subject for
adult, 4-year, and 12-month subjects, respectively. Additionally, data for good channels
which exceeded threshold in individual epochs not meeting the requirement to be dropped
were interpolated within said epoch from the set of good sub-threshold channels.

The resulting data were then decomposed into Independent Components using the fastica
algorithm developed by Aapo Hyvarinen and colleagues (1999, 2004), implemented in
Matlab (R2013a; Natick, MA). Components related to eye movement and net displacement
over the front of the head were identified for rejection using a two-fold criterion. First,
rejected components had to have greatest loading magnitude at one of a designated set of
channels located over the most anterior part of the head (closest to the eyes). Specifically,
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these were channels 1, 5, 10, 17, 18 and 58 for the 64 channel net, and channels 1, 2, 8, 9,
14, 15, 21, 22, 25, 26, 32, and 122 for the 128 channel net. Second, rejected components had
to have peak spectral power outside a band of interest decided on as 4 — 16 Hz. This second
criterion ensured we only rejected frontally dominate components with EEG peaked in
either the 0 — 4 Hz delta band (such as the components related to blink/saccade waveforms)
or >16 Hz (such as components related to high frequency broadband muscle artifact). This
procedure resulted in an average of 8.15 (SD = 1.76) ICA components being rejected for
Adult subjects, 7.85 (SD = 1.72) for 4-year subjects, and 14.43 (SD = 2.9) for 12-month
subjects. Artifact cleaned data were then reconstructed in channel space from the remaining
set of good components, resulting in a single (discontinuous) recording of average length
19.74 (SD = 1.85), 20.96 (SD = 5.3), and 19.79 (SD = 6.56) minutes for 12-month, 4-Year,
and adult subjects, respectively.

2.6 Alpha Spectral Peak Analysis and Bootstrapping

To assess the presence of spectral peaks in the alpha range we obtained power spectral
density (PSD) estimates via Welch’s method (pwelch.m) from the complete set of artifact
edited data for each subject. Using the full set of artifact edited data both maximizes the
amount of data available for analysis, as well as ensures the contribution from any particular
cognitive/behavioral event occurring during the recording is made relatively minor. The data
can be considered spontaneous in the sense that its spectral characteristics are reflective of a
subject’s aggregate cognitive/behavioral functioning over an extended period of time. We
specified a DFT window length of 5 seconds at 50% overlap, which determined a frequency
resolution of 0.2 Hz. For each subject, the resultant PSD were then log transformed: log
PSD =logyp(1 + PSD). This transform has the dual benefits of increasing normality while
preserving the functional range of zero to infinity for log PSD values.

To assess the variability in the expected log PSD in each age group we computed empirical
bootstrap distributions at each channel and frequency. Each bootstrap sample was computed
as follows: First, log PSD distributions were sampled (with replacement) from all subjects a
total of N, times, where Ny is the number of subjects in each group (Efron and Tibshirani,
1994). Log PSD were then averaged across these samples to obtain a single estimate of the
mean log PSD for each channel/frequency. This process was repeated 10,000 times,
resulting in distributions describing the variability in expected log PSD for each channel/
frequency pair.

To determine alpha frequency bands of interest for each age group we averaged each
bootstrap sample across channels, then defined an “alpha spectral peak” as any frequency in
a broadly defined band of interest (set as 4 — 13 Hz for all age groups) which showed greater
averaged log PSD than both its adjacent neighbors. For each bootstrap sample we recorded
any frequency which met these criterion, resulting in a single empirical distribution
describing the variability in peak alpha frequencies for each subject group. From these
empirical distributions we identified upper and lower alpha frequency bands of interest
containing greater than 98.75% of all identified peaks for each age group. For 4-year and 12-
month subjects, peak distributions showed distinct clusters in lower/upper bands, whereas
adult subjects showed a single broad cluster of peaks spanning both bands (see section 3.1).
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To assess the significance of differences between the mean frequencies of these clusters
across age groups, empirical p-values were computed (see Efron and Tibshirani 1993;
chapter 13) by finding the percentage of all pair-wise comparisons between frequencies in
each cluster for which the difference was less than zero, such that (by convention) small
empirical p-values indicate significantly higher cluster means for the older of the two age
groups compared. Empirical p-values were then Bonferroni corrected (multiplied by three)
to account for comparisons across multiple subject groups (Adult vs 4-year subjects, Adult
vs 12-month subjects, and 4-year vs 12-month subjects).

We compared frontal to occipital alpha band PSD across age groups by first averaging
bootstrap samples for each channel across all identified alpha band frequencies (combined
upper/lower bands), then averaging over frontal and occipital channel groups of interest
identified from the scalp topography. Bootstrap distributions describing relative amount of
frontal to occipital power were then computed for each subject group as ten times the log
ratio of frontal to occipital PSD. To assess significance between distributions across age
groups, empirical p-values were computed by finding the percentage of all pair-wise
comparisons for which the difference between subject groups was less than zero, such that
(by convention) small empirical p-values indicate significantly greater frontal PSD (relative
to occipital) for the older of the two age groups compared. Empirical p-values were then
Bonferroni corrected to account for multiple comparisons.

To assess topographic differences between the upper and lower alpha bands within each
subject group, we computed the ratio of normalized log PSD in the upper and lower bands
for each channel. To do so, we first summed log PSD across each frequency in the respective
bands, and then normalized this total by the sum across all channels. The normalization
allowed comparison of each channel’s contribution to the band-averaged PSD even though
the two bands had differing amounts of total power density. We then compared upper to
lower band estimates via log ratio in dB units. To assess significance of these differences, we
computed this same measure for each of the 10,000 log PSD bootstrap samples described
above, resulting in a distribution of topographic difference scores for each channel.
Empirical p-values were computed by finding the percentage of samples for which the ratio
of normalized power in the upper to lower alpha bands was less than zero, so that channels
with very small empirical p-values showed greater contribution to upper alpha band
topography relative to lower alpha. To control for family wise error rate (FWE) we
employed Holm’s (1979) sequentially rejective step-down algorithm for p-value correction
(Westfall and Young 1993). Channels with corrected p-values less than a critical value of
0.05 were deemed significant.

2.7 EEG Segmentation for ERD analysis

For ERD analysis, data were segmented into individual trials, each containing a baseline and
corresponding grasp execution interval. The grasp execution interval for each trial was taken
as the two second interval centered on the event marking the completion of the grasp (i.e.
ranging one second prior to one second post grasp). For all subject groups, the
corresponding baseline interval for each trial was taken as the two second interval beginning
one half second after the onset of the baseline event, during which the subject was attending
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the static baseline image (adults and 4-year subjects), or pinwheel (12-month subjects).
Importantly, for all subject groups any trials for which the earlier artifact thresholding
procedure resulted in a discontinuity occurring anywhere in the window of analysis for
either the baseline or grasp execution interval were subsequently excluded from further
analysis. In total, these procedures resulted in a final pool of 394 trials for Adult subjects
(mean = 19.7 per subject, SD = 0.67), 494 trials for 4-year subjects (mean = 10.5 per
subject, SD = 2.23), and 231 trials for 12-month subjects (mean = 4.7 per subject, SD =
2.63).

2.8 Mu Spectral Peak Analysis and Bootstrapping

For each subject, Fourier coefficients for segmented baseline and grasp execution data were
obtained via discrete Fourier transform (fft.m), corresponding to frequencies ranging from 0
— 250 Hz (Nyquist) in steps of 0.5 Hz. Of these the subset corresponding to 1 — 25 Hz were
analyzed. ERD scores for each frequency, channel, and trial were then computed as ten
times the log ratio of grasp execution to baseline power, i.e. decibel (dB) difference. Thus
large negative ERD scores reflect strong desynchronization with respect to baseline.

To determine the frequencies for each age group which showed strong statistical evidence
for desynchronization we computed empirical bootstrap distributions for ERD at each
frequency by pooling all trials across subjects in each group. Each bootstrap sample was
computed as follows: First, ERD distributions were sampled from all trials (with
replacement) a total of N times, where N;is the number of pooled trials for each group.
ERD were then averaged across these samples and then across channels to obtain a single
estimate of the mean ERD across frequencies. This process was repeated 10,000 times,
resulting in a distribution describing the variability in expected ERD spectra. For each
frequency, empirical p-values were computed by finding the percentage of bootstrap samples
for which ERD was greater than zero, so that frequencies with very small empirical p-values
showed strong evidence for desynchronization. As before (section 2.6), p-values were
adjusted to control for multiple comparisons by Holmes’ step-down correction, and only
corrected empirical p-values less than 0.05 were deemed significant.

To determine the mu frequency band of interest for each age group we computed empirical
bootstrap distributions for the peak frequency of the ERD spectrum using the distribution of
bootstrap samples described above. For each of these 10,000 samples, the frequency for
which this estimate attained the largest negative value was identified, resulting in a single
distribution describing the variability in frequencies which show maximal desynchronization
across channels for each age group. From these empirical distributions we identified
functional mu frequency bands of interest for subsequent topographic and source
localization analysis which contained ERD peaks for greater than 98.8% of all bootstrap
samples (see sections 2.10, and 3.3, 3.4). To assess the significance of differences between
the mean frequencies of ERD peak distributions across age groups, empirical p-values were
computed by finding the percentage of all pair-wise comparisons between frequencies in
each distribution for which the difference was less than zero, such that (by convention) small
empirical p-values indicate significantly higher mean peak ERD frequency for the older of
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the two age groups compared. Empirical p-values were then Bonferroni corrected to account
for comparisons across multiple subject groups.

2.9 Head Model Generation

Age-matched head models for adults and twelve month olds were constructed using
averaged T1-weighted anatomical MRI (three Tesla MPRAGE) from the University of South
Carolina McCausland Brain Imaging Center (MCBI) Neurodevelopmental MRI Database
(http://jerlab.psych.sc.edu/NeurodevelopmentalMRIDatabase, for further details see Sanchez
et al. 2012a; Sanchez et al. 2012b; Richards JE 2009; Richards JE 2010). The adult template
was derived from a pool of 108 adult participants aged 20 — 24 years (see Sanchez et al.
2012). The 12-month template was similarly derived (see Sanchez et al. 2011) from 10
participants aged 365 — 383 days. The four year head model was constructed using a 1.5
Tesla template from the NIH Pediatric MRI Database (NIHPD; Almi et al. 2007; Evans et al.
2006), which was derived from 19 participants aged 47 — 53 months.

Also provided for each age group were average fiducial landmark coordinates (\Vertex,
Naision, Inion, Left/Right Pre-auricular, and Left/Right Mastoid) coregistered with average
scalp electrode coordinates for the EGI 128-channel HydroCel Sensor Net. The adult
electrode positions were collected from a pool of 38 participants (for whom structural MRI
was also obtained) using EGI’s Geodesic Photogrammetry System (GPS). Individual MRI
from each participant were registered to the average adult MRI template, and electrodes
positions were transformed to the adult head and averaged across subjects. The 12-month
coordinates came from a pool of 10 participants also using EGI GPS, who also underwent
individual structural MRI. Positions of the seven fiducial electrodes were recorded for each
participant, and used to map the adult electrode positions to the infant, which were then
averaged across subjects. Finally, the 4-year electrode positions were derived via registration
of the Adult MRI template to the 4 year template, then linearly transforming the adult
electrodes to the 4 year old space.

Electrode coordinates were coregistered with the head models using Matlab’s built in
fminseach.m to find the set of xyz-scalings, and roll, pitch, and yaw rotations which
minimize the sum square distance between the provided fiducial landmarks and those
visually identified on the scalp of the head model. This same transformation was then
applied to the set of averaged electrode coordinates. Lastly, the resultant transformed
coordinates were set to their nearest (euclidean) neighbors on the scalp mesh (see below).
Since the EGI 64 channel HydroCel net is designed to cover a proper subset of the scalp
locations covered by the 128 channel HydroCel net, we used for the Adult and 4-year
subject populations the coordinates (in 128 channel space) of the 64 channel subset to which
64 channel net electrodes map.

Cortical surface meshes and parcellation atlases (Desikan at al. 2006) for each age group
were extracted from the age-matched T1-weighted templates using FreeSurfer v5.3
(documented and freely available online at http://surfer.nmr.mgh.harvard.edu/). To reduce
computational load associated with lead field computation, the cortical surface mesh was
downsampled to 36,000 nodes using iso2mesh software (Fang et al, 2009). Boundary
Element Method (BEM) forward models were constructed for each age group (see Figure 2)
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consisting of four homogeneous compartments corresponding to scalp, skull, intracranial
space, and gray matter. Meshes for these surfaces were extracted from the MRI templates
using MNE software (Gramfort et al. 2014), and forward models were computed using
openMEEG (Gramfort et al. 2010; Kybic et al. 2005) with commonly used conductivity
values of 0.33, 1.67, 0.0042, and 0.33 for gray matter, intracranial space, skull, and scalp,
respectively.

2.10 Mu Desynchronization Cortical Localization and Bootstrapping

3 Results

To determine which areas of the brain showed greatest desynchronization in the previously
identified mu-frequency band we did separate current density reconstructions for baseline
and grasp execution intervals for each frequency in the identified band using the sLoreta
inverse - a minimum energy solution standardized by an estimate of variance in the forward
model for each cortical node (Pascual-Marqui 2002). The regularization parameter (a) was
chosen to minimize cross-validation error (see Pascual-Marqui 1999; Stone 1974 for details)
averaged across mu-band frequencies. A single value for a was found for all subject groups
by computing cross-validation error over a range of a-values (1e-9, 1e-8, le-7, 1le-6, le-5,
le-4, 1le-3, le-2, 1e-1) for both baseline and grasp execution intervals for each mu-band
frequency on every trial, and subsequently averaging these estimates across intervals/
frequencies/trials to obtain a single cross-validation error estimate for each choice of a. The
a-value associated with the smallest mean cross-validation error for each subject group was
a = le-4, which matches the value used in many previous studies using Loreta solutions
with EEG (Congedo et al. 2006; Lamm et al. 2012).

Analogous to the computation for scalp electrodes, ERD was computed on the cortical
surface mesh for each mu-band frequency on each trial as ten times the log ratio of grasp
execution to baseline current density. These were then averaged across frequencies to
provide a single estimate of mu-band ERD for each cortical node on each trial. To test for
significance, we bootstrapped empirical mu-band ERD distributions for each cortical node.
Each bootstrap sample was computed by sampling (with replacement) from the full set of
trials pooled across subjects in each group, and averaging mu-band ERD across the sample.
This process was repeated 10,000 times, resulting in empirical distributions describing the
variability in expected mu-band ERD at each cortical node. Empirical p-values were
computed for each node by finding the percentage of samples for which mu-band ERD was
greater than zero, so that nodes with very small empirical p-values showed significant ERD.
As before (sections 2.6, 2.8), empirical p-values were corrected via Holm’s sequentially
rejective step-down algorithm, and nodes with corrected p-values less than a critical value of
0.05 were deemed significant.

3.1 Alpha Band Power Spectral Density

Figure 3A, C, E (left column) shows log power spectral density by frequency for each
subject group. Average log PSD across subjects is indicated by the red bars, whereas
transparent light red bars indicate the 95t percentile of log PSD values obtained via
bootstrap sampling. The peak histograms in figure 3B, D, F (right column) depict the
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variability across bootstrap samples in frequencies at which alpha spectral peaks (between 4
— 13 Hz) were found. For the 12-month subject group (3A), a pair of peaks in the log PSD
spectrum is evident. From the peak histogram in 3B it can be seen that the frequencies at
which PSD peaks occurred across samples were concentrated in two distinct clusters
corresponding to the peaks in the mean spectrum. These clusters had mean frequencies of
4.49 and 7.39 Hz, respectively. For 4-year subjects a similar pair of peaks are evident in the
log PSD spectrum at slightly higher frequencies (3C), and the peak histogram for this group
(3D) also shows twao distinct clusters corresponding to the peaks in the mean spectrum. The
mean frequencies for the clusters in this age group were 6.61 and 8.81 Hz, respectively.
Bootstrap comparisons showed that the mean frequencies of alpha peaks in the lower and
upper band clusters was significantly higher for 4-year than for 12-month subjects
(Bonferroni corrected empirical p<<0.01, as described in section 2.6).

For both 12-month and 4-year subjects, greater than 98.75% of all alpha peaks fell into one
of two adjacent group-specific bands of 2 Hz in width, corresponding to the clusters
observed in 3B, D. Specifically, 4 — 6 Hz, and 6 — 8 Hz contained the entirety of the spread
in peak frequencies about the lower spectral peak for 12-month and 4-year subjects,
respectively. Similarly, 6 — 8 Hz, and 8 — 10 Hz contained the frequency spread about the
upper spectral peak for these subject groups. For these reasons we designated these as the
lower/upper alpha bands for 12-month and 4-year subjects for further topographic analysis.
For adult subjects, the log PSD spectrum (3E) did not show the same clear doubly-peaked
structure as was evident for 12-month and 4-year subjects. Rather, a broad peak was evident
in the mean spanning the classic adult alpha range, with a mean peak frequency of 10.51 Hz.
However, like the other age groups, a single band of 4 Hz in width captured the vast majority
of the spread (100% for adults) in alpha peak frequencies observed across bootstrap samples
(3F). Bootstrap comparisons showed that the mean frequency of alpha peaks in this band
was significantly higher than that of the upper and lower bands for 12-month subjects
(p<0.01 for both tests), as well as the lower band for 4-year subjects (p<<0.01), but not the
upper band (p = 0.1). In line with previous studies which distinguish between upper/lower
parts of the adult alpha band (Petsche et al. 1997; Pfurtscheller et al. 2000), we decided to
separate this into lower (8 — 10 Hz) and upper (10 — 12 Hz) alpha bands for topographic
comparison with the other subject groups.

3.2 Alpha Band Topography

Figure 4 shows upper and lower band alpha band topography (log PSD) for each subject
group (left column), along with the log ratio of normalized power in the upper/lower bands
masked by significance as described in section 2.6 (right column). The lower and upper
alpha band topographies within each group (4A, C, E) appear qualitatively similar. Indeed,
topographies for both alpha bands peak over occipital-parietal electrodes for all subject
groups. One interesting difference between subject groups is that adults show a strong peak
over frontal channels in both alpha bands, whereas there is no evidence of such a frontal
peak for the younger subject groups (see section 4.2 for interpretations of this finding). To
quantify this finding, we compared the log ratio of PSD in frontal (indicated by blue dots)
and occipital (indicated by cyan) channel groups across subjects in each age group, as
described in section 2.6. Our bootstrap comparisons revealed significantly greater frontal
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(relative to occipital) PSD in Adults as compared to both 4-year and 12-month subjects
(Bonferroni corrected empirical p<<0.01). Comparison of 4-year to 12-month subjects did
not reach significance (p>0.05).

The fine structure of topographic differences between bands is more readily observable
when directly comparing normalized log PSD topographies via log ratio as in figure 4B, D,
F. These maps are shown masked by significance (adjusted empirical p<0.05 as described in
2.6) such that only data for channels which contributed significantly more to the upper alpha
band (relative to lower alpha) are visualized. Here there is a similar pattern common across
the scalp for all subject groups, where bilateral central electrodes show the largest relative
contribution to the upper alpha band (C3/C4 electrode locations are indicated by green dots
in 4B, D, E for comparison). For adults and 4-year olds (4D, F), the foci of these maps are
very tightly clustered about C3/C4, whereas the distribution for 12-month olds (4B), while
peaking at C3/C4, is more broadly distributed. The distinct bilateral central peaks evident in
these maps have long been associated with mu rhythm topography, and as such these
findings corroborate previous studies associating the upper alpha band with mu-rhythm in
both adult (Andrew and Pfurtscheller 1997; Pfurtscheller et al. 2000) and infant/child
subjects (Marshall et al. 2002).

3.3 ERD Spectra and Mu Band Topography

Figure 5A, C, E (left column) shows channel averaged ERD spectra from 1 — 25 Hz plotted
for each age group. Average ERD across all trials is indicated by blue bars where ERD met
significance for criterion, and gray bars otherwise. Black error bars indicate 95 percentile
confidence intervals obtained via bootstrap sampling. Associated peak histograms in 3A, CE
depict the variability across bootstrap samples in frequencies at which ERD peaks (between
1 — 25 Hz) were found. For 12 month subjects (5A) ERD shows with a clear (minimum)
peak evident between 7 — 8 Hz. The associated histogram for this group shows that the
frequencies at which ERD peaks occurred across bootstrap samples were strongly
concentrated in this band (greater than 98.8% of observed peaks fell between 7 and 8 Hz),
with a mean peak frequency of 7.5 Hz. Similar histograms for 4-year subjects (5C) show
that a// frequencies at which ERD peaked across bootstrap samples were contained in the
band from 8.5 — 10 Hz, with a mean peak frequency of 9.34 Hz. Finally, for adult subjects
(5E) ERD histograms show that a// frequencies at which ERD peaked across bootstrap
samples were contained in the band from 10 — 12 Hz, with a mean peak frequency of 11.29
Hz. Interestingly, this subject group alone shows strong evidence for ERD at higher
frequencies as well, as nearly all frequencies from 15 — 25 Hz met significance. Such beta
band desynchronization is commonly reported in adults (Salmelin and Hari 1994; Hari et al.
1997). The current results suggest this is a spectral feature of functionally defined mu-
rhythm which develops after the age of four.

Across age groups, a clear pattern is evident. For 4-year and adult subjects 100% of all
frequencies at which ERD peaked across bootstrap samples were contained in a single band
(8.5 — 10 Hz for 4-year, 10 — 12 Hz for Adults). For 12-month subjects the peak ERD
frequencies were slightly more distributed, but still greater than 98.8% of all ERD peaks
across bootstrap samples were contained in the band from 7 — 8 Hz. Bootstrap comparisons
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(described in section 2.8) showed that the mean frequency of peak ERD was significantly
higher for adults than for 4-year and 12-month subjects (Bonferroni corrected empirical
p<<0.01 for both tests), as well as higher for 4-year subjects as compared to 12-month olds
(Bonferroni corrected empirical p<<0.01). For all three subject groups, the bands containing
the overwhelming majority of peak ERD frequencies across bootstrap samples fell within
the upper alpha bands identified spontaneously on the scalp (section 3.1). As such, we
designated these as functional mu bands of interest for further topographic and cortical
localization analyses.

Mu band ERD topography is depicted for each age group in figure 5 B, D, F. Again, a very
similar pattern is seen across the scalp for all subject groups, where scalp maps show distinct
bilateral peaks over central and anterior parietal areas (C3/C4 electrode locations are
indicated by green dots for comparison). While the similarity between these maps and those
from figure 4B, D, F are obvious, there is one noticeable difference which is consistent
across age groups. Specifically, the bilateral peaks in the ERD maps are located over slightly
more posterior scalp regions (see section 4.2 for discussion). Still, the similarity of the
general pattern in sharing focal bilateral peaks at overlapping central/parietal electrodes
suggest the possibility that similar neural generators underly their manifestation on the scalp.

3.4 Mu Desynchronization Cortical Localization

Figures 6, 7, and 8 depict cortical mu band desynchronization computed from sLoreta source
reconstructions for adult, 4-year, and 12-month subjects respectively. Figures 6A, 7A, and
8A (top row) show the mu band ERD on the reconstructed cortical surface, whereas 6B, 7B,
and 8B (middle row) display the same on the inflated surface to better visualize ERD in the
cortical sulci (see Dale and Sereno 1993 for details of the method used for inflation). In both
sets of maps, cortical ERD is shown masked by significance (described in section 2.10) such
that only data for cortical nodes with ERD significantly less than zero (adjusted empirical p,
described in section 2.10) is visualized. To summarize the cortical regions that showed the
strongest desynchcronization, figures 6C, 7C, and 8C show ERD summed across all
significant nodes within the top ten cortical regions for each cerebral hemisphere (defined
via the Desikan 2006 cortical atlas, and ranked by summed ERD). Shown along with these
rankings are representations of these areas on the cortical surface color coded by their
respective rankings (brighter areas show more ERD).

Although in general mu band ERD shows a broad fronto-parietal distribution across the
cortical surface, it is consistently greatest in specific central and parietal regions, which
account for the majority of the top ranked cortical areas in both hemispheres. Specifically,
post-central, pre-central, para-central, and superior frontal regions fall in the top ten for both
hemispheres of all subject groups. Similarly, the superior parietal, and supramarginal
cortices, as well as the precuneus (all parietal regions) fall into the top ten ranked areas for
both hemispheres of all subject groups. Of note, inferior parietal cortex fall into the top ten
regions in both hemispheres for adult and four year subjects, but ranks 12 in both
hemispheres for 12-month subjects.
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4 Discussion

The results of this study describe the development of functional mu rhythm together with
that of spontaneous alpha-band EEG rhythms identifiable on the scalp, bearing specifically
on the spectral and topographic characteristics of these rhythms. We replicate previous
findings that demonstrate motor execution related mu suppression in infants showing
developmental increases in peak mu frequency with age (Berchicci et al. 2011). We extend
these results in revealing both the topographic pattern of mu desynchronization across the
scalp, as well as source structure on the cortical surface. Additionally, we replicate previous
work concerning the development of spontaneous alpha band EEG across the scalp
(Marshall et al. 2002), and extend this work via identification of fine spectral and
topographic structure within the alpha band related directly to functional mu-rhythm.

4.1 Spectral development of alpha and functional mu rhythm

The developmental trajectory of the peak frequency we observed for functional mu rhythm
is similar to the trajectory reported by Berchicci and colleagues (2011). Whereas those
authors reported a mean peak frequency of 8.25 Hz by 47 weeks (the oldest infants in their
sample), we observed a slightly lower mean frequency of 7.5 Hz for the 12-month sample.
This small discrepancy could be due to either (or both) our increased sample size, or the fact
that we chose to incorporate ERD from the full scalp wide array of electrodes into the
estimate. By age four, these authors report peak mu frequencies between 8 — 10 Hz, which is
precisely in line with the current estimates. Interestingly, the current data showed that the
increase in the peak mu frequency over the first years of life strongly resembles the
trajectory of an upper alpha band peak observed in the spontaneous EEG. Previous
developmental EEG studies with infants and children identified similar 6 — 9 Hz rhythms
over central electrodes that were argued to be an infant/child analogue of adult mu (Marshall
et al. 2002; Stroganova et al 1999). In showing that the spectral and topographic
characteristics of this rhythm match that of functionally defined mu over the first years of
life, the current data strongly support this position.

The current results further show that adult mu desynchronization peaks between 10 — 12 Hz,
corroborating studies which show this upper alpha band to be of special relevance to mu
(Andrew and Pfurtscheller 1997; Pfurtscheller et al. 2000). This general developmental
increase in peak mu frequency with age is similar to that seen in developing alpha, which the
current data also confirm continues into adulthood. A number of neurophysiological
processes occurring throughout development might contribute to this process.
Developmental changes in GABAergic expression and cellular dynamics unfold in rodent
(Khazipov et al. 2004; Doischer et al. 2008) and primate (Hashimoto et al. 2009) brains,
which have been postulated to underlie the emergence of “continuous” oscillations in pre-
term human infant EEG (Vanhatalo and Kaila 2006), as well as the emergence of
synchronous gamma band oscillations in childhood and their shift towards higher
frequencies in adolescence (Uhlhaas et al. 2010). Work by Muthukumaraswamy et al. (2009)
has shown that increased resting GABA concentration in adult occipital cortex correlates
positively with the peak frequency of visually evoked gamma oscillations observed with
MEG. Of particular relevance to the work here, an MEG study by Jensen et al. (2005),
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showed the ~20 Hz beta component of adult mu rhythm to be modulated by administration
of the GABAergic agonist benzodiazepine, though the results of this study showed the
opposite relation to that observed for the gamma band, reporting decreased frequency with
increased GABA mediated inhibition.

In general, it has been argued that the frequency of coherent oscillations between
interconnected neural populations may be limited by conduction delays between them, such
that coupling frequency is inversely related to delay (Kopell et al. 2000; Von Stein and
Starnthein 2000). Since conduction delays between interconnected areas generally scale with
the distance of spatial separation, developmental increases in relatively low-frequency EEG
rhythms such as mu and alpha could result from enhanced conduction velocity along long-
distance (anterior-posterior) white matter tracts via axonal growth and myelination,
processes which can continue into early adulthood (Yakovlev and Lecours 1967).
Interestingly, only adult subjects showed evidence for desynchronization at higher beta band
frequencies. Hari and colleagues (1997) have argued this beta component to be associated
with a more anterior scalp distribution relative to lower frequency mu activity. As such, the
possibility that the emergence of motor related beta desynchronization in adults relates to
developing interconnectivity over comparatively smaller spatial scales, possibly between
sensorimotor and premotor areas, should be investigated in future work.

With regard to the spectral peak we observed for 12-month and 4-year subjects in the lower
alpha band, we can only say this band does not contain the frequencies that maximally
desynchronize during motor execution. However, we did find some evidence for lower alpha
band desynchronization for adults and 4-year subjects in the form of significant ERD at
multiple lower alpha band frequencies. Interestingly, Stoganova et al. (1999) showed
evidence for a topographically distributed local peak between 4 — 5 Hz in the mean
amplitude spectrum of their eight and eleven month old subjects similar to that which we
observed for the twelve month olds (see figure 2 in Stronganova et al. 1999), although it is
important to note that no description as such or arguments concerning this were advanced in
their text. The current data suggest that the frequency of this peak also increases with age,
approaching our observed value of 6.61 Hz by age four. Further, the difference between peak
frequencies of the upper and lower alpha bands decreased with age, moving from 2.9 Hz at
12-months (upper/lower peaks of 7.39 and 4.49 Hz, respectively), to 2.2 Hz at four years
(upper/lower peaks of 8.81 and 6.61 Hz, respectively). As we did not discern a clear doubly
peaked structure in the adult spectra, one possible interpretation of these results is that the
difference between peaks in these bands decreases throughout development to the point of
overlapping in adulthood. If true, however, these results suggest functional differences
between bands are still retained in adulthood, as evidenced by the fact that the upper alpha
band contains the peak frequencies of mu desynchronization for all subject groups.

4.2 Topographic/Source structural development of alpha and functional mu rhythm

Topographic comparisons yielded a number of interesting observations. These data
corroborate the long standing convention concerning the topography of mu rhythm showing
bilateral focus over central electrodes, as this pattern was clearly evident for all subject
groups in the desynchronization patterns we observed, as well as in the comparison of
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relative power in the upper/lower alpha bands. However, we extend these results in a number
of important ways. The relative power topographies we observed showed these bilateral foci
peaked specifically at channels C3 and C4 (see Figure 4) where spontaneous mu rhythm is
classically described as attaining maximal amplitude, whereas the pattern associated with
mu desynchronization showed bilateral peaks which were slightly more posterior (Figure 5).
Numerous previous studies have reported similar post-central foci of desynchronization
(Hari et al. 1997, Kuhlman 1978), though the current results indicate that mu
desynchronization extends to more posterior parietal areas. Such parietal desynchronization
could result from the computation of visuomotor transformations required for coordinating
two-dimensional retinotopically mapped visual information within a three-dimensional
representation of extrapersonal space, which posterior parietal cortex specifically is thought
to underlie (Bruneo et al. 2002; lacoboni 2006).

Taken together, the current results suggest that although the network underlying functional
mu rhythm seemingly extends to posterior parietal areas, the spontaneous activity of this
network is most evident over the central part of the scalp. This could be due to either (or
both) the cortical geometry of the functional network itself, or simply the fact that EEG
waveforms recorded at parietal channels typically contain strong contributions from
posterior alpha rhythm, so that spontaneous mu activity is less readily discernible. Indeed,
the topographies we observed in the upper and lower alpha bands did not themselves reveal
evident peaks at central electrodes. Only upon comparing the relative contribution to each
band across channels did this effect become clear. Superficially, both bands showed similar
topography for all subject groups, with occipital/parietal foci falling off towards more
anterior scalp areas (with the exception of adult frontal peaks discussed below). One
straightforward interpretation of these patterns is that activity in both bands is primarily
dominated by classic posterior alpha rhythm, but that coherent oscillations within the
network underlying mu rhythm are additionally embedded in the upper alpha band.

An intriguing exception to the general pattern of posterior to anterior alpha power fall off
was seen for adults, who additionally showed large alpha peaks in both bands over pre-
frontal electrodes. This observation is consistent with previous work showing strong frontal
alpha in adult subjects (Nunez 1995; Nunez et al. 2001; Nunez and Srinivasan 2006). A
developmental study conducted by Srinivasan et al. (1999) showed higher frontal alpha
power in adults (relative to 6 — 11 year old children) which was associated with stronger
coherence between anterior and posterior channels at alpha frequencies. Srinivasan argued
these effects could be facilitated by the development of long-range corticocortical white
matter fiber tracts oriented along the anterior-posterior axis, and the current data appear
consistent with this interpretation as well.

The distributions of cortical desynchronization we observed were concentrated in similar
frontal, central and parietal cortical regions for all subject groups. Methodologically, our
study differs from previous MEG work modeling mu source activity using ECD (Salmelin et
al. 1994a; Salmelin 1994b; Salmelin et al. 1995; Hari et al. 1997). As opposed to assuming a
small number of dipoles underlying scalp recorded mu activity, we instead assume that
cortical areas contributing to mu activity are distributed throughout the brain, then observe
which areas are modulated by motor execution, thereby defining the mu network

Clin Neurophysiol. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thorpe et al.

Page 19

functionally. Previous MEG studies using distributed synthetic aperture magnetometry
(SAM) localizations have also analyzed functional changes in adult mu, but in these studies
changes in source activity were measured in response to tactile stimulation (Gaetz and
Cheyne 2003; Cheyne et al. 2006). These studies also found functional changes were
primarily restricted to motor and somatosensory cortex. Our results suggest that more
complicated motor actions such as voluntary reaching/grasping involving computation of the
location of target objects in extrapersonal space result in a broader cortical distribution of
mu desynchronization specifically including parietal areas, which may be more readily
observable using EEG.

Before concluding, a couple of methodological limitations within the current study should
be acknowledged. First, because we used 64 channel nets for adults and 4-year subjects as
opposed to 128 channel nets for 12-month subjects, topographies and source localizations
are less directly comparable than would have been the case if acquisition using the 128
channel nets for all groups would have been possible. It is for this reason that we restricted
comparisons of source structure across groups to qualitative descriptions of areas which
show the greatest ERD. Second, although the purpose of the baseline interval was to provide
a period of quiet sustained attention, and this was seemingly achieved for all subject groups,
it would be ideal for the simple visual stimuli presented during the baseline to be identical
for all groups. Nonetheless, there is compelling reason to suspect we have succeeded in
clarifying the picture of mu development in many respects. Specifically, the infant and 4-
year ERD spectra we observed had clear peak frequencies in bands corroborating previous
results which were identifiable using the same procedure which was applied to the adult
data. Moreover, the infant and 4-year mu bands we identified showed topographic
characteristics which were extremely similar to those observed for adults. This was not only
true with respect to patterns of functional mu desynchronization, but also its spontaneous
manifestation on the scalp — a measure entirely independent of any choice of ERD baseline.
Consequently, the status of infant/child central rhythm as developmental analogue of adult
mu appears increasingly unequivocal.

5 Conclusions

Mu has long been called “the second rhythm” of human EEG, where classic posterior alpha
is, of course, the first (Niedermeyer 1997). Most EEG waveforms, including alpha rhythms,
are believed to be generated by synchronous synaptic activity coherent over large areas of
the cortical surface that are thought to extend several centimeters (Nunez 1995; Nunez and
Srinivasan 2006), yet mu is still often described in the literature as a simple idling rhythm
local to motor and/or somatosensory cortex. While it seems a safe premise that high
amplitude mu rhythm at central electrodes is positively correlated with relative inactivity of
sensorimotor areas, the topographies and source distributions we observed suggest that, at
least for sufficiently complex motor actions such as reaching/grasping, mu desynchronizes
in a more widely distributed pattern. The collective results are consistent with the following
proposed interpretation: Mu rhythm emerges as the resonance of an interconnected
frontoparietal network that supports the formulation, coordination, and execution of complex
motor behavior. Synchronous activity within this network is evident on the scalp in the first
year of life, in the form of spontaneous band specific EEG oscillations (particularly
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discernible at central electrodes) which desynchronize during motor execution. Perhaps as a
combined result of functional development within the network and simultaneous increases in
the efficacy of white matter interconnectivity (e.g. tract growth and myelination), the peak
frequency of network resonance increases with age. Further work relating spontaneous
EEG/MEG to functional desynchronization in younger and intermediate aged subject groups
could serve to expand and elaborate on this view.
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Highlights

1.  We compare spectral, topographic, and cortical source structural properties of
mu desynchronization and spontaneous alpha band EEG across 12-month, four
year, and adult subject groups.

2. Spontaneous upper and lower alpha band peaks increase with age, and central
channels contribute more to spontaneous peaks in the upper alpha band in all
age groups.

3. Mu desynchronization peaks in the upper alpha band for all groups, and has
distributed fronto-parietal cortical representation.
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C) Experiment Room Schematic

Amplifier

Video Camera

Figure 1.
Experimental setup and participants. Subjects from three age groups corresponding to Adult,

4-year, and 12-month olds completed trials consisting of a three-second baseline interval
followed by a grasp execution interval during which the subject reached towards and grasped
atoy (A). During the baseline, adult and 4-year subjects viewed a white foam core board
with a black shape or pattern (B), whereas 12-month subjects viewed a moving pinwheel.
During grasp execution, a toy placed on a retractable table top was pushed toward the
subject to within reaching distance (C).
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12-Month

Adult

Figure 2.
Age-matched head models with co-registered electrode positions for each subject group,

constructed using averaged T1-weighted anatomical templates from the University of South
Carolina McCausland Brain Imaging Center Neurodevelopmental MRI Database. Boundary
Element Method (BEM) forward models consist of four nested surfaces corresponding to
scalp, skull, intracranial space, and gray matter, which were extracted using Freesurfer and
MNE software. Forward models were computed using openMEEG, with conductivity values
of 0.33, 1.67, 0.0042, and 0.33 for gray matter, intracranial space, skull, and scalp,
respectively.
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12-Month PSD Peak Histogram
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Figure 3.
Log power spectral density by frequency from 1 — 20 Hz for each subject group (A, C, E),

along with peak histograms (B, D, F) depicting the variability across bootstrap samples in
frequencies at which alpha spectral peaks (between 4 — 13 Hz) were found. Average log PSD
across subjects is indicated by red bars, whereas semi-transparent light red bars indicate the
95th percentile of log PSD across bootstrap samples. For 12-month olds, bootstrap sample
peaks (B) were tightly clustered in two distinct bands with means of 4.49 and 7.39 Hz
corresponding to peaks observed in the mean spectrum (A). 4-year subjects also showed
bootstrap peaks (D) which were tightly clustered with mean frequencies of 6.6 and 9.81 Hz
corresponding to peaks observed in the mean spectrum (A). For adult subjects, the log PSD
spectrum (E) didn’t show the same clear doubly-peaked structure. Instead, a single broad
peak (with mean peak frequency of 10.51) spanning the classic adult alpha range captured
100% of the peak frequency spread observed across bootstrap samples (F).
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Lower Alpha : Upper Alpha Log Ratio (dB) of Normalized Upper/Lower Alpha
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Figure 4.
Upper and lower alpha band topography for each subject group (A, C, E), along with the log

ratio of normalized power in the upper/lower bands (B, D, F). Upper and lower alpha
topographies (A, C, E) appear superficially similar within each subject group, showing large
peaks over occipital electrodes (indicated by cyan), falling off to parietal. Adult subjects
show an additional peak at frontal channels (indicated in blue) in both bands as well. The
fine structure of topographic differences between these two bands is more readily observable
comparing normalized log PSD topographies via log ratio (masked by statistical significance
in B, D, F). For all subject groups, bilateral central electrodes show the largest relative
contribution to the upper alpha band (C3/C4 electrode locations are indicated by green dots
in B, D, E for comparison). For adults and 4-year olds (D, F), foci are tightly clustered about
C3/C4, whereas the distribution for 12-month olds (E), while peaking at C3/C4, is more
broadly distributed. The distinct bilateral central peaks evident in these maps have long been
associated with mu rhythm topography.
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12-Month ERD Spectrum & Peak Histogram B) 12-Month ERD Peak Topography (7 - 8 Hz)
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Figure 5.
Channel averaged ERD spectra for each age group (A, C, E, left plot) are indicated by blue

bars for frequencies which met significance criterion (and gray bars otherwise), with black
error bars indicating 95% bootstrapped confidence intervals. Also shown are histograms (A,
C, E, right plot) depicting the variability across bootstrap samples in frequencies at which
ERD peaks were found. For 12 month subjects (A) greater than 97.5% of ERD peaks across
bootstrap samples were concentrated between 7 — 8 Hz. For 4-year subjects (C) 100% of
ERD peaks were contained in the band from 8.5 — 10 Hz. Likewise for adults (E), 100% of
ERD peaks were contained in the band from 10 — 12 Hz. For each age group, the band
containing the vast majority of ERD peaks across bootstrap samples fell within the upper
alpha band identified in figure 3. ERD topography for these designated mu bands of interest
is depicted for each age group in B, D, F. Scalp maps show distinct bilateral peaks over
central and anterior parietal areas (C3/C4 electrode locations indicated by green dots for
comparison), similar to those observed in figure 4.
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Adult p-band cortical current density ERD
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Figure 6.

Cortical mu band desynchronization computed from sLoreta source reconstructions for adult
subjects is shown on the reconstructed cortical surface (A), along with the same shown on
the inflated surface in order to better visualize ERD in the cortical sulci (B). ERD is shown
masked by significance in both maps, such that only data for cortical nodes with ERD
significantly less than zero is visualized (adjusted empirical p<0.05). A summary of the
cortical regions (defined via the Desikan 2006 cortical atlas) which showed the strongest mu
band desynchcronization is given in (C), which show ERD summed across all significant
nodes within the top ten cortical regions for each cerebral hemisphere, along with
representations of these areas on the cortical surface. Mu band ERD is clearly and
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consistently greatest in the central and parietal cortices, which account for the majority of
the top ranked cortical areas in both hemispheres.

Clin Neurophysiol. Author manuscript; available in PMC 2017 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Thorpe et al.

Page 34

4-Year W-band cortical current density ERD
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Figure 7.

sLoreta source reconstructions of cortical mu band desynchronization depicted for 4-year
subjects similar to figure 6. Similar to the pattern observed for adults, mu band ERD is
greatest in the central and parietal cortices, which account for the majority of the top ranked
cortical areas in both hemispheres.
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12-Month L-band cortical current density ERD
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Figure 8.
sLoreta source reconstructions of cortical mu band desynchronization depicted for 12-month

subjects similar to figure 6. A similar pattern to that observed for adults and four year olds is
evident, with central and parietal cortices accounting for the majority of the top ranked
cortical areas in both hemispheres. Specifically, the post-central, pre-central, para-central,
and superior frontal areas fall in the top ten for both hemispheres of all subject groups.
Similarly, the superior parietal, and supramarginal cortices, as well as the precuneus (all
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parietal regions) all fall into the top ten ranked areas for both hemispheres of all subject
groups.
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