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Abstract

Objective—Praxis, the performance of complex motor gestures, is crucial to the development of
motor and social/communicative capacities. Praxis relies on a network consisting of inferior
parietal and premotor regions, particularly on the left, and is thought to require transformation of
spatio-temporal representations (parietal) into movement sequences (premotor).

Method—We examined praxis network dynamics by measuring EEG effective connectivity
while healthy subjects performed a praxis task.

Results—Propagation from parietal to frontal regions was not statistically greater on the left than
the right. However, propagation from left parietal regions to all other regions was significantly
greater during gesture preparation than execution. Moreover, during gesture preparation only,
propagation from the left parietal region to bilateral frontal regions was greater than reciprocal
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propagations to the left parietal region. This directional specificity was not observed for the right
parietal region.

Conclusions—These findings represent direct electrophysiological evidence for directionally
predominant propagation in left frontal-parietal networks during praxis behavior, which may
reflect neural mechanisms by which representations in the human brain select appropriate motor
sequences for subsequent execution.

Significance—In addition to bolstering the classic view of praxis network function, these results
also demonstrate the relevance of additional information provided by directed connectivity
measures.

Keywords
EEG; effective connectivity; efference copy; praxis

1. Introduction

Praxis refers to the performance of skilled, complex motor gestures and is not only an
important human capability in its own right but is also an excellent model for studying the
performance and development of other human skills (Mostofsky and Ewen, 2011). The
networks responsible for praxis skill learning and execution are of scientific interest for a
number of reasons. Lesions of the praxis network are associated with the clinical syndrome
of acquired apraxia, which is a clinical disorder that has attracted significant
research(Wheaton and Hallett, 2007). Moreover, the anatomy of praxis network is relatively
well characterized and therefore is a prime target for studying principles of neural circuit
dynamics.

Since the early 1900’s, the principal evidence for the understanding of the praxis network in
the brain has been developed from lesion studies of adults with acquired apraxia. Acquired
ideomotor apraxia manifests as the inability to perform or pantomime communicative
gestures (e.g., waving good-bye) and tool-use gestures (e.g., brushing teeth), despite normal
basic motor skills (including strength and coordination). Through systematic study of
performance deficits in patients with a variety of anatomical lesions, a hierarchical model
has been proposed which establishes putative information transformations at various
anatomical regions within the praxis network (Heilman and Valenstein, 2003). Both visual
and auditory regions may serve as input into praxis-specific regions of the network, which
are typically lateralized to the left hemisphere and include left inferior parietal cortex, which
is believed to contain a “praxicon” (analogous to a lexicon), in which sensori-motor
representations of praxis gestures are stored. Lesions of this area result in deficits both in the
production of praxis gestures and in the recognition of praxis gestures produced by others.
During the production of gestures, sensori-motor representations or “programs” are believed
to be transmitted from left inferior parietal to left premotor regions (Heilman and
Valenstein, 2003), where they are transcoded into signals compatible with primary motor
cortex, where the gesture is executed. Frontal lesions tend to result in deficits in production
but not in recognition of gestures. The overall dynamics of information propagation in the
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brain during gesture production, as inferred from lesion studies, is thus understood to occur
from parietal to frontal components of the praxis network.

While lesion studies have allowed investigators to infer the relationship between various
regions, there has been relatively little direct physiological observation of the interactions
between different cortical regions, using functional and effective connectivity techniques.
Wheaton, Hallett and colleagues have demonstrated praxis-task-related activation of parietal
and premotor regions as well as event-related functional connectivity between anatomical
areas (specifically parietal and premotor) that constitute the network (Wheaton et al., 2005a,
Wheaton et al., 2005b, Wheaton et al., 2008, Wheaton et al., 2009).

To study the interactions among the various regions of the human praxis network, we used
measures of effective connectivity to examine causal interactions between nodes in the
network at behaviorally relevant time scales. “Effective connectivity” measures show
directed (“causal”) interactions between brain regions, derived from physiological time-
series data, such as EEG (Friston, 1994, Behrens and Sporns, 2012).

We recorded scalp EEG in neuro-typical adults during the performance of a praxis task and
tested two basic predictions from the classical hierarchical model of the human praxis
network. First, this model predicts that the magnitude of activation and information
propagation is greater in the left hemisphere than in the right. With few exceptions
(Wheaton and Hallett, 2007), left-hemisphere lesions are responsible for acquired apraxia,
and although physiological studies using fMRI and EEG have demonstrated bilateral
activation, many of these studies demonstrate greater activation in the left (dominant)
hemisphere (Moll et al., 2000, Wheaton et al., 2005a, Wheaton et al., 2005b, Bohlhalter et
al., 2009). Second, as discussed above, the model predicts that the directionality of
information propagation is primarily posterior-to-anterior, i.e., from parietal to premotor
regions.

Based on the classical model, we therefore hypothesized that neural activation and
propagation accompanying praxis task would be greater in magnitude in the left hemisphere
than the right, and that propagation would be directed from posterior to anterior regions.

2. Materials and Methods

2.1 Participants

2.2 Task

Seventeen right-handed (based on self-report) adult subjects (10 male, 7 female) at least 18
years of age (mean age = 26.18, SD = 4.17) participated in the study. Volunteers were
screened to exclude individuals with neurological or psychiatric disorders. Each session
lasted 1-1.5 hours. Informed consent was obtained, and participants were compensated with
a $25 gift card for their participation. The protocol was approved by Johns Hopkins
Medicine Institutional Review Board.

The task was largely based on the paradigm from Wheaton et al (2005) and consisted of the
pantomime of using 10 common tools (scissors, spoon [to stir coffee], ice cream scoop,
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doorknob, pencil, screwdriver, hammer, paintbrush, key, chalkboard eraser). These tools
were selected because the pantomime of their use would allow the participant to keep his or
her elbow on the chair’s armrest, thus minimizing movement artifact in the EEG recording.
Prior to the recording, the participants were asked to demonstrate the correct use of each of
the tools. During the EEG recording, the stimuli were presented using eevoke software
(ANT, the Netherlands). During the pre-stimulus portion of each trial, subjects first fixated
on a cross at the center of the computer monitor; this stimulus lasted four seconds (Fig. 1).
The fixation cross was replaced by the photograph of one of the ten tools, each with a size
on the monitor that intersected 9 degrees of visual angle; participants were instructed not to
make any movements during this time. We refer to this first stimulus as the “Prepare”
stimulus. After this Prepare stimulus remained on the screen for three seconds, a green box
appeared around the photograph of the tool (“Go” stimulus). During the presentation of the
Go stimulus (which lasted 3.5 sec), subjects pantomimed the use of the tool with their right
hand until the word “Rest” appeared. “Rest” lasted two seconds and was replaced by the
fixation cross for the next trial. 100-160 trials were recorded in each subject, with the
experimenter continuously observing performance. Accuracy in the performance of praxis
movements approached 100% for all subjects, and no trials were removed for behavioral
performance errors. The period following the Prepare stimulus was presumed to elicit
covert motor imagination or rehearsal, while the period following Go required the
performance of a tool-use gesture.

2.3 Recordings

The EEG data were recorded from 128 sites covering the whole scalp with approximately
uniform density, using a high density elastic electrode cap (Waveguard cap with 128-
channel Duke [equidistant electrode placement] layout, made by Advanced Neuro
Technology [ANT], the Netherlands; see Fig. 2). The recording was performed in DC mode,
with a 512 Hz sampling rate and an anti-aliasing filter with a 138Hz cut off. Each channel
was referenced to an average of all channels during recording. The electrode cap used active
cable-shielding technology. Electrode impedance was kept below 5 k2 in all channels.

2.4 Signal Pre-Processing

All EEG data were visually inspected, and channels with artifacts persistent throughout the
recording were excluded. Very few channels were excluded from any subject (average = 1.3,
maximum = 7). Signals were re-referenced to new average references (specific to the type of
analysis, as described below), but the excluded channels were removed from all references
used. Vertical electro-oculograms (VEOG) were recorded on-line from frontal channels
whose locations were designed specifically to capture eye blinks. Eye blink correction was
then performed using a principal component analysis (PCA) method that models the brain
signal and artifact subspaces (llle et al., 2002). Specifically, we asked subjects to blink
naturally during the EEG recording, and prior to the start of praxis experiment. We then
visually identified and marked several definite eyeblinks in each subject. The PCA
algorithm identified components specific to these eyeblinks and then searched the remainder
of the record for matching components. It then removed the first one or several principal
components specific to the eyeblinks, leaving the remainder of the activity intact. The
horizontal eye movement artifacts (HEOG), which were picked up by the cap electrodes
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(LE1 and RE1) located 1-2 cm lateral to external epicanthi, were removed if the amplitude
exceeded a threshold defined individually for each subject (based on analysis of definite
horizontal eye movements). EEG data from each trial was time-locked to the onset of the
Prepare stimulus. Epochs were created with a pre-stimulus (baseline) length of 1.2 sec and
post-Prepare-stimulus-onset (trial) length of 6.8 sec, for a total length of 8 sec. Trials with
excessive muscle or movement artifact were removed; 5.06 + 5.68 (mean + SD) trials were
removed per subject. Current source density (CSD) estimates for the surface potentials were
then computed using the spherical spline algorithm (Kayser and Tenke, 2006). As described
below, preliminary spectral analysis using Matching Pursuit showed strong event-related
increases of signal power in the 2-10 Hz frequency range in all subjects. Although both
alpha (Pfurtscheller and Neuper, 1994) and beta (Engel and Fries, 2010) event-related
desynchronization (ERD) are known to be associated with motor planning and execution, we
focused this analysis on the 2-10 Hz range because in this range we consistently observed
the strongest event-related synchronization (ERS) forming separate topographical clusters in
the parietal regions during praxis preparation and in the frontal regions during praxis
execution, with a natural boundary in activity between the parietal and frontal regions (Fig.
3), as described in section 3.1. Therefore, for further analyses, signals were band-pass
filtered (2-10 Hz) with an FIR filter. To avoid phase shift, the EEG signals were filtered
twice (back and forth). They were then down-sampled (decimated) by 2 to 256 Hz (to avoid
oversampling for the analyzed frequency band, but to preserve time resolution high enough
to investigate quick activity propagations between channels).

2.5 Matching Pursuit

In order to confirm task-related cortical regional activation and identify topographical
regions of interest as well as the relevant frequency band for effective connectivity analysis,
we looked for event-related changes in EEG spectral power by performing a broad-band,
high-time-resolution spectral analysis. For this, we used the matching pursuit (MP)
algorithm, implemented in custom analysis interface (ANIN) software (Mallat and Zhang,
1993, Jouny et al., 2003, Franaszczuk and Jouny, 2004, Jouny et al., 2007, Boatman-Reich
et al., 2010). Event-related synchronization (ERS) is a term used to refer to task-related
increases in the power of the signal with a given frequency range. It is presumed to result
from increased synchronization of activity in neuronal ensembles recorded by a given EEG
channel. ERS in theta/alpha frequencies, including those analyzed here, is commonly
observed during task-related processing (Klimesch, 1999, Kahana et al., 2001, Ekstrom et
al., 2005, Onton et al., 2005, Sauseng et al., 2005, Sauseng et al., 2007, Capotosto et al.,
2009, Kostandov et al., 2010) and may reflect integration of processing across different
brain regions (Pfurtscheller, 2006).

MP is an iterative procedure that decomposes a signal x(t) into a linear combination of
members of a specified set of functions. In this study we used a dictionary of cosine-
modulated Gaussians (Gabor functions), cosines, and Dirac delta functions. Gabor functions
provide the best compromise between time and frequency resolution, to the extent allowed
by the uncertainty principle. Cosines were added to the dictionary for better representation
of rhythmic components with constant amplitude, and a Dirac delta was added to represent
very short transients. This algorithm performs adaptive approximation of energy density for
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both stationary and non-stationary signals, which makes it preferable over alternative
methods, including short-time Fourier transform and wavelet decomposition. The MP
method is particularly well suited for analysis of rapidly changing signals and is
appropriately applied to signals with linear or nonlinear characteristics.

The energy distribution for each time-sample after stimulus onset, drawn from all good trials
(task repetitions), was compared to the distribution of all time-points of the pre-stimulus
baseline period, also drawn from all good trials, using t-test with significance level 0.05 and
false discovery rate (FDR) correction for multiple comparisons. To develop the grand
average, the values of significant increases in signal energy (ERS) were averaged over all
selected channels in each ROI (see Section 2.6, below), normalized to the value of 1, and
averaged across subjects.

2.6 ROl and Channel Selection

Visual inspection of both single-subject and grand average MP plots showed that a
“discontinuity” existed between channels in the central scalp regions (whose activity is
presumed to come from frontal regions) and channels in the posterior scalp regions (whose
activity is presumed to come from parietal regions) (Fig. 3). Specifically, the parietal
channels revealed high ERS during the 0-1 sec interval and smaller ERS during the 3-4 sec
interval, while the frontal channels revealed lower ERS during the 0-1 sec interval and the
higher ERS during 3—4 sec interval. We selected the border between frontal and parietal
ROIs based on grand-averaged data. This border comported well with the discontinuity in
ERS activity between central and posterior regions in individual single-subject analyses.

For each channel, an integral was calculated from ERS over the frequency range of 2-10 Hz,
separately over the time ranges of 0—1s and 3-4s. For each subject individually, we then
selected six channels in each ROI that had the greatest integrated ERS. The midline
electrodes were also removed from the analysis, as it would be unclear as to whether they
should go into the left or right ROI. Channels in the parietal ROIs were ranked based on
integrated ERS during the 0-1 sec Prepare phase, as ERS in the parietal regions was greater
in magnitude during the Prepare than Go phase, as described below. Channels in the frontal
ROIls were ranked based on ERS in the 3—4 sec Go phase, as ERS was greater in magnitude
the frontal regions during the Go than Prepare phase. The top six channels were selected in
each of the four ROIs. By selecting the same number of channels in each ROI, we eliminate
the potential bias in coherence and propagation magnitudes associated with having an
uneven number of channels in different ROls. The rationale for selecting six channels is
based on the limitations of the ERC technique and is described below.

To assess laterality and left vs. right differences in ERS, we computed values in each subject
for each ROI in both the 0-1 sec and 3-4 sec time window by integrating ERS for 2-10 Hz.
Using a paired Student’s t-test, we then compared across subjects left vs. right, and frontal
vs. parietal ROIs, separately, for both 0-1 sec and 3-4 sec time windows. Based on the
classical brain model of praxis, we predicted a left > right laterality.
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2.7 Coherence

Prior to assessing effective connectivity, we first examined event-related changes in
functional connectivity (ERFC), using coherence (Jenkins and Watts, 1968, Bendat and
Piersol, 1971), a widely used technique in EEG. Functional connectivity refers to the
assessment, using physiological measures, of time-dependent correlations between signals:
neural systems that “fire” together are presumed to be wired (and working) together
(Behrens and Sporns, 2012). In order to measure ERFC, we computed the magnitude
squared coherence (with “mscohere” function implemented in MATLAB) using Welch’s
average periodogram method between each channel and every other channel. Coherence is a
measure of the degree of association or coupling of power spectra between two different
time series and is defined as the normalized cross-power spectrum. The temporal evolution
of these estimates was obtained by calculating coherence in Hamming windows of length
256 msec with 50% overlap.

In order to compute the average coherence between any two ROIs, the coherence was
computed for seven seconds (—1 sec to 6 sec relative to the onset of the Prepare stimulus)
for each channel in the first ROI x each channel in the second ROI (62 = 36 pairs). For each
of these 36 coherence time series, we next normalized the coherences to the pre-Prepare
stimulus baseline, and compared left vs. right, and parietal vs. frontal pairs of ROIs using a
Student’s t-test. The average coherence between ROIs therefore represented the average of
the 36 channel-pair coherence time series. The average coherence waveforms were
computed by averaging across subjects, after each ROI pair coherence time series was
normalized to 1. Statistics (Student’s t-test) were then calculated across subjects. In
particular, we predicted that ERFC would be of a greater magnitude on the left (as compared
with the right) during both Prepare and Go phases.

2.8 Short-time direct Directed Transfer Function and Event Related Causality

Effective connectivity among cerebral networks can be measured by a recently developed
technique, Short-time direct Directed Transfer Function (SADTF) (Korzeniewska et al.,
2008). SADTF is based on estimation of a multivariate autoregresssive model (MVAR),
which uses past observations in recorded signals to describe current values in these signals.
SdDTF is based on the concept of Granger causality, in which one can consider an observed
time series X(t) to have a causal effect on another time series y(t) if knowledge of x(t)’s past
significantly improves prediction of y(t) (Granger, 1969). SADTF gives an estimate of the
direction and intensity of interactions between recording sites as a function of frequency and
time, and it measures only direct causal interactions, i.e., excluding the influence of indirect
interactions (as mediated by other recording sites/brain areas) (Korzeniewska et al., 2003,
Korzeniewska et al., 2008). Event-Related Causality (ERC) is... a Granger Causality-
concept-based effective connectivity assessment method that has been validated in
electrocorticography (ECoG) research (Kaminski and Blinowska, 1991, Korzeniewska et al.,
2008, Blinowska, 2011), (Kaminski and Blinowska, 1991, Ginter et al., 2001, Blinowska,
2011). It builds on the direct Directed Transfer Function (dDTF) (Korzeniewska et al., 2003)
and, specifically, short-time direct DTF (SADTF) (Korzeniewska et al., 2008). This family
of methods has a specific advantage in scalp EEG over other effective connectivity measures

Clin Neurophysiol. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ewen et al.

Page 8

in that it mitigates the effects of volume conduction by minimizing the effect of zero-phase-
delay conduction.

To evaluate the spatial-temporal course of brief changes in patterns of effective connectivity,
we used multivariate autoregressive (MVVAR) algorithm introduced by Ding et al (Ding et
al., 2000). The temporal evolution of these estimates was obtained by calculating SADTF in
short windows of 0.6 sec, shifted in time by 0.02 sec, for multiple realizations of the same
stochastic process (many trials/repetitions of the task). Multiple trials or task repetitions
from the same subject may be treated as repeated realizations of the same stochastic process
which is stationary over short periods.

For SADTF analyses, only 24 signals (6 in each ROI) with the highest ERS magnitudes were
selected for each subject as described above, due to the requirements of the ERC method,
which has a natural trade-off between number of channels, number of trials, and time
resolution (as described in Korzeniewska et al. 2008). For the ERC analysis, we used the
same channels that were selected for the coherence analysis as described above. The pre-
processed signals were band-pass filtered (2-10 Hz), down-sampled to 256 Hz, and
normalized over time by subtracting their mean and dividing by their standard deviation in
each channel, and in each window (Korzeniewska et al., 2008). For each set of the multiple
recordings, a common MVAR-model order was determined using Akaike information
criterion (AIC) with a correction for finite sample size. The coefficients were calculated by
solving Yule-Walker equations, using the Levinson-Wiggins-Robinson algorithm, and
estimates of cross-correlation matrices were based on all available trials.

To test the statistical significance of task-related (event-related) changes in SADTF, we
applied an event-related causality (ERC) method (Korzeniewska et al., 2008), which
statistically tests differences in smoothed SADTF between baseline and post-stimulus
periods. Thus, ERC is designed to estimate the intensity, directionality, spectral
characteristics, and time course of statistically significant event-related changes in causal
interactions or activity propagations between recording sites. In this study the threshold for
statistical significance was set as p = 0.05 (95% confidence interval) after applying
Bonferroni correction for multiple comparisons.

Next, ERC values were integrated over the analyzed frequency band (2-10 Hz) and time
intervals of 1 sec duration (0-1 sec, 1-2 sec, ..., 5-6 sec) following the onset of the Prepare
stimulus for all propagations between each of the recording sites within a pair of ROls, and
normalized to the number of propagations. ERC results were individually rescaled for each
subject to the value of 1 and then averaged over subjects to develop the grand average.

To examine statistical relationships among propagations between ROIs, we summed, within

each subject, the propagations from one ROI to each other. Statistics (paired Student’s t-test)
were then calculated across subjects. Based on the classical model, we tested the hypothesis

that activity propagations occur predominantly in the left hemisphere, directed from parietal

to frontal cortex (i.e., parietal to frontal ROISs).
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3. Results
3.1 Event Related Synchronization (ERS)

Event-related time-frequency analyses, performed using matching pursuit (MP), consistently
demonstrated strong, statistically significant event-related synchronization (ERS) in the
frequency range of 2-10 Hz in electrodes in separate topographical clusters in the frontal
and parietal regions (Fig. 3). Using an initial broad band MP analysis (2-25 Hz), we also
observed mu-frequency and beta-frequency ERD related to Prepare and Go (Pfurtscheller
and Neuper, 1994) with timing linked to the task. Unlike the 2-10 Hz ERS, for which there
was a natural boundary in activity between central and posterior regions (Fig. 3, see also
section 2.5 in Methods), the beta and mu ERD activity occurred in a single cluster in central
scalp regions, in both single-subject and grand average analyses. Given that there was no
clear way to divide the beta and mu into distinct topographical regions as a preliminary step
to measuring connectivity between those regions, our functional and effective connectivity
measurements were focused on the 2-10 Hz band.

In the MP analysis, 2-10 Hz ERS was seen for approximately one second following the
Prepare stimulus (0-1 sec into the task) and again for one second following the Go stimulus
(34 sec into the task). Figure 4 shows ERS averaged across all subjects and across all
electrodes of each region of interest. There were significant anterior/posterior effects.
Following Prepare, ERS magnitudes were significantly greater in left (p < 0.001) and right
(p < 0.001) parietal ROIs than in the corresponding frontal ROls. Moreover, in both left and
right parietal ROIs, ERS magnitudes were significantly greater following Prepare than
following Go (p < 0.001 in both cases). Further, ERS magnitude in the left frontal ROI
following Go was significantly greater (p < 0.001) than following Prepare. ERS magnitude
following Go was significantly greater (p < 0.001) in the left frontal ROI than in the right
frontal ROI. Both of these phenomena presumably reflect left motor cortex activation
associated with gesturing in the right hand.

3.2 Event-Related Functional Connectivity (ERFC)

Task-related temporal changes in functional connectivity (as indexed by 2-10 Hz coherence)
were apparent for each pair of ROIs (Fig. 5, Table 1). As with ERS, the peaks observed in
ERFC for 0-1 sec and 3-4 sec were significantly higher in comparison to the pre-stimulus
baseline and closely followed the timing of the Prepare and Go stimuli. In the one second
period following onset of the Prepare stimulus, the coherence increase between left and
right parietal ROIs (LP-RP) was significantly higher (p = 0.011) than that seen in the second
following Go. This again may reflect integration of processing between visual areas in each
hemisphere and/or the left parietal praxis area and its right-sided homologue, as described in
previous studies of object recognition (Mima et al., 2001). There was no statistical laterality
difference in coherence (LP<++LC vs. RP<+RC) after either Prepare or Go.

3.3 Effective Connectivity

Both temporal and spatial effects were observed as task-related changes in effective
connectivity, as revealed by ERC. Grand averages of ERC results are shown in Fig. 6. The
arrows shown are a graphical representation of statistically significant increases in
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directional propagations as compared with baseline, thus propagation evoked by the
performed task. As a first observation, and consistent with the task timing, the total
integrated magnitude of propagations was significantly greater in the 0—1 sec time range
(following onset of the Prepare stimulus) and the 3—4 sec range (following onset of the Go
stimulus) than in all other 1-second bins.

Second, we compared ERC to ERFC. Consistent with ERFC results, ERC analysis showed
greater propagation between parietal ROIs (LP<++RP) following the onset of Prepare as
compared with the second following onset of Go (p = 0.011). Further, in the 0-1 sec range,
the propagations between parietal regions was greater than the propagations between frontal
ROIs (LF«+RF, p = 0.0036). These observations again likely reflected activity in the visual
system or between the left parietal praxis area and its homologue on the right during the
motor preparation phase. Bidirectional propagations in the frontal regions (LF<«+RF) were
greater following onset of Go than following the onset of Prepare (p = 0.011), perhaps
reflecting the activity of the motor system during gesture execution.

Third, we examined laterality in the ERC results. Based on lesion studies that demonstrate
that left hemisphere brain regions are necessary for praxis function, we predicted that
propagations within the left hemisphere would be greater than propagations within the right.
Although we observed a trend for greater parietal-to-frontal propagation on the left than on
the right, there was not a statistically significant difference. However, we did observe
statistically significant directionality of propagation that occurred during the Prepare phase
in the left hemisphere, but not in the right. Specifically, propagation from left parietal to left
(and right) frontal regions was significantly greater than propagations in the opposite
directions (p < 0.05). No such directional asymmetry occurred on the right. Moreover, the
left parietal region was a net source of propagations during this time period (i.e., all out-
flows from that ROI were greater than all in-flows into the ROI; p = 0.013). Further, the left
frontal ROI was a net sink for propagations during this time period (i.e., all in-flows were
greater than all out-flows; p = 0.0137). Neither of the right-sided ROIs was a net source or
sink during Prepare, and no ROI was a net source or sink during Go. In addition, at 3—4 sec,
there were no significant left vs. right differences in any comparisons.

4. Discussion

We observed similar dynamics for functional and effective connectivity during our
experimental praxis task. That is, both indices increased during the second after the Prepare
and Go cues relative to other time periods. This finding is non-trivial because ERFC
methods include simultaneous synchronization in their estimates, whereas the ERC method
specifically excludes it.

The expected lateralization of overall magnitude of praxis network activity was not
statistically significant, though there was a trend toward left lateralization of effective
connectivity. Nevertheless, when the directionalities of changes in effective connectivity
were taken into account, we observed an anterior-posterior directional predominance in
parietal-frontal propagation in the left hemisphere, but not in the right. These findings
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suggest that the directionality of effective connectivity may help uncover significant
properties of the system that are lost by examining only its functional connectivity.

Effective connectivity measures provided a number of additional insights about the
dynamics of the praxis network. First, rather than demonstrating simple left parietal-to-
frontal propagation, as would be the most parsimonious prediction from the hierarchical
model, activity within the praxis network was somewhat more complex. Specifically, mental
imagery/preparation (i.e., activity following the onset of Prepare) was also associated with
propagation from left parietal to right frontal regions.

When viewed in the context of previous studies of the human praxis network, our results
may be interpreted as evidence for directionally specific influences among broadly defined
modules of this network during different phases of the praxis task. During the Prepare
phase, propagations from the left parietal ROI to the left frontal ROl may reflect the
influence of a visual-kinesthetic representation of the gesture, selected from the praxicon in
left parietal cortex, on preparation of motor responses to be implemented during the Go
phase. During the Go phase, frontal-to-parietal propagations might represent a
neurophysiological signature of corollary discharges from motor cortex to parietal cortex,
providing it with a forward model of the proprioceptive feedback that is predicted as a
consequence of executed motor commands. Similar feedback structures have been proposed
in studies of motor adaptation using other types of tasks (Wolpert and Miall, 1996,
Shadmehr and Krakauer, 2008). Simultaneous parietal-to-frontal propagation during
execution may reflect updating of the motor program based on mismatch between the
efference copy and perceptual feedback. This ongoing interaction between frontal and
parietal regions during motor preparation and execution could help explain the presence of
bilateral posterior responses during both go and no-go conditions in prior experiments
(Wheaton et al., 2009) that would not be predicted by the classical model of praxis function.
Indeed, the current evidence suggests that, unlike the serial propagation of information from
parietal to frontal areas predicted by the simplest formulation of the classical model of
praxis network function, there are more complex interactions that accommodate important
sensory-motor feedback mechanisms.

These data also present a unique insight into the nature of the interactions between neural
systems in the left and right hemispheres during praxis planning and execution. The classical
model, based primarily on neuropsychological lesion data, stresses the primacy of left
hemispheric regions (Heilman and Valenstein, 2003, Wheaton and Hallett, 2007) though
physiological data demonstrate a bilateral network (albeit one in which magnitudes of
activation are higher on the left) (Moll et al., 2000, Johnson-Frey et al., 2005, Bohlhalter et
al., 2009).

Based on this, one might propose a model in which the left parietal and left premotor regions
operate as one unit, while their right-sided homologues operate as a separate unit. An
alternative model is that the frontal-parietal network nodes interact with one another. Our
results provide support for this latter account. Specifically, we observed strong “diagonal”
propagation, from left parietal to right frontal regions, and propagations from left to right
parietal ROI as well as propagations from left to right frontal ROI. Rare cases of callosal
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apraxia from lesions of the corpus callosum (Goldenberg et al., 2001) have been
hypothesized to arise by disconnection of right parietal and left premotor regions. Our
observations may represent the first physiological evidence for effective connectivity
between these components of the praxis network.

The overall role of the right hemisphere in praxis function, however, is not well understood.
Whereas most lesion studies confirm the necessity of the left hemisphere (Heilman and
Valenstein, 2003, Wheaton and Hallett, 2007), physiological studies consistently report
activation of the right hemisphere (Moll et al., 2000, Wheaton et al., 2005a, Wheaton et al.,
2005bh, Bohlhalter et al., 2009). Further, there have been some descriptions of apraxia due
solely to right hemisphere lesions (Wheaton and Hallett, 2007). The exact nature of the
processing occurring in the right hemisphere is however unknown. While it is possible that it
is limited to visuomotor integration, the high level of interaction between the left and right
hemispheres, including both posterior and anterior regions, suggests that the right
hemisphere may play a greater role.

While previous studies using ERC to examine human network dynamics have used
intracranially recorded high gamma activity (80-120 Hz) (Korzeniewska et al., 2011), the
current analyses demonstrate propagation of neural activity at lower frequency activities (2—
10 Hz). The signal characteristics of the scalp EEG signal prevented us from examining high
gamma activity or correlating this activity with the propagations we observed at lower
frequencies. However, recent studies have demonstrated modulation of high gamma activity
by the phase of theta/alpha activity (4—12 Hz) (Bragin et al., 1995, Chrobak and Buzsaki,
1998, Sederberg et al., 2003, Lakatos et al., 2005, Canolty et al., 2006, Sauseng et al., 2008,
Griesmayr et al., 2010, Sauseng et al., 2010, Voytek et al., 2010), and it is intriguing to
speculate that propagated low frequency oscillations could facilitate the coordination of
neural population activity reflected at higher frequencies (Crone et al., 2011). Future work
combining ECoG and scalp EEG data or using magnetoencephalography (MEG) data may
better clarify the potential role of gamma/high-gamma activity as it relates to praxis network
function as well as the functional relationship between theta/alpha and gamma.

Although we can draw provisional conclusions from the present study about the frontal-
parietal and left-right dynamics of the praxis network, further work using a variety of
experimental paradigms will be needed to understand more deeply the relative contribution
of the various nodes of this network and to evaluate alternative explanations. For example,
the assumption that the activity recorded following the first stimulus represents mental
preparation/rehearsal, although supported anecdotally by self-report from participants, may
be incorrect. Additionally, the role of sensory input can be further defined by experiments in
which sensory cues are delivered via the visual system or the auditory system (or are
internally initiated) and via control experiments. Another potential confound is that the
gestures were performed only with the right hand, and this might have biased the laterality
of the ERC results to favor the left side. However, if it were indeed the case that there is
truly no laterality to the praxis system and that any observed laterality in the results was due
solely to responses being made with the left hand, we would have expected to observe
propagation from both left and right parietal regions to the left frontal region during
preparation. Instead, we observed propagation from the left parietal region to both left and
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right frontal regions, and this left > right bias in the parietal outflow suggests the greater
contribution of the left hemisphere. Future work may examine gesture production with
alternating hands to assess the meaning of the observed laterality even more rigorously.

In summary, we report the first study of the dynamics of effective connectivity in the praxis
network of normal adult humans. The ERC technique demonstrated patterns of task-related
causal interactions consistent with the known spatial topography of the praxis network. The
added dimension of directionality permitted by this technique characterized network
dynamics that were not captured by functional connectivity. In particular, this technique
revealed directionally specific propagation from parietal to frontal regions during the
preparation stage in the left hemisphere, but not in the right. Indeed, the left parietal region
was the most prominent source of propagation across the praxis network. Our observations
here may also provide direct human physiological evidence of corollary discharge in the
frontal-parietal praxis network, consistent with current motor control theory (Wolpert and
Miall, 1996).
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Figure 1. Tool-use task
The photograph immediately after the fixation cross is the Prepare stimulus, during the

presentation of which subjects were instructed not to move. When the green frame appears
around the photograph (Go stimulus), subjects pantomimed the use of the tool. Each trial
was epoched from —1.2s (relative to the onset of Prepare; during the fixation cross) to +6.8s
(after the onset of the Rest stimulus). The periods from 0-1s (relative to the onset of
Prepare) and from 3-4s were used for subsequent analyses, based on results of Matching
Pursuit analyses (described in Section 3.1).
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Figure 2. EEG sensor layout
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Figure 3. Grand average Matching Pursuit (MP) results demonstrating event-related
synchronization (ERS)
The diagram is oriented as an “overhead” view of the scalp, with the nose at the top of the

page and occiput at the bottom. Each plot within the diagram represents change in energy of
EEG signal indexed by ERS of underlying cortical network; time is plotted on the x-axis,
frequency (2-10 Hz) is plotted on the y-axis, and magnitude of ERS (relative to a baseline
period) is indexed by intensity of color. ERS is seen from 0-1 sec (the first second following
the onset of the Prepare stimulus) and 3—4 sec (the first second following the onset of the
Go stimulus). The solid line shows the demarcation between parietal and frontal ROIs.
Spectrograms representing the average of channels in each of the 4 ROIs are shown in
greater detail in Fig. 4.
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Figure 4. Average of ERS over ROIs for all subjects
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Each time-frequency ERS plot (time: x-axis, frequency: y-axis) represents averaged increase
in energy of all EEG signals of each ROI, for all subjects. ERS seen immediately following
Prepare (0-1 sec) does not differ in magnitude between left and right hemispheres.
Following Go (3-4 sec), ERS in the left frontal ROl was significantly greater in magnitude
than ERS in the right frontal ROI. n.s. = non-significant. This asymmetry can also be seen in

Figure 3.
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Figure 5. Averaged time courses of coherences between ROIs
Coherence results shows increases in functional connectivity following both Prepare and Go

stimuli. The peak of the response to the Prepare stimulus is seen at one second, and the peak

of the response to the Go stimulus is seen at four seconds due to lower time resolution

(longer window) of the coherence function. Task-related coherence changes are seen in all

ROI pairs.
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a) Prepare (0-1s) b) Go (3-4s)

Figure 6. ERC results in the most active time segments (0-1s and 3-4s)
ERC demonstrates increases in directed propagations among regions of interest (ROI) for

the two most active seconds of the experiment, using grand average data. Frame (a)
represents event related causal interactions following onset of the Prepare stimulus, while
(b) represents event-related causal propagations following onset of the Go stimulus, and
correspond to the same timeframes used for coherence results shown in Fig. 5. The
magnitude of ERC is greater at 0-1 sec (following Prepare) and 3—4 sec (following Go)
than in other time bins.
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Table 1

Table of p-values for comparisons of ERC measures.

PRAXIS Prepare (0-1s) | Go (3-4s)

LC>RC NS p=1.2423e-005

LP>RP NS NS

LP>LC p=2.9187e-006 | NS

RP>RC p=1.9087e-006 | p=3.7506e-004
0-1s vs 3-4s

LP (0-1s > 3-4s) p=5.045e-004

RP (0-1s > 3-4s) p=0.0096

LC (3-4s > 0-1s) p=3.5e-006

RC NS
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