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Abstract

Motor imagery (MI), sharing similar neural representations to motor execution, is
regarded as a window to investigate the cognitive motor processes. However, in
comparison to simple limb motor imagery, significantly less work has been reported on
brain oscillatory patterns induced by compound limb motor imagery which involves
several parts of limbs. This study aims to investigate differences of the
electroencephalogram (EEG) patterns as well as cognitive process between simple limb
motor imagery and compound limb motor imagery. Ten subjects participated in the
experiment involving three tasks of simple limb motor imagery (left hand, right hand, feet)
and three tasks of compound limb motor imagery (both hands, left hand combined with
right foot, right hand combined with left foot). Simultaneous imagination of different limbs
contributes to the activation of larger cortical areas as well as two estimated sources
located at corresponding motor areas within beta rhythm. Compared with simple limb
motor imagery, compound limb motor imagery presents a network with more effective
interactions overlying larger brain regions, additionally shows significantly larger causal
flow over sensorimotor areas and larger causal density over both sensorimotor areas
and neighboring regions. On the other hand, compound limb motor imagery also shows
significantly larger 10-11 Hz alpha desynchronization at occipital areas and central theta
synchronization. Furthermore, the phase-locking value (PLV) between central and
occipital areas of left/right hand combined with contralateral foot imagery is significantly
larger than that of simple limb motor imagery. All these findings imply that there exist
apparent intrinsic distinctions of neural mechanism between simple and compound limb
motor imagery, which presents a more complex effective connectivity network and may
involve a more complex cognitive process during information processing.
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Introduction

Motor imagery (MI), defined as mental rehearsal of a motor act without any overt
motor output, can modify the neuronal activity in the primary sensorimotor areas
in a very similar way as motor execution [1-3]. In addition, motor imagery has
also been demonstrated beneficial in motor rehabilitation in patients with
movement disorders, and it plays a significantly important role in clinical and
neuroscience studies [3]. Motor imagery can result in frequency specific changes
of the ongoing EEG in forms of event-related desynchronization (ERD) or event-
related synchronization (ERS), and the neural representations during mental tasks
could be detected using spatial mapping of ERD/ERS. However, spatial mapping
can not reveal the dynamic information flow between differently organized and
specialized cortical regions [4]. Recently, there is a growing concern for
interactions of the activated brain regions, typically in terms of “effective
connectivity” [5]. Effective connectivity is a powerful method to analyze causal
interaction among multiple neural regions in brain studies based on brain
imaging techniques such as electroencephalogram (EEG).

As a result, the mutual interactions between different channels overlying core
regions recruited by motor imagery could be revealed through effective
connectivity network. However, most research has been concentrated to
investigate the effective connectivity network induced by simple limb motor
imagery involving a single limb. The effective connectivity networks over
sensorimotor areas during hand or foot movement execution and imagination
have been estimated by different methods such as Directed Transfer Function
(DTF) and phase-locking value (PLV) [4, 6—8]. In contrast, significantly less work
has been reported about brain oscillatory patterns induced by compound limb
movement imagination [9, 10]. In addition, the effective connectivity network
induced by compound limb motor imagery is still not clear. With respect to
simple limb motor imagery, several parts of limbs like hand (forearm,
postbrachium) and foot (shank, thigh) are involved in compound limb movement
imagination, which may activate the neurons oscillation in multiple functional
areas of cerebral cortex, and involve a different cognitive motor process. The
question is that whether the effective connectivity network of compound limb
motor imagery is more complex than that of simple limb motor imagery, at the
same time, what are the differences of EEG oscillatory patterns and cognitive
process between simple limb motor imagery and compound limb motor imagery.

In order to investigate the differences of the EEG patterns as well as cognitive
process between simple limb motor imagery and compound limb motor imagery,
seven kinds of mental tasks have been designed, involving three tasks of simple
limb motor imagery (left hand, right hand, feet), three tasks of compound limb
motor imagery combining hand with hand/foot (both hands, left hand combined
with right foot, right hand combined with left foot) and rest state. Event-related
spectral perturbation (ERSP), cortical source localization, effective connectivity
network and phase synchronization analysis were adopted to analyze the time-
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frequency features, source locations, causal interactions, phase synchronization
for different types of MI tasks.

Materials and Methods

Experimental procedure

Ten right-handed healthy subjects (7 females and 3 males, 23-25 years old)
participated in this experiment [11]. All of the subjects had no prior experience
with motor imagery before. Before EEG recording, they were required to train for
one week to learn all MI tasks well. The subjects were sitting on a chair at one-
meter distance from a computer screen. At the beginning of each trial (8 seconds),
a white circle appeared at the center of the monitor. After 2 seconds, a red circle
(preparation cue) appeared for 1 second to remind the subjects of paying
attention to the character indication next. Then red circle disappeared and
character indication (‘Left Hand’, ‘Left Hand & Right Foot’, et al) was presented
on the screen for 4 seconds, during which the participants were asked to perform
kinesthetic motor imagery rather than a visual type of imagery while avoiding any
muscle movement. After 7 seconds, ‘Rest’ was presented for 1 second before next
trial (Fig. 1(a)). The experiments were divided into 9 sections, involving 8 sections
consisting of 60 trials each for six kinds of MI tasks (10 trials for each MI task in
one section) and one section consisting of 80 trials for rest state. The sequence of
six MI tasks was randomized. Intersection break was about 5 to 10 minutes.

EEG data was recorded from 64 Ag/AgCl scalp electrodes placed according to
the International 10/20 System referenced to nose and grounded prefrontal lobe (
Fig. 1(b)). The EEG signals were acquired by a Neuroscan SynAmps2 amplifier
whose sampling rate is 1000 Hz and band-pass filtering range is 0.5-100 Hz.
Besides, an additional 50-Hz notch filter was used during data acquisition.
Thereafter, the original EEG signals were band-pass filtered between 0.5 and
50 Hz, and then downsampled at 200 Hz for following analysis.

The study was approved by the ethical committee of Tianjin University. All
subjects signed informed consent in advance.

Event-related spectral perturbation and source localization

The event-related spectral perturbation (ERSP) method allows us to inspect the
spectral power changes of the induced EEG relative to the stimulus from the views
of time-frequency domain, which could supply more details about ERD/ERS
patterns of different types of motor imagery. Changes of event-related spectral
power were analyzed with event-related spectral perturbation (ERSP) defined as
follows:

ERSP(f )= %Z (Fe(f,£)%) (1)
k=1

where 7 is the number of trials, and Fy(f,t) is the spectral estimation of kth trial at
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Fig. 1. (a) Experimental paradigm of one trial. (b) 64-electrode positions.

doi:10.1371/journal.pone.0114853.9001

frequency fand time ¢ [12]. ERSP values were calculated from —3000 ms to
5000 ms for every mental task. In this study, the averaged time-frequency ERD/
ERS maps over all subjects from typical electrode positions were displayed
between 1 and 40 Hz for analysis.

In addition, topographical distribution can help us figure out which areas are
involved when ERD/ERS occurs during the imagination of different types of
movements. Based on the ERSP values from 60 electrodes (except HEO, VEO,
CBI and CB2), the mean ERSP value in the specific frequency band and time
interval was calculated for each electrode. Then, the single-subject mean ERSP
values within beta band were subsequently averaged over all subjects to obtain
group-level mean ERSP values, based on which the topography map for each MI
task was obtained.

With the group-level mean ERSP values, the cortical source for each MI task
could be estimated by solving the inverse problem from the scalp EEG signals to
cortical source distribution. The cortical current density (CCD) source model was
applied to solve the inverse problem using lead field WMN algorithm with the aid
of the boundary element model [13]. The eConnectome software was used in this
study to estimate the cortical source for each kind of motor imagery.

Short-time directed transfer function

Directed transfer function (DTF), allowing for calculation of the causal
interactions for arbitrary number of channels, was introduced by Kaminski and
Blinowska [14]. The approach is based on a Multivariate Autoregressive model
(MVAR) [15], through which the k-channel EEG signal

X(t)=(X1(£),X5(¢), - - - . X(t))" can be represented as
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p
X(t)=")  A@X(t—i)+E(t) (2)

where A (i) are the model coefficients, E(t) is a the vector of white noise values, p is
the model order. Transforming the model coefficients into the frequency domain
yields

P
A(f)=I1-_ A(i)e ¥ (3)
j=1

Directed Transfer Function (DTF) which describes causal influence of channel j
on channel i at frequency fis defined as

Hyi(f)
k
> [Hin )P

DTsz(f) = (4)

where H(f)=A"!(f). Equation (4) produces a ratio between the inflow from
channel j to channel i and the joint inflows from all other channels to channel i,
ranging from 0 to 1.

The Short-time DTF (SDTF) method relies on dividing the entire data epoch
into short overlapping time intervals and to compute the DTF value for each
interval [16]. In addition, zero-mean time series are required for MVAR model
fitting. As a result, appropriate reprocessing is necessary to guarantee the
stationary in short time intervals before the calculation of DTF [17]. The first step
is to subtract the best-fitting line from each time series. The second step is to
remove the temporal mean from each observation of the time series and divide the
data by the temporal standard deviation over all channels. For multi-realization
data, ensemble mean should be subtracted from every data point which also
should be divided by ensemble standard deviation across trials. In this study, EEG
signals, recorded from 21 electrodes that were chosen from 64 electrodes, were
used to calculate the effective connectivity network. These 21 electrodes are
overlying central and related brain areas, involving Fc3, Fcl, Fcz, Fc2, Fc4, C5, C3,
Cl1, Cz, C2, C4, Ce, Cp3, Cpl, Cpz, Cp2, Cp4, P3, P1, P2, P4. Considering the lack
of bilateral coherence between both hemispheres [7], therefore the channels from
different hemispheres could be evaluated separately and the following MVAR
model was fitted simultaneously to 12 channels involving electrodes from right/
left hemisphere plus midline electrodes Fcz, Cz, Cpz. The MVAR model
coefficient was estimated by the method of Levinson, Wiggins, Robinson (LWR)
algorithm [16], while the common optimal model order p was estimated by
Bayesian Information Criterion (BIC). SDTF was evaluated for each MI task by
sliding a short window in steps of 20% overlap, in which DTF was calculated for
100 samples long interval shifted by 20 samples. Therefore, we could obtain the
time-frequency maps of SDTF for each combination of selected channels during

PLOS ONE | DOI:10.1371/journal.pone.0114853 December 9, 2014 5/19



@'PLOS | ONE

EEG Patterns of Simple/Compound Limb Motor Imagery

simple and compound limb motor imagery. Statistical significance of the results
was obtained by means of the bootstrap technique which can be used to evaluate
the error of the estimated functions.

Phase synchronization analysis

Phase synchronization is encountered in weakly interacting oscillator system and
it manifests by the occurrence of a relationship between the corresponding phases
variables [8]. At first, the original EEG signals were band-pass filtered within a
specific frequency band. Then, the instantaneous phases of the signals could be
extracted by Hilbert transformation, and the difference of instantaneous phases
corresponding to two different signals was defined as Ag(t) =9, (t) — ¢, (t). After
obtaining the relative phases, the degree of synchronization between any two
signals was evaluated, on a single trial basis, using the phase-locking value (PLV),

defined as
PLV(t)=|(¢2D)] (5)

where (-) denotes the temporal average over a time interval. Thereafter, the mean
PLV was computed by averaging over all trials for each kind of movement
imagination. In this way, the PLV ranges from 0 (no synchronization) to 1 (phase
synchronization), providing an indication on the degree of interaction between
the two underlying systems.

In this study, phase synchronization was used to evaluate the underlying
relationship between two brain regions, the central areas and the occipital areas,
from which the signals were band-pass filtered between 4 and 5 Hz. Then, we
averaged the signals from central areas including five electrodes C3, C1, Cz, C2,
C4, while for the occipital areas, signals from Po7, Po5, Po3, Po4, Po6, Po8, Ol,
Oz, O2 were averaged. The PLV between two averaged signals was calculated in
the time interval from 0 to 0.5 s. Permutation test was used at the 5% significance
level.

Results

Event-related spectral perturbation

Fig. 2 shows the group-level average time-frequency maps at typical electrode
locations for six MI tasks. The maps show obvious power decrease in both alpha
and beta rhythms after stimulus onset. Moreover, taking a close look at the ERD
patterns within alpha band, apart from the long-lasting ERD patterns located in
11-13 Hz, we also can see short-lasting ERD patterns located in 9-11 Hz within
the first second especially for left/right hand imagery. Besides the induced alpha
and beta ERD patterns, it also can be found that there exist theta (4-5 Hz) ERS
patterns starting from stimulus onset lasting for about 0.5 seconds for all MI tasks.
Details of short-lasting alpha ERD and theta ERS patterns are showed in section
3.4.
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Fig. 2. Examples of group-level average time-frequency maps at typical electrode locations for six Ml tasks. LH, RH, F, BH, LH&RF, RH&LF indicate
left hand, right hand, feet, both hands, left hand combined with right foot, right hand combined with left foot respectively. Blue indicates ERD and red
indicates ERS, vertical dashed line indicates stimulus onset.

doi:10.1371/journal.pone.0114853.9002

Source localization analysis

Apart from the EEG signal analysis in time-frequency domain, spatial distribution
analysis also plays an important role in exploring EEG patterns of different MI
tasks. Here, we present the topographical distribution of ERD patterns within beta
band for six MI tasks in Fig. 3. Different from the spatial distribution of single
hand imagery, both left and right hand areas are desynchronized simultaneously
during both hands imagery. From the distribution during left/right hand
combined with contralateral foot imagery, we can see larger involved areas with
strong ERD including contralateral hand area and midcentral area, which is
obviously distinct from the distribution of simple limb motor imagery.

Based on the induced ERD values within beta band, the cortical source could be
estimated to provide more accurate locations that are activated during different
kinds of MI tasks. Fig. 4 shows the estimated sources of beta ERD induced by each
MI task. As expected, visual discrimination between each other among these six
MI tasks is apparent. The ERD sources are located in corresponding cortical areas
somatotopically during simple limb motor imagery [18-20]. Compared with
simple limb motor imagery, two estimated sources, located in bilateral hand areas,
left hand area and foot area, right hand area and foot area, respectively, are
observed during each imagination of compound limb movement, which indicates
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Fig. 3. The topographical distribution of ERD patterns within beta band for six Ml tasks. LH, RH, F, BH, LH&RF, RH&LF indicate left hand, right hand,
feet, both hands, left hand combined with right foot, right hand combined with left foot respectively. Blue regions indicate the involved areas when ERD
occurs during mental tasks.

doi:10.1371/journal.pone.0114853.9003

that compound limb motor imagery could activate corresponding representations
of the imagined limbs.

Effective connectivity network

In order to reveal the dynamic information flow over activated brain regions, we
integrated the SDTF value in the fixed frequency band and time interval during
the performance of MI tasks within beta band. Fig. 5 shows the effective
connectivity networks of six different types of MI tasks for one subject. In order to
make the causal interaction between channels more clear, the amount of

Fig. 4. Source localization of induced beta ERD for six Ml tasks. LH, RH, F, BH, LH&RF, RH&LF indicate left hand, right hand, feet, both hands, left hand
combined with right foot, right hand combined with left foot respectively. Red regions indicate the estimated sources during mental tasks. L indicates left
hemisphere and R indicates right hemisphere.

doi:10.1371/journal.pone.0114853.9004
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combined with right foot, right hand combined with left foot respectively. Green line represents the unidirectional connectivity whereas the red line represents
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doi:10.1371/journal.pone.0114853.9005
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connectivity was limited by setting a threshold which was 60% of the maximum
SDTF value. The outflows are showed by green arrows with their bases at ‘source
electrodes’ and the tips pointing toward electrodes to which the flows are directed,
whereas the red line represents the bi-directional connectivity. It can be found
from Fig. 5, for the single hand imagery, the effective connections mainly exist in
the contralateral hemisphere. The electrode Cp4 and C3 from which the outflows
can be observed are the source electrodes respectively during left and right hand
imagery. For the imagination of feet movement, the main outflows originate from
Cpl, Cpz and Cp2 overlying the somatosensory areas. In addition, quite different
from simple limb motor imagery, the characteristic feature of the network is the
larger effective connectivity observed for compound limb motor imagery. More
specifically, both hemispheres are involved and the outflows can be observed from
both left and right brain regions (C3 and Cp2) during both hands imagery, which
is apparently different from the flow patterns of single hand imagery. From the
network of left/right hand combined with contralateral foot imagery, the outflows
can be found not only from the central electrodes overlying sensorimotor areas
(C3, Cp3, Cpl, Cp2, Cp4), but also from the electrodes from posterior parietal
regions (P2, P4).

Then, for quantitatively evaluating the networks of six MI tasks, causal flow, a
parameter defined as the difference between out-degree (number of outgoing
connections) and in-degree (number of incoming connections), was calculated for
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each node in the network. Fig. 6 shows mean positive causal flow of per electrode
over all subjects for each MI task. Compared with left/right hand imagery, high
causal flow can be observed from the electrodes overlying both left and right hand
representations for both hands imagery. Meanwhile, different from simple limb
motor imagery, more electrodes overlying sensorimotor areas with high causal
flow can be found for left/right hand combined with contralateral foot imagery.
We also calculated the causal density which measures the total amount of causal
interactivity of a node. Mean causal density for each electrode over all subjects for
each MI task is presented in Fig. 7. Similar phenomenon could be found for the
electrodes over sensorimotor areas, additionally neighboring electrodes also show
relatively higher causal density during compound limb motor imagery. Above
phenomenon of causal flow and causal density indicate that more effective
interactions are constructed in a larger network during compound limb motor
imagery.

To further investigate the differences of the network between simple limb
motor imagery and compound limb motor imagery, we constructed six groups for
comparison of causal flow and causal density: BH vs LH, BH vs RH, LH&RF vs
LH, RH&LF vs RH, LH&RF vs F, and RH&LF vs F. The paired #-test was used, and
the p values that smaller than 0.05 in each column are in bold font. As showed in
table 1, the electrodes with significant difference are overlying the sensorimotor
areas, which means the causal flow of compound limb motor imagery is
significantly higher than that of simple limb motor imagery at the specific
electrode over sensorimotor areas. Table 2 shows the comparison of causal density
for all selected channels. It can be observed that besides the electrodes over
sensorimotor areas, compound limb motor imagery also performs significantly
higher causal density at the electrodes over frontal areas and posterior parietal
regions than simple limb motor imagery in each group, which indicates the
differences of the network between simple and compound limb motor imagery.

10-11 Hz alpha ERD and theta ERS patterns

For the extra findings from time-frequency maps, we gained the topographical
distribution based on the 10-11 Hz ERD patterns between 0.5 and 1 second for
each MI task. As revealed in S1 Figure, besides from the ERD feature observed on
the sensorimotor areas, the occipital areas are desynchronized as well for all MI
tasks. With respect to the ERD over occipital areas, the ERD values from 9
electrodes including Po7, Po5, Po3, Po4, Po6, Po8, O1, Oz, O2 were averaged for
comparison in six groups as above. 52 Figure indicates that compound limb
motor imagery shows a significantly larger ERD at occipital areas as compared to
simple limb motor imagery.

For the theta ERS, we also calculated spatial distribution within 4-5 Hz
between 0 and 0.5 second for each MI task. As displayed in S3 Figure, two main
brain regions, the central areas and the occipital areas, are synchronized for all MI
tasks. However, the ERS found in the central areas during compound limb motor
imagery seems stronger than that of simple limb motor imagery. The ERS values
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Table 1. The electrodes with significant difference for the comparison of positive causal flow in six groups.

Causal flow C3 C1 C4 (07 Cp2

BH vs LH 0.045 0.046 0.296 0.939 0.277
BH vs RH 0.748 0.093 0.041 0.053 0.036
LH&RF vs LH 0.172 0.500 0.466 0.678 0.363
RH&LF vs RH 0.023 0.348 0.172 0.111 0.048
LH&RF vs F 0.172 0.853 0.146 0.023 0.791
RH&LF vs F 0.009 0.500 0.105 0.111 0.857

The p values that smaller than 0.05 in each column are in bold font.

doi:10.1371/journal.pone.0114853.t001

from five electrodes including C3, C1, Cz, C2, C4 were averaged for similar
comparison. The statistical results presented in S4 Figure for both the Cz position
and the central areas show that the theta ERS values induced by compound limb
motor imagery are significantly larger than those of simple limb motor imagery.
Furthermore, the underlying relationship between central areas and occipital
areas was evaluated by phase-locking value and compared between simple and
compound limb motor imagery in the way as above. The statistical result

Table 2. The comparison of causal density for all selected channels in six groups.

Causal density BH vs LH BH vs RH LH&RF vs LH RH&LF vs RH LH&RF vs F RH&LF vs F

0.002 0.339 0.005 0.097 0.097 0.026
Fc1 0.172 0.828 0.089 0.296 0.363 0.500
C5 0.001 0.026 0.012 0.089 0.828 0.069
C3 0.017 0.296 0.079 0.007 0.154 0.003
C1 0.014 0.136 0.069 0.500 0.845 0.445
Cp3 0.005 0.189 0.076 0.420 0.730 0.557
Cp1 0.002 0.948 0.076 0.591 0.704 0.627
P3 0.089 0.012 0.056 0.035 0.139 0.058
P1 0.022 0.248 0.043 0.043 0.100 0.021
Fcz 0.097 0.070 0.007 0.012 0.009 0.172
Cz 0.021 0.500 0.001 0.009 0.016 0.014
Cpz 0.068 0.070 0.006 0.027 0.039 0.127
Fc4 0.296 0.001 0.030 0.009 0.008 0.068
Fc2 0.321 0.009 0.014 0.020 0.005 0.054
C6 0.296 0.012 0.026 0.041 0.005 0.248
Cc4 0.187 0.005 0.097 0.017 0.018 0.074
Cc2 0.922 0.005 0.254 0.013 0.003 0.033
Cp4 0.941 0.379 0.076 0.110 0.025 0.257
Cp2 0.363 0.045 0.022 0.004 0.200 0.408
P4 0.122 0.044 0.018 0.015 0.011 0.048
P2 0.331 0.033 0.018 0.006 0.005 0.009

The p values that smaller than 0.05 in each column are in bold font.

doi:10.1371/journal.pone.0114853.t002
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presented in S5 Figure indicates that the PLV of right hand combined with
contralateral foot imagery is significantly larger than that of right hand imagery
and feet imagery, and additionally the PLV of left hand combined with
contralateral foot imagery is significantly larger than that of feet imagery.

Discussion

Simultaneous movement imagination of different limbs contributes to the result
that corresponding motor areas are activated simultaneously. In addition, source
localization provides more convincing proof that two different motor areas,
corresponding to the limbs involved in different kinds of compound limb motor
imagery, are activated as expected. Although the strongest beta ERD appears on
the corresponding limb areas, larger brain regions are involved during left/right
hand combined with contralateral foot imagery. Such phenomenon means more
neurons are activated in frontoparietal regions due to the combination of hand
and foot movement.

Source localization can only reveal the difference of activation pattern over
sensorimotor areas between simple and compound limb motor imagery, while
effective connectivity network can explore the dynamic mutual interaction
between sensorimotor areas and neighboring regions. From the effective
connectivity networks, the most important finding is the new pattern of EEG flow
concerning the dynamics of the information processing during compound limb
motor imagery, whose pattern of interactions among brain regions is totally
different from that of simple limb motor imagery. Because of the simultaneous
imagination of both hands, both hemispheres are activated and the effective
connections appear on both left and right hand areas simultaneously while only
contralateral hand areas is involved during single hand motor imagery. Larger
regions overlying the sensorimotor areas are activated in contrast to simple limb
motor imagery due to the involvement of upper limb and contralateral lower
limbs together. Meanwhile, more causal sources are verified for compound limb
motor imagery by statistical analysis of causal flow (a node with a highly positive
flow is a causal ‘source’) [21]. Both causal flow analysis and source localization
present a similar result that compound limb motor imagery activates more
functional regions over sensorimotor areas. In addition, the other difference is the
observed increasingly more effective interactions overlying larger brain regions
besides sensorimotor areas for compound limb motor imagery, which is
demonstrated by statistical analysis of causal density, a useful measure of
dynamical complexity [21].

The networks highlight the interactions over sensorimotor areas while no
outflow is observed from midfrontal electrodes due to the setting of a 60%
threshold. In order to further explore the EEG flow over frontal cortex, we
calculated the out-degree for Fc3, Fcl, Fcz, Fc2 and Fc4 over all subjects under a
60% threshold as well as under a 30% threshold. As showed in Fig. 8, by
decreasing the threshold, more outflows can be detected from midfrontal
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Fig. 8. The mean out-degree of the midfrontal electrodes under a 60% threshold (up) and under a 30%
threshold (bottom) for six Ml tasks. Red bar indicates simple limb motor imagery, while blue bar indicates
compound limb motor imagery. LH, RH, F, BH, LH&RF, RH&LF indicate left hand, right hand, feet, both hands,
left hand combined with right foot, right hand combined with left foot respectively. Horizontal axis represents 5
selected channels.

doi:10.1371/journal.pone.0114853.9008

electrodes for each MI task under a 30% threshold. Thus it can be seen that the
networks could present different flow patterns depending on setting different
thresholds. In addition, compound limb motor imagery presents larger out-degree
than simple limb motor imagery for the midfrontal electrodes under a 30%
threshold by statistical analysis, which demonstrates the difference in the
activation of frontal cortex between simple and compound limb motor imagery.
From the result of causal flow analysis and source localization, the activation of
sensorimotor areas during compound limb motor imagery seems to be the
summation of that during two kinds of simple limb motor imagery. However,
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through calculating the number of all connectivity in the networks, it can be
found in Fig. 9 that the connectivity number of left/right hand combined with
contralateral foot imagery is significantly larger than the summation of
connectivity number observed in left/right hand imagery and feet imagery
respectively. Therefore, the patterns of EEG flow are probably not the simple
linear superposition of information flow generated by different limbs during
compound limb motor imagery. More interactions between the electrodes
overlying sensorimotor areas with the addition of frontal cortex and posterior
parietal cortex may be the result of the involvement of a larger neural network or
more cell assemblies in information processing during compound limb motor
imagery. In particular, frontal cortex is especially important for integrating
complex perceptual information from sensory and motor cortices to perform
cognitive tasks [22]. Whereas, the interactions within posterior parietal cortex are
likely to reflect such higher cognitive functions as updating postural representa-
tions of the limbs [23]. As a result, compared with simple limb motor imagery, a
more complex cognitive process may occur during compound limb motor
imagery, whose effective connectivity network is more complex and involves a
broader range of information exchanges between sensorimotor areas and
neighboring regions.

As a therapeutic tool in neurological rehabilitation, motor imagery with the
impaired limb could induce increased ipsilateral activation in primary motor area
and supplementary motor area in stroke patients, which indicates that ipsilateral
human motor structures might compensate functionally for contralateral motor
cortex dysfunction. The essence of motor imagery in neural rehabilitation is to
facilitate the reorganization of the affected areas and loops by recruiting intact
neurons and strengthening activity in other neuronal loops [3]. Therefore, it can
be inferred that the activation of larger cortical areas as well as the enhancement of
information exchanges between different functional areas probably implies the
feasibility and benefit for the application of compound limb motor imagery,
which may combine impaired limb with intact limb in motor rehabilitation after
neural injury.

On the other hand, we also investigated the difference of EEG oscillatory
patterns based on the extra findings from time-frequency maps. As we know,
upper alpha desynchronization (about 10-12 Hz) is very often topographically
restricted and develops during the processing of sensory-semantic information
above parieto-occipital areas [24-26]. Therefore, the 10-11 Hz ERD found at
occipital regions may result from words understanding of the cues occurring in
the experiment. Significantly larger ERD at occipital regions can be interpreted as
the higher mental effort occupied in retrieval processes for semantic information
corresponding to compound limb motor imagery since the degree of
desynchronization is closely linked to semantic memory processes.

The cue stimulus could induce the visual evoked potential (VEP) components.
Fig. 10 shows the example of time-frequency map and VEP at electrode Cz for
right hand combined with left foot imagery. A positive peak can be found at
~200 ms. Statistical analysis for peak values in six comparison groups by t-test
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Fig. 9. The comparison between connectivity number in the network of compound limb motor imagery
and the summation of connectivity number in the networks of corresponding simple limb motor
imagery. Blue bar indicates compound limb motor imagery, while red bar indicates the summation of simple
limb motor imagery. (LH+RH) indicates the summation of left hand imagery and right hand imagery. (LH+F)
indicates the summation of left hand imagery and feet imagery. (RH+F) indicates the summation of right hand
imagery and feet imagery. Condition pairs that significantly differ from each other are indicated by an asterisk
(p<0.05) or two asterisks (p<0.01).

doi:10.1371/journal.pone.0114853.g009

shows that significant difference (p=0.02) can only be found between both hands
imagery and right hand imagery. In contrast, compound limb motor imagery
shows significantly larger central theta synchronization for all comparison groups
(54 Figure). Therefore, the VEP components may have influence on the
generation of theta synchronization, but are not the main factors. An
enhancement of theta occipital rhythm may owe to the successfully encoding of
cues consisting of words, since the theta synchronization is positively correlated
with the ability to encode new information [27]. At the same time, the central ERS
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Fig. 10. The example of group-level average time-frequency map (up) and VEP (bottom) at electrode Cz
for right hand combined with left foot imagery. Blue indicates ERD and red indicates ERS. Vertical dashed
line indicates stimulus onset.

doi:10.1371/journal.pone.0114853.g010
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is likely to reflect the establishment of a bottom up pathway to retrieve the
movement-related experiences stored in the sensorimotor cortices while
extracting the meaning of the perceived information and preparing the simulated
movement [28,29]. Therefore, significantly larger central ERS may indicate a
higher level of attention and alertness is required during encoding the information
corresponding to compound limb motor imagery. Furthermore, significantly lager
PLV reveals a closer collaborative relationship between central and occipital areas
for left/right hand combined with contralateral foot imagery, which probably
implies more attentional demands during the process of the bottom up pathway
activation while preparing a more complex movement. As a consequence, the
differences found in 10-11 Hz alpha ERD and theta ERS patterns between simple
and compound limb motor imagery probably also reveal the complexity of the
cognitive process during compound limb motor imagery.

Conclusion

This study investigated the differences of the EEG oscillatory patterns between
simple limb motor imagery and compound limb motor imagery from multiple
angles using different methods, revealed a more complex cognitive process for
compound limb motor imagery. Cortical source localization showed activated
brain regions corresponding to different limbs, while effective connectivity
network revealed a more complex effective connectivity network for compound
limb motor imagery. The patterns of EEG flow are probably not the simple
summation of information flow generated by different limbs during compound
limb motor imagery, whose effective connectivity network involves a larger range
of information exchanges between sensorimotor areas and neighboring regions.

Supporting Information

S1 Figure. The topographical distribution of 10-11Hz ERD for six MI tasks.
LH, RH, F, BH, LH&RF, RH&LF indicate left hand, right hand, feet, both hands,
left hand combined with right foot, right hand combined with left foot
respectively. Blue regions indicate the involved areas when ERD occurs during
mental tasks.

doi:10.1371/journal.pone.0114853.s001 (TIF)

S2 Figure. The comparison of ERD values in six groups for occipital areas. Blue
bar indicates compound limb motor imagery, while red bar indicates simple limb
motor imagery. Condition pairs that significantly differ from each other are
indicated by an asterisk (p<<0.05) or two asterisks (p<<0.01).
doi:10.1371/journal.pone.0114853.s002 (TIF)

S3 Figure. The topographical distribution of ERS patterns within theta band
for six MI tasks. LH, RH, F, BH, LH&RF, RH&LF indicate left hand, right hand,
feet, both hands, left hand combined with right foot, right hand combined with
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left foot respectively. Red regions indicate the involved areas when ERS occurs
during mental tasks.
doi:10.1371/journal.pone.0114853.s003 (TIF)

S4 Figure. The comparison of ERS values in six groups for Cz and central areas.
Blue bar indicates compound limb motor imagery, while red bar indicates simple
limb motor imagery. Condition pairs that significantly differ from each other are
indicated by an asterisk (p<<0.05) or two asterisks (p<<0.01).
doi:10.1371/journal.pone.0114853.s004 (TIF)

S5 Figure. The comparison of the PLV between central and occipital areas in
six groups. Blue bar indicates compound limb motor imagery, while red bar
indicates simple limb motor imagery. Condition pairs that significantly differ
from each other are indicated by an asterisk (p<<0.05) or two asterisks (p<<0.01).
doi:10.1371/journal.pone.0114853.s005 (TIF)
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