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a b s t r a c t
The effective connectivity networks among overlapped core regions recruited by motor execution (ME) and
motor imagery (MI) were explored by means of conditional Granger causality and graph-theoretic method,
based on functional magnetic resonance imaging (fMRI) data. Our results demonstrated more circuits of
effective connectivity among the selected seed regions during right-hand performance than during left-hand
performance, implying the inﬂuences of brain asymmetry of right-handedness on effective connectivity
networks. The increased causal connections were found during ME than during MI, suggesting that the ME
network may have some additional connections compared to MI networks to execute the overt physical
movement. Furthermore, the In–Out degrees of information ﬂow suggested left dorsal premotor cortex
(PMd), inferior parietal lobule (IPL) and superior parietal lobule (SPL) as causal sources in ME/MI tasks,
highlighting the dominant function of left PMd, IPL and SPL. These ﬁndings depicted the causal connectivity of
motor related core regions in fronto-parietal circuit and might indicate the conversion of causal networks
between ME and MI.
© 2010 Elsevier Inc. All rights reserved.

Introduction
Motor imagery (MI), deﬁned as internal rehearsal of a movement
without any overt physical movement (Jeannerod, 1995; Porro et al.,
1996), has been demonstrated beneﬁcial in sports training (Brouziyne
and Molinaro, 2005; Lotze and Halsband, 2006) and motor rehabilitation in patients with movement disorders (Kimberley et al., 2006;
Malouin et al., 2004), and it plays a signiﬁcantly important role in
clinical and neuroscience studies. The neuronal representations of MI
and motor execution (ME) have been studied intensively for years
using brain imaging techniques, such as functional magnetic resonance imaging (fMRI), electroencephalogram (EEG) and positron
emission tomography (PET) (Decety et al., 1994; Dechent et al., 2004;
Ince et al., 2009; Lotze et al., 1999; Neuper et al., 2008; Roland et al.,
1980; Solodkin et al., 2004). The studies focusing on the brain
activation pattern have consistently shown similar brain regions
activated during ME and MI, such as primary motor cortex (M1),
supplementary motor area (SMA) and premotor cortex (PMC) in the
frontal lobe and inferior parietal lobule (IPL), superior parietal lobule
(SPL) and primary somatosensory cortex (S1) in the parietal lobe

⁎ Corresponding author. Key Laboratory for Neuroinformation of Ministry of
Education, School of Life Science and Technology, University of Electronic Science and
Technology of China, Chengdu 610054, PR China. Fax: + 86 28 83208238.
E-mail address: chenhf@uestc.edu.cn (H. Chen).
1053-8119/$ – see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.neuroimage.2010.08.071

(Gerardin et al., 2000; Guillot et al., 2008; Hanakawa et al., 2003; Lotze
et al., 1999; Michelon et al., 2006; Roth et al., 1996; Solodkin et al.,
2004; Szameitat et al., 2007).
Recently, there is a growing concern for interactions of the
activated brain regions, typically in terms of ‘effective connectivity’
(Friston, 1993). Solodkin et al. (Solodkin et al., 2004) used structural
equation modeling (Mohamed et al., 2003) to estimate the effective
connectivity networks underlying ME, visual MI and kinesthetic MI
with speciﬁed regions of interest. Their results showed that the inputs
from SMA and lateral–dorsal PMC to M1, which were facilitatory
during ME, had the opposite effect during kinetic MI, suggesting a
physiological mechanism whereby the system prevents overt movements (Solodkin et al., 2004). More recently, dynamic causal
modeling (DCM) (Friston et al., 2003) was also applied to MI task to
determine effective connectivity measures between SMA and M1
(Kasess et al., 2008). The results revealed a strong suppressive
inﬂuence SMA exerted on M1 during MI condition. In our prior
studies, the Granger causality mapping (GCM) method has been used
to analyze the effective connectivity between the left M1 (LM1) and
other brain regions during ME for right-handed subjects (Gao et al.,
2008), showing the effective connectivity networks between the LM1
and right M1 (RM1) and the LM1 and SMA during bimanual
movement. In addition, the method has been used to explore the
effective connectivity between SMA and other brain regions during MI
(Chen et al., 2009). The result showed forward and backward effective
connectivity between the SMA and other regions.

Q. Gao et al. / NeuroImage 54 (2011) 1280–1288

In sum, the previous work had veriﬁed the effective connectivity
networks among activated brain regions during ME and MI,
respectively. However, the seed-based method focused on the
effective connectivity between the seed region and the remaining
regions, thus lacked investigation of the connectivity circuit among
multiple regions involved in ME and MI. In addition, these studies
focused on establishing the inter-relationships among the speciﬁcally
activated areas in ME or MI. Since the distribution of activation tends
to be similar in two conditions and the locations of the involved
activated brain areas for ME and MI are partly overlapping (Deiber
et al., 1996; Gerardin et al., 2000; Munzert et al., 2009; Solodkin et al.,
2004; Stephan et al., 1995), it would be a tremendous interest to
detect the conversion of the effective connectivity networks between
ME and MI in the overlapped activated areas to understand the
underlying neural mechanism of each condition.
In the present study, we used the Granger causality (GC) analysis
and the graph-theoretic method to address the problems aforementioned. Firstly, brain activations were acquired by the general linear
model (GLM) (Friston, 2004). More particularly, the overlapped parts
of the activated areas in both conditions were chosen by conjunction
analysis (Price and Friston, 1997) to ensure that the connectivity
among the same regions of interest (ROIs) was evaluated and
compared. Because of their important roles in both ME and MI
(Guillot et al., 2008; Hanakawa et al., 2003; Munzert et al., 2009), ROIs
were chosen from M1, SMA and dorsal premotor cortex (PMd) in the
frontal lobe and from IPL, SPL and S1 in the parietal lobe. In addition,
ROIs in the left SMA (LSMA) and right SMA (RSMA) were chosen
separately to investigate the effective connectivity in between and to
explore the different roles of SMAs related to handedness. Conditional
Granger causality (CGC) method was then applied to analyze the
directed inﬂuence among involved regions to distinguish the pseudocausal relationship for three or more time series (Ding et al., 2006),
instead of the GCM method used in our previous study (Chen et al.,
2009). Subsequently, the nonparametric bootstrap methodology
(Stilla et al., 2007) was applied to assess the statistically signiﬁcant
threshold of the CGC components among the regions. Besides, the
information ﬂow among the network nodes was further evaluated by
the graph-theoretic method of the In–Out degrees (Jiao et al., 2010).
Finally, the difference of the effective connectivity networks between
ME and MI conditions in the right-/left-hand tasks was further
analyzed using one-tailed two sample t-test.
Materials and methods
Subjects
The present study protocol was approved by the local Institutional
Review Board. Twelve right-handed subjects (ﬁve females, age range
20–24 years) with no history of psychiatric or neurological illness
participated in the study after giving informed consents. Handedness
was evaluated by the Edinburgh Handedness Inventory (EHI). The
average handedness score was 91.06, with a standard deviation of
6.01.
Experimental paradigm
The experiment was performed on a 3.0-T Siemens Trio scanner (State
Key Laboratory of Brain and Cognitive Science, Institute of Biophysics,
Chinese Academy of Sciences, Beijing, China) using a gradient-recalled
echo planar imaging (EPI) sequence with an 8-channel head coil. The
acquisition parameters were as follows: TR=2000 ms, TE=30 ms,
FOV = 24 cm, matrix = 64 × 64, voxel size = 3.75 × 3.75 × 5 mm3, 30
transverse slices without slice gap and ﬂip angle=90°. High-resolution
T1-weighted anatomical images were also acquired in axial orientation
using a 3D spoiled gradient-recalled (SPGR) sequence. The acquisition
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parameters were as follows: TR=8.5 ms, TE=3.4 ms, ﬂip angle=12°,
matrix size=512×512×156 and voxel size= 0.47 ×0.47 ×1 mm3.
The fMRI experiment performed in our previous study was
repeated in the present study (Chen et al., 2009). The experiment
had two runs: one for right-hand tasks and the other for left-hand
tasks. Each run included 10 trials, and each trial lasted 30 seconds
including 4 seconds for sequence informing, 10 seconds for MI,
6 seconds for ME and 10 seconds for resting in order. During each
trial, subjects ﬁrstly learned from a visual stimulus of four sequentially
presented pictures presented by a projector, indicating a random
order of ﬁnger tapping, then started to imagine tapping their ﬁngers
continuously in the order that was initially informed by the visual
stimulus for 10 seconds. Another cue for the next 6 seconds was
presented on the screen informing the participants to perform the
ﬁnger tapping exactly as they had imagined. The reason that the MI
task was followed by an ME task was to ensure that the participants
concentrated on the MI task and imagined the ﬁnger tapping
correctly. All subjects have been trained for about one hour to
perform the behavior experiments before scanning. At the end of the
scanning session, the subjects were debriefed and asked about their
performance of the tasks. All subjects reported performing both the
ME and MI tasks successfully.
Data analyses
The acquired images were pre-processed using statistical parametric mapping (SPM) software (SPM2, http://www.ﬁl.ion.ucl.ac.uk/
spm). The ﬁrst ﬁve images were discarded from each run to allow for
magnetization equilibrium and for the subjects to get used with the
circumstances. The remaining 150 images were ﬁrstly corrected for
the acquisition time delay among different slices and then were
realigned onto the ﬁrst image for head-motion correction. In the
regression model, six regressive motion correction parameters were
included in the design matrix for each run as covariates with no
interest. The images were then spatially normalized into a standard
stereotaxic space with voxel size of 2 × 2 × 2 mm3 using the Montreal
Neurological Institute (MNI) EPI template. Therefore, the voxel
coordinates were transformed from the MNI coordinates to the
Talairach coordinates (Talairach and Tournoux, 1988). Subsequently,
a spatial smoothing ﬁlter was employed for each volume by
convolving with an isotropic Gaussian kernel (FWHM = 8 mm). The
statistical parametric maps (t-statistics) of contrasting between the
ME (or MI) condition and the rest condition were generated with a
threshold of p b 0.05 (family-wise error (FWE) corrected) to detect
signiﬁcantly activated brain regions during ME (or MI) condition. The
conjunction analysis was applied to the t-maps of ME and MI to obtain
the conjoint activations of the tasks (Price and Friston, 1997). A group
analysis was performed to extend the inference of individual
activation to the general population from which the subjects were
drawn.
Identiﬁcation of region of interest
The ROIs were deﬁned as spheres within the activated regions in
conjunction analysis of ME and MI conditions for each subject to
ensure that the connectivity among same regions during both
conditions were evaluated and compared. The spheres located in
the contralateral M1 (cM1) corresponding to the performing hand,
the bilateral SMA and PMd in the frontal lobe, and the contralateral S1
(cS1), bilateral IPL and SPL in the parietal lobe were selected as ROIs.
The center of the sphere was at the voxel with the highest statistical
value in the chosen regions. The radius of the sphere was 6 mm. The
mean time course of each ROI for each subject was then calculated by
averaging the time series of all voxels in the ROI. Subsequently, linear
drifts were removed from the data to eliminate the effect of gross
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signal drifts, which could be caused by scanner instabilities and/or
gross physiological changes in the subject (Chen et al., 2009).
Signal extraction for ME and MI
To extract the signals for ME and MI conditions respectively, the
mean time course was ﬁrstly deconvoluted by the classic HRF in SPM.
The maximum of the delay correlation coefﬁcient between the
deconvoluted time course and the experiment pattern was then
calculated to determine the time of the hemodynamic delay, which
was 6 seconds. A boxcar vector was deﬁned for each condition of
interest, with the onset lagging 6 seconds after the onset of the ME or
MI condition accounting for the hemodynamic delay. Finally, these
boxcar vectors were multiplied with the mean time series to extract
the signals for each condition separately, in light of prior studies
(Cohen et al., 2005; Venkatraman et al., 2009).
The method of extracting the signals for ME and MI conditions
from the mean time series was based on the GLM assumptions
(Friston, 2004). According to the GLM theory, the observed time series
can be modeled as a linear combination of explanatory functions, plus
an error term (Friston, 2004). Speciﬁcally, in SPM, the explanatory
functions constituting the design matrix are deﬁned as the condition
vectors convoluted by the HRF. Therefore, by multiplying the boxcar
vectors representing the corresponding condition, the signal for each
condition was successfully extracted from the mean time course of
each ROI.
Conditional Granger causality analysis
In the current study, the CGC method for effective connectivity
analysis was performed among the selected ROIs during ME and MI
using an in-house program coded in MATLAB (The Mathworks, Natick,
MA, USA). We only paid attention to the direct inﬂuence of the CGC
component: the linear direct inﬂuence from x (origin) to y (target)
conditional on z (Fx→y|z). Each ROI is chosen as origin or target
alternatively. When two of the ten ROIs were chosen as origin and
target, the remaining eight ROIs composed of z served as conditions of
the CGC analysis. The direct inﬂuence was calculated for ROIs of each
subject, generating the CGC maps based on the inﬂuence measures for
ME and MI conditions, and for right- and left-hand tasks, respectively.
To assess the statistical signiﬁcance of CGC results, we used the
framework of a nonparametric estimation based on the bootstrap
methodology (Efron and Tibshirani, 1993) to obtain the null
distribution for individual subject. In order to preserve the frequency
content of the time series, the randomizing process was performed in
the frequency domain of the time series (Stilla et al., 2007). The major
steps were as follows:
(1) Generating surrogate time series by transforming the original
time series x and y into the frequency domain and randomizing
their phase to be uniformly distributed over (-π, π) (Kus et al.,
2004; Stilla et al., 2007);
(2) Transforming the signal back to the time domain and
recalculating the CGC component Fxi→yi|z;
(3) Repeating steps (1) and (2) for M times. M = 5000 was used in
our study.
(4) Pooling the values of all Fxi→yi|z together to acquire the null
distribution of Fx→y|z, which is the reasonable empirical
estimate under the assumption of large samples based on
the law of large numbers. The p value was then deﬁned as the
(1 − α) quantile of the permutation samples.
(5) Repeating steps (1), (2), (3) and (4) for all subjects.
Subsequently, the group analysis was employed using the
standard meta-analysis techniques of combining p-values (Loughin,
2004). The chi-squared (2) statistical method was chosen based on
the research conclusions of Loughin (2004).

In addition, the In-degree and Out-degree of the nodes in CGC
causal connectivity networks were calculated for each task to evaluate
the causal in/outﬂow connections of each node in the CGC network
(Jiao et al., 2010). The In–Out degrees of the nodes, which were
deﬁned as the difference between each node's In-degree and Outdegree, were then sorted in an ascending order to identify causal
target or causal source level (Jiao et al., 2010). If the In–Out degrees
are the same for two nodes, the order was further sorted by the
descending order of their Out-degree if the In–Out degrees b0 or by
the ascending order of their In-degree if the In–Out degrees ≥0.
Results
Brain activation during tasks
The data sets of two subjects were discarded because of head
movement. Fig. 1 shows the brain activation (conjunction analysis of
ME and MI) during the right-hand task (Fig. 1a) and the left-hand task
(Fig. 1b) obtained by the group analysis. The Talairach coordinates of
peak voxels and statistical t-value for conjunction analysis of the
right-hand ME and MI are reported in Table 1a, whereas Table 1b
summarizes the results for the left-hand tasks.
Effective connectivity of the right-hand tasks
The average values of CGC in the right-hand ME and MI are
demonstrated in Tables 2a and 2b, respectively. The row in the table
represented ‘target’, whereas the column represented ‘origin’. The
asterisk showed the signiﬁcant CGC components obtained by the
group analysis using the standard meta-analysis techniques of
combining p-values.
Fig. 2 demonstrates the networks of the statistically signiﬁcant
CGC components underlying right-hand ME (Fig. 2a) and MI (Fig. 2b),
respectively. The red arrow represents the uni-directional connectivity, whereas the green arrow represents the bi-directional
connectivity. During right-hand tasks, more effective connections
existed in the left hemisphere contralateral to right hand. The results
also demonstrated that the networks contained more effective
connections during ME condition compared to the networks during
MI condition. In the ipsilateral hemisphere, there still existed
interactions between RPMd and RIPL, and between RIPL and RSPL.
In the present study, the effective connectivity network between
bilateral SMA and cM1 was found to be the same during ME and MI in
the right-hand tasks.
The ﬁgures of the In–Out degrees of the nodes in each network
were inset in Figs. 2a and b, respectively. Regardless of ME/MI task, the
LSPL, LIPL and LPMd had relatively high negative In–Out degrees,
whereas LS1 and LM1 had relatively high positive In–Out degrees.
Effective connectivity of left-hand tasks
The average values of CGC in the left-hand ME and MI were
demonstrated in Tables 3a and 3b, respectively. The asterisk also
showed the signiﬁcant CGC components obtained by the group
analysis.
The networks of the statistically signiﬁcant CGC components
underlying left-hand tasks were showed in Fig. 3. Mirror versed to
right-hand tasks, more effective connections existed in the hemisphere contralateral to the left-hand tasks during both ME and MI,
whereas more effective connections existed during the ME condition
than those during the MI condition. There also existed interactions
among ROIs in the left hemisphere, i.e., LSMA, LPMd, LIPL and LSPL,
even though subjects performed unimanual tasks of the left hand. The
ﬁgures of the In–Out degrees of the nodes in each network were also
inset in Figs. 3a and b, respectively. The results demonstrated that in
the left-hand tasks, LSPL, LPMd, IPL and RSPL had negative In–Out
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Fig. 1. The overlapped activated areas during ME and MI obtained by conjunction analysis. (a) The activated areas during right-hand tasks. The FDR-based threshold was set to
q = 0.05 (t-value N 3.7). (b) The activated areas during left-hand tasks. The FDR-based threshold was set to q = 0.05 (t-value N 3.5).

degrees, whereas RS1 and RM1 had relatively high positive In–Out
degrees. The effective connectivity network between bilateral SMA
and cM1 was found to be mirror versed in the left-hand ME compared
to that in the right-hand tasks.
Discussion
In the current study, the CGC method, which has the capability to
distinguish direct from indirect connectivity among brain regions,
was successfully applied to the fMRI data to explore the effective
connectivity in brain regions involved in both ME and MI conditions.
Our results showed the inter-regional interactions among overlapped
core regions recruited in ME and MI in the frontal and parietal lobes,
including cM1, cS1, bilateral SMA, PMd, IPL and SPL, expanding the
prior ﬁndings of effective connectivity networks on ME and MI (Chen
et al., 2009; Gao et al., 2008; Kasess et al., 2008; Solodkin et al., 2004).
Methodological considerations
GC method is an important approach to explore the dynamic
causal relationships between two time series (Goebel et al., 2003;
Roebroeck et al., 2005) in terms of vector autoregressive models
(Geweke, 1982). However, for three or more time series, this
approach has some inherent limitations. One main limitation is that
Table 1a
Local maxima of signiﬁcantly activated regions during the right-hand tasks.
Coordinates
X

Y

Z

−34
−4
2
−35
38
−37
−34
40
−24
22

−25
−8
−7
−13
−9
−36
−48
−40
−64
−60

61
62
63
66
64
60
58
46
60
62

Regions

Hem

BA

t-value

M1
SMA

L
L
R
L
R
L
L
R
L
R

4
6
6
6
6
1/2/3
7/40
7/40
7/40
7/40

8.22
9.38
8.18
8.50
5.17
4.89
6.01
3.83
7.06
3.95

PMd
S1
IPL
SPL

Abbreviations: BA = Brodmann's area, Hem = hemisphere, L = left, M1 = primary
motor cortex, PMd = dorsal premotor cortex, R = right, SMA = supplementary motor
area, ME = motor execution and MI = motor imagery. Voxel coordinates are
Talairach coordinates of the ROI center. The FDR-based threshold was set to
q = 0.05 (t-value N 3.7).

if brain regions A and B are both driven by region C but with a different
lag, there will be a GC between A and B (Goebel et al., 2003; Roebroeck
et al., 2005). To address this problem, CGC method has been proposed
(Ding et al., 2006) and has been applied to ﬁeld potential data from
macaque monkeys when performing a GO/NO-GO visual pattern
discrimination task (Chen et al., 2006) and human fMRI data during a
face matching task (Zhou et al., 2009). More recently, we have used
this method to evaluate the effective connectivity among different
resting state networks (Liao et al., 2010). These studies showed CGC
method achieved greater accuracy in detecting network connectivity
than GC method (Ding et al., 2006; Zhou et al., 2009).
Brain activation of ME and MI
Fig. 1 showed the overlapped activated regions in ME and MI
during the right-/left-hand tasks. The results were concordant with
many other studies (Hanakawa et al., 2003; Lacourse et al., 2005;
Lotze and Halsband, 2006; Lotze et al., 1999; Munzert et al., 2009; Nair
et al., 2003; Simon et al., 2002; Solodkin et al., 2004; Szameitat et al.,
2007) and conﬁrmed the signiﬁcant excitation of M1 during MI
(Gerardin et al., 2000; Kasess et al., 2008; Lotze and Halsband, 2006;
Lotze et al., 1999; Nair et al., 2003; Solodkin et al., 2004; Szameitat
et al., 2007). The consistent activity throughout ME and MI in cM1,
bilateral SMA and PMd of the frontal lobe and in cS1, bilateral IPL and
SPL of the parietal lobe revealed that these regions play core roles
during both ME and MI. In the present study, inter-regional

Table 1b
Local maxima of signiﬁcantly activated regions during the left-hand tasks.
Coordinates
X

Y

Z

39
−4
2
−34
34
40
−36
44
−25
24

−25
−8
−6
−12
−14
−34
−40
−42
−58
−60

64
62
62
64
64
60
56
54
60
62

Regions

Hem

BA

t-value

M1
SMA

R
L
R
L
R
R
L
R
L
R

4
6
6
6
6
1/2/3
7/40
7/40
7/40
7/40

8.96
7.33
6.89
10.08
9.86
5.26
7.88
6.13
8.06
8.63

PMd
S1
IPL
SPL

Abbreviations are the same as in Table 1a. Voxel coordinates are also Talairach coordinates
of the ROI center. The FDR-based threshold was set to q = 0.05 (t-valueN 3.5).

1284

Q. Gao et al. / NeuroImage 54 (2011) 1280–1288

Table 2a
The values of CGC during the right-hand ME.

Origin
LM1

Target

LM1
LSMA
RSMA
LPMd
RPMd
LS1
LIPL
RIPL
LSPL
RSPL

0.031*
0.016
0.029*
0.038*
0.030*
0.011
0.017
0.029*
0.011

LSMA
0.036*
0.035*
0.035*
0.010
0.027*
0.026*
0.007
0.027*
0.006

RSMA
0.032*
0.020
0.012
0.013
0.018
0.010
0.014
0.016
0.032*

LPMd
0.030*
0.032*
0.010

RPMd
0.026*
0.019
0.031*
0.034*

0.030*
0.023*
0.031*
0.013
0.024*
0.017

0.010
0.010
0.030*
0.007
0.012

LS1
0.027*
0.026*
0.014
0.011
0.010
0.011
0.008
0.019
0.015

LIPL
0.028*
0.029*
0.010
0.031*
0.011
0.009
0.033*
0.034*
0.023*

RIPL
0.030*
0.008
0.017
0.015
0.025*
0.008
0.035
0.016
0.026*

LSPL
0.035*
0.025*
0.023*
0.031*
0.010
0.029*
0.023*
0.010

RSPL
0.027*
0.013
0.022*
0.013
0.019
0.028*
0.019
0.022*
0.035*

0.024*

⁎Signiﬁcant CGC components obtained by the group analysis using the standard meta-analysis techniques of combining p-values.

cortex of the macaque monkey has been researched intensively by the
group of Giacomo Rizzolatti. Their work demonstrated that both IPL
and SPL receive somatosensory and visual inputs and are involved in
the analysis of particular aspects of sensory information (Rizzolatti
et al., 1998). Posterior areas of both SPL and IPL process predominantly visual information, whereas the anterior areas are related to
somatosensory modality in SPL and to an integration of somatosensory and visual information in IPL (Caminiti et al., 1996; Rizzolatti
et al., 1997, 1998). A recent study showed that SPL is more related to
motor control whereas IPL is more related to motor cognition
including MI (Creem-Regehr, 2009). More particularly, some studies
suggested that PMd received strong inputs from the visual areas of the
parietal–occipital region (Marconi et al., 2001; Simon et al., 2002). The
forward and backward interactions among PMd, IPL and SPL found in
our results suggested the function integration among the regions to
mediate sensorimotor transformations related to visual-cued motor
tasks (Adam et al., 2003; Rizzolatti et al., 1997). This function
integration was found to be bilateral even in the unimanual tasks in
the current study.
In addition, during left-hand tasks, more forward and backward
effective connectivity existed in the left hemisphere, compared to that
in the right hemisphere during right-hand tasks, suggesting the
inﬂuences of the asymmetry of the right-handedness on the effective
connectivity networks during ME and MI (Amunts et al., 1996; Annett,
1985; Fadiga et al., 1999; Hugdahl and Davidson, 2003; Li et al., 1996;
Stinear et al., 2006; Zeng et al., 2007). The ordering of the In–Out
degrees of the directional inﬂuence also demonstrated this lateralization for right-handed subjects. The results showed that LSPL, LIPL
and LPMd had relatively high negative In–Out degrees both in ME and
MI, suggesting them as causal sources during both conditions,
regardless of the right-/left-hand tasks. Several studies veriﬁed the
particular importance of LPMd and its dominance for selection and
preparation of both ipsilateral and contralateral actions (Astaﬁev
et al., 2003; Davare et al., 2006; Koch et al., 2006, 2007; Rushworth
et al., 2003; Schluter et al., 2001, 1998). Some studies found LIPL
dominance in imitation tasks (Muhlau et al., 2005; Tanaka and Inui,

interactions of the overlapped regions recruited by ME and MI based
on the current imaging results were further explored by means of CGC
method.
Conditional Granger causality networks of the right- and left-hand tasks
Our results showed that regardless of the right-/left-hand tasks,
more causal connectivity existed in the hemisphere contralateral to
the performing hand during the tasks. It is well known that right-hand
movements activate primarily left hemispheric areas, whereas neural
activity is lateralized to the right hemisphere for left-hand movements (Grefkes et al., 2008). As demonstrated in the present study,
this lateralization occurred not only in the neural activity but also in
the effective connectivity networks, suggesting that cortical control of
the hand ME/MI is largely contralateral, and more information
interchange occurs in the contralateral hemisphere (Amunts et al.,
1996; Annett, 1985; Chen et al., 2009; Hugdahl and Davidson, 2003;
Zeng et al., 2007). During MI, less effective connections were found
compared to that during ME, implying the weaker transmission of the
information among activated brain regions during MI. However, the
contralateral lateralization still existed. Since MI is associated with
motor preparation, anticipation, restraint, execution and learning
(Deiber et al., 1998; Fadiga et al., 1999; Jeannerod, 1995; Lotze et al.,
1999; Solodkin et al., 2004; Stephan and Frackowiak, 1996), some
common neural representations can be anticipated between ME and
MI along with similar contralateralized expression in causal networks
(Guillot and Collet, 2005; Munzert et al., 2009; Solodkin et al., 2004).
Furthermore, our results found that in the unimanual task, the
information exchange also occurred among SMA, PMd, IPL and SPL in
the hemisphere ipsilateral to the performing hand, especially the
effective connectivity circuit between PMd and IPL and between IPL
and SPL. There has been an anatomical evidence of the macaque
monkey showing dense connections of PMd with ipsilateral and
contralateral cortical motor areas, most notably M1, parietal cortex
and contralateral PMd (Dum and Strick, 2005; Lu et al., 1994; Marconi
et al., 2003; Wise et al., 1997). The functional role of the parietal
Table 2b
The values of CGC during the right-hand MI.

Origin
LM1

Target

LM1
LSMA
RSMA
LPMd
RPMd
LS1
LIPL
RIP
LSPL
RSPL

0.029*
0.014
0.028*
0.010
0.016
0.015
0.013
0.019
0.006

LSMA
0.030*
0.028*
0.019
0.014
0.025*
0.010
0.010
0.024*
0.008

RSMA
0.026*
0.018
0.012
0.019
0.011
0.012
0.015
0.009
0.016

LPMd
0.027*
0.024*
0.011
0.028*
0.026*
0.030
0.010
0.023*
0.010

RPMd
0.027*
0.016
0.025*
0.030*
0.008
0.010
0.030*
0.008
0.019

LS1
0.018
0.025*
0.010
0.012
0.016
0.019
0.014
0.013
0.008

LIPL
0.020
0.030*
0.010
0.029*
0.018
0.012
0.028*
0.029*
0.013

⁎Signiﬁcant CGC components obtained by the group analysis using the standard meta-analysis techniques of combining p-values.

RIPL
0.016
0.010
0.009
0.008
0.022*
0.008
0.009
0.006
0.030*

LSPL
0.025*
0.024*
0.012
0.023*
0.006
0.023*
0.025*
0.010
0.026*

RSPL
0.010
0.009
0.013
0.011
0.008
0.010
0.008
0.025*
0.016
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Fig. 2. The networks of the statistically signiﬁcant CGC components underlying right-hand tasks. (a) Results during ME condition. (b) Results during MI condition. The green arrow
represents the bi-directional connectivity, whereas the red arrow represents the uni-directional connectivity. Insets are the In–Out degrees of the nodes in each network.
Abbreviations: IPL = inferior parietal lobule, L = left, M1 = primary motor cortex, PMd = dorsal premotor cortex, R = right, S1 = primary somatosensory cortex, SMA = supplementary motor area, SPL = superior parietal lobule.

2002; Tanaka et al., 2001). Our ﬁndings extended these ﬁndings from
the point of view of the causal source, implying that LPMd, LIPL and
LSPL had the dominant function during both ME and MI in right-/lefthand tasks.

Note the forward and backward effective circuit between cS1 and
cM1 (green bi-directional arrow) in Fig. 4. The results suggested the
signiﬁcantly increased interactions between cS1 and cM1 during ME
condition, regardless of the right-/left-hand task. S1 has classically
been considered as speciﬁcally involved in the personal experience of
somatic sensations (Bufalari et al., 2007), while M1 plays a signiﬁcant
role in sensory processing for the purpose of upcoming movement
generation (Georgopoulos, 2000; Hanakawa et al., 2003). The
increased forward and backward interactions between S1 and M1
during ME suggested the stronger somatosensory–motor integration
between S1 and M1 during ME than during MI to achieve a more
effective functional coupling in motor system during ME. Though the
inter-connections between cS1 and cM1 during MI did not meet the
signiﬁcant threshold, the results consistently showed that they both
had relatively high positive In–Out degrees during ME and MI,
suggesting them as causal targets in both conditions.

Difference of conditional Granger causality networks between
ME and MI
To further detect the difference of CGC networks between ME and
MI, one-tailed two sample t-test was applied with the FWE-corrected
threshold of q = 0.01. Fig. 4 demonstrates the signiﬁcantly stronger
effective connectivity networks in ME compared with MI for the
right-hand (Fig. 4a) and left-hand tasks (Fig. 4b), respectively.
However, signiﬁcantly stronger effective connectivity in MI compared with ME was not found in the present study. The results
demonstrated that regardless of the right-/left-hand task, the
effective connectivity increased during ME compared to that during
MI, suggesting more information exchange during ME than MI in the
overlapped activated areas. Moreover, the activated results of ME and
MI based on the statistical parametric maps (t-statistics) demonstrated that the univariate t-values were consistently larger in certain
brain regions for ME as compared to MI (values not shown).
Jeannerod (2001) developed the simulation theory postulated
every overtly executed action that implies the existence of a convert
stage, whereas a convert action does not necessarily turns out into an
overt action (Jeannerod, 2001). Since MI is the covert stage of an
action, whereas ME implies additional processes for the overt
behavior stage (Munzert et al., 2009), there are both additional
connections and increased activation during ME to execute the overt
physical movement compared to MI.

Conditional Granger causality networks of bilateral SMAs
In the present study, the results showed directed inﬂuence from
LSMA to RSMA in the right-hand tasks (the mirror versed result was
found in the left-hand ME). The anatomic studies had reported that
SMAs were reciprocally connected and each projected to both
contralateral and ipsilateral primary motor areas (Muakkassa and
Strick, 1979; Pandya and Vignolo, 1971), which anatomically
supported our results on the functional interactions of bilateral SMA.
Furthermore, the forward and backward circuit between SMA and
cM1 was found to be speciﬁcally located in the same hemisphere
contralateral to the performing hand. However, for ipsilateral SMA,
there existed only the causal connectivity from SMA to cM1 but no
feedback from cM1 to ipsilateral SMA. The activation of both SMAs

Table 3a
The values of CGC during the left-hand ME.

Origin
RM1

Target

RM1
LSMA
RSMA
LPMd
RPMd
RS1
LIPL
RIPL
LSPL
RSPL

0.020
0.035*
0.017
0.038*
0.057*
0.009
0.009
0.008
0.036*

LSMA
0.038*
0.021
0.032*
0.018
0.012
0.010
0.015
0.033*
0.009

RSMA
0.041*
0.032*
0.012
0.037*
0.040*
0.011
0.029*
0.035*
0.038*

LPMd
0.031*
0.026*
0.008
0.041*
0.009
0.031*
0.020
0.024*
0.008

RPMd
0.042*
0.015
0.034*
0.018
0.038*
0.008
0.034*
0.009
0.042*

RS1
0.032*
0.010
0.033*
0.014
0.021
0.007
0.010
0.011
0.019

LIPL
0.016
0.019
0.008
0.039*
0.017
0.013
0.039*
0.041*
0.011

⁎Signiﬁcant CGC components obtained by the group analysis using the standard meta-analysis techniques of combining p-values.

RIPL
0.038*
0.011
0.023*
0.008
0.038*
0.013
0.019
0.009
0.039*

LSPL
0.023*
0.024*
0.014
0.036*
0.008
0.025*
0.040*
0.007
0.037*

RSPL
0.032*
0.013
0.024*
0.013
0.036*
0.028*
0.012
0.026*
0.031*
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Table 3b
The values of CGC during the left-hand MI.

Origin
RM1

Target

RM1
LSMA
RSMA
LPMd
RPMd
RS1
LIPL
RIPL
LSPL
RSPL

0.019
0.017
0.018
0.035*
0.015
0.005
0.009
0.007
0.028*

LSMA
0.033*
0.014
0.031*
0.015
0.018
0.007
0.010
0.013
0.010

RSMA
0.031*
0.010
0.016
0.012
0.030*
0.012
0.017
0.006
0.031*

LPMd
0.022
0.035*
0.010
0.035*
0.013
0.026*
0.008
0.027*
0.008

RPMd
0.036*
0.008
0.036*
0.020

RS1
0.014
0.006
0.015
0.008
0.009

0.008
0.009
0.033*
0.006
0.010

LIPL
0.012
0.017
0.010
0.025*
0.012
0.008

0.007
0.011
0.006
0.09

0.031*
0.034*
0.007

RIPL
0.021
0.011
0.023*
0.011
0.030*
0.012
0.016
0.005
0.034*

LSPL
0.014
0.025*
0.009
0.036*
0.011
0.009
0.029*
0.009

RSPL
0.023*
0.009
0.028*
0.013
0.027*
0.024*
0.019
0.027*
0.017

0.023*

⁎Signiﬁcant CGC components obtained by the group analysis using the standard meta-analysis techniques of combining p-values.

may appropriately modulate M1 activity, both mediating the intended
action and suppressing the unintended action during coordinated
movements (Kasess et al., 2008). Our ﬁnding expended the prior
studies of the interactions between SMA and cM1(Chen et al., 2009;
Kasess et al., 2008; Solodkin et al., 2004; Babiloni et al., 2003; Gao
et al., 2008; Rogers et al., 2004; Wen et al., 2006) by dividing SMA into
left and right parts, implying that ipsilateral and contralateral SMAs
play different roles on cM1. Further study is needed to specify the role
of ipsilateral and contralateral SMAs, respectively.

Acknowledgments
The authors are grateful to the anonymous referee for the
constructive and helpful comments which greatly improved the
manuscript. This work was supported by grants from the Natural
Science Foundation of China (90820006, 61035006 and 30900326)
and by an open project of the State Key Laboratory of Brain and
Cognitive Science Chinese Academy of Sciences (08B08).
Appendix. Calculation of conditional Granger causality

Conclusions
The present study chose overlapped activated brain areas in ME
and MI to detect the effective connectivity networks among involved
regions in the frontal and parietal lobes by means of CGC analysis and
graph-theoretic method. In our results, both the effective connectivity
networks and the In–Out degrees consistently demonstrated the left
lateralization for right-handed subjects. Our ﬁndings further provide
evidence of the simulation theory proposed by Jeannerod (2001) in
the overlapped activated regions of ME and MI, i.e., ME has some
increased causal connections because of additional processes for the
overt behavior stage (Munzert et al., 2009). In addition, by choosing
ROI in LSMA and RSMA separately, our results implied different
functions of ipsilateral SMA and contralateral SMA on cM1 during
unimanual task. Future work may choose a distinct part of the
activated regions instead of the overlapped part to study the effective
connectivity networks of ME and MI, respectively, and to ﬁnd speciﬁc
roles of the involved regions during ME and MI, respectively.
Furthermore, the experiment on left-handed subjects may be
performed to identify the causal networks of ME and MI associated
with handedness.

Ding et al. (2006) has proposed the conditional Granger causality to
resolve whether the interaction between two time series is direct or
mediated by recorded time series. Consider three time series Xt, Yt and
Zt, in which a pairwise Granger causality analysis reveals a causal
inﬂuence from Yt to Xt. To examine whether this inﬂuence has a direct
component or is mediated entirely by Zt, ﬁrstly the joint autoregressive
representation of Xt and Zt is modeled as follows (Ding et al., 2006):
∞

∞

j=1

j=1

∞

∞

j=1

j=1

Xt = ∑ a1j Xt−j + ∑ b1j Zt−j + ε1t

Zt = ∑ c1j Xt−j + ∑ d1j Zt−j + γ1t

ð1Þ

ð2Þ

where the noise terms are uncorrelated over time, and their
contemporaneous covariance matrix is as follows:

Σ1 =

Λ1
T1

T1
Γ1


ð3Þ

Fig. 3. The networks of the statistically signiﬁcant CGC components underlying left-hand tasks. (a) Results during ME condition. (b) Results during MI condition. Insets are the In–Out
degrees of the nodes in each network.
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Fig. 4. The signiﬁcantly stronger effective connectivity networks in ME compared with MI during (a) right-hand tasks; (b) left-hand tasks. The two sample t-test was used with the
FWE-corrected threshold of q = 0.01.

Then consider the joint autoregressive representation of all three
processes Xt, Yt and Zt:
∞

∞

∞

j=1

j=1

j=1

∞

∞

∞

j=1

j=1

j=1

∞

∞

∞

j=1

j=1

j=1

Xt = ∑ a2j Xt−j + ∑ b2j Yt−j + ∑ c2j Zt−j + ε2t

Yt = ∑ d2j Xt−j + ∑ e2j Yt−j + ∑ f2j Zt−j + η2t

Zt = ∑ u2j Xt−j + ∑ v2j Yt−j + ∑ w2j Zt−j + γ2t

ð4Þ

ð5Þ

ð6Þ

where the covariance matrix of the noise terms is as follows:
0

Γxx
Σ2 = @ Γyx
Γzx

Γxy
Γyy
Γzy

1
Γxz
Γyz A
Γzz

ð7Þ

The Granger causality from Yt to Xt conditional on Zt is deﬁned to
be as follows:
Fy→x j z = ln

Λ1
Γxx

ð8Þ

The meaning of this deﬁnition is the generalization of the pairwise
Granger causality. When the causal inﬂuence from Yt to Xt is entirely
mediated by Zt, {b2j} is uniformly zero, and Γxx = Λ1. Therefore, we
have Fy → x|z = 0, meaning that no further improvement in the
prediction of Xt can be expected by including past measurements of
Yt (Ding et al., 2006). When there is still a direct component from Yt to
Xt, the inclusion of past measurements of Yt in addition to that of Xt
and Zt results in better predictions of Xt (Ding et al., 2006). We have
Γxx b Λ1, and thereby Fy → x|z N 0.
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