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Drawing lines while imagining circles: Neural basis of the bimanual 
coupling effect during motor execution and motor imagery
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A B S T R A C T

W hen people simultaneously draw lines with one hand and circles with the other hand, both trajectories tend to 
assume an oval shape, showing that hand motor programs interact (the so-called “bimanual coupling effect"). 
The aim o f the present study was to investigate how  motor parameters (drawing trajectories) and the related 
brain activity vary during bimanual movements both in real execution and in m otor im agery tasks. In the 
‘Real’ modality, subjects performed right hand movements (lines) and, simultaneously. Congruent (lines) or 
Non-congruent (circles) left hand movements. In the ‘Imagery’ modality, subjects performed only right hand 
movements (lines) and, simultaneously, imagined Congruent (lines) or Non-congruent (circles) left hand m ove
ments. Behavioral results showed a similar interference o f both the real and the imagined circles on the actually 
executed lines, suggesting that the coupling effect also pertains to motor imagery. Neuroimaging results showed 
that a prefrontal-parietal network, mostly involving the pre-Supplementary Motor Area ( pre-SMA) and the pos
terior parietal cortex (PPC), was significantly more active in Non-congruent than in Congruent conditions, irre
spective o f task (Real or Im agery). The data also confirmed specific roles o f the right superior parietal lobe 
(SPL) in mediating spatial interference, and o f the left PPC in motor imagery. Collectively, these findings suggest 
that real and imagined Non-congruent movements activate common circuits related to the intentional and pre
dictive operation generating bimanual coupling, in which the pre-SMA and the PPC play a crucial role.

Introduction

If you perform simultaneous, Non-congruent movements with your 
hands, you will realize that each hand's movement is affected by the 
movement o f the other hand. Different kinds o f modulation (both spa
tial and temporal) can be observed, depending on the action performed. 
These effects are collectively known as “bimanual coupling". The pres
ent study focuses on the directional component o f bimanual spatial cou
pling (Franz et al., 1991), involving functional magnetic resonance 
(fMRl) tasks in which Congruent (Lines-Lines) or Non-congruent (Cir- 
cles-Lines) movements are executed by both hands ( “Real" tasks), 
and tasks where the movements o f one hand are performed while the 
movements (both Congruent and Non-congruent) o f the other hand 
are only imagined ( “Imagery" tasks). The study was designed to

investigate how motor parameters (drawing trajectories) and the relat
ed brain activity vary during bimanual Non-congruent movements, 
both in real execution and in motor imagery tasks.

In the classical Circles-Lines paradigm often used to reveal the recip
rocal influence o f hand actions in the spatial domain, subjects are asked 
to continuously draw straight lines with one hand and circles with the 
other. In this case, bimanual spatial coupling manifests as the tendency 
o f both hand trajectories to assume an oval shape. In other words, lines 
tend toward circles and circles tend toward lines (Franz et al., 1991). 
The effect generalizes to bimanual tasks involving more discontinuous 
shapes, such as drawing squares combined with circles (Franz, 2003). 
It is important to note that, although the present study was only focused 
on directional features, spatial coupling effects may also pertain to am
plitude parameters. In some previous studies, for example, amplitude 
parameters were manipulated by having subjects perform left and 
right limb movements with either the same or different amplitude spec
ifications (for a review o f spatial and other constraints, see Swinnen, 
2002; Swinnen and Wenderoth, 2004; for experimental studies on



spatial interference witii a directional and/or amplitude component, see 
Swinnen et al., 2001, 2002; Wenderoth et al., 2005a).

Other bimanual coupling effects have taken temporal parameters 
into account. Although a reliable temporal relationship exists between 
distance and time for simple unimanual reaching movements (different 
reaching distances imply different reaching durations), movement initi
ation and termination occur in a more coupled fashion during bimanual 
tasks with different target distances (Kelso et al., 1979; Pia et al., 2013). 
Similarly, healthy subjects who are asked to tap rhythms bimanually 
using non-harmonic relations are unable to produce two clearly distinct 
timing patterns without interference (Klapp, 1979; Peters, 1977). It is 
also well known that bimanual coordination in the mirror-symmetrical 
(in-phase) mode, in which homologous muscles are active simulta
neously, is more stable than in the anti-parallel (out-of-phase) mode, 
in which homologous muscles are engaged in an alternating fashion 
(Swinnen et al., 1997). When subjects bimanually rotate disks with 
their index fingers in the out-of-phase mode, for example, increasing 
the movement frequency ultimately results in transition toward the 
in-phase mode, but the opposite transition does not occur (Kelso, 1984).

Many fMRl studies have investigated bimanual coordination, focus
ing on comparisons between unimanual and bimanual movements, 
and between in-phase and out-of-phase bimanual movements. The 
first comparison, between unimanual and bimanual movements, has 
been discussed primarily under two alternative hypotheses. One view 
argues that bimanual coordination is achieved by recruiting networks 
additional to those involved in unimanual hand movements (Debaere 
et al., 2004; Koeneke et al., 2004; Nair et al., 2003; Toyokura et al., 
2002; Wenderoth et al., 2005b). The other view  argues that a different 
temporal modulation o f the same unimanual network is sufficient to 
sustain bimanual movement, without recruiting additional brain re
gions (e.g. Grefkes et al., 2008; Macaluso et al., 2007; Walsh et al.,
2008). Very recently, it has been proposed that neural dynamics are 
dominated by temporal modulation o f unimanual networks during ex
ecution o f stable bimanual coordination patterns, with recruitment of 
additional areas during periods o f instability or transition (Banerjee 
et al.,2012).

Converging neuroimaging data show that, in right-handed subjects, 
the (left) dominant hemisphere plays a principal role in performing bi
manual symmetrical (in phase) movements, whereas the (right) non
dominant hemisphere has a key role during the execution o f bimanual 
asymmetrical (out o f phase) movements (Aramaki etal., 2006a; Maki 
et al., 2008; Meyer-Lindenberg et al., 2002; Sadato et al., 1997; 
Wenderoth et al., 2004). Within this right-brain network, the activity 
o f certain brain areas has been described repeatedly. Increased activa
tion during asymmetric movements has been observed in the dorsal 
premotor cortex (PMd) (Aramaki et al., 2006b; Sadato et al., 1997; 
Wenderoth et al., 2004); the cingulate motor area (CMA) (Ehrsson 
et al., 2002; Immisch et al., 2001); parietal areas (Diedrichsen et al., 
2006; Ehrsson et al., 2002; Wenderoth et al., 2004, 2005a, 2005b); the 
cerebellum (Debaere et al., 2004; Nair et al., 2003); and in the Supple
mentary Motor Area (SMA) (Aramaki et al., 2006a; Debaere et al., 
2004; Ehrsson et al., 2002; Immisch et al., 2001; Matsuda et al., 2009; 
Meyer-Lindenberg et al., 2002; Sadato et al., 1997).

The present study, incorporating both Real and Imagery tasks, was 
designed with two main goals: 1) to investigate the magnitude o f spa
tial bimanual coupling during the Real and Imagery tasks; and 2) to 
evaluate and compare brain activity related to bimanual coupling for 
such task conditions. Previous studies have investigated the afferent 
versus efferent locus o f bimanual coupling. These studies suggested 
that the interference effect cannot be modulated by manipulating affer
ent sources of information, and they concluded that spatial interference 
primarily emerges at the efferent level o f movement planning and orga
nization (Swinnen et al., 2003). Accordingly, in pathological conditions, 
spatial coupling effects should be observed even in the absence o f actual 
movements o f one hand. Garbarini et al. (2012) described bimanual 
coupling effects in left hemiplegic patients affected by anosognosia for

hemiplegia (denial o f  paralysis), who claimed to move their para
lyzed hand when asked to draw lines with the right hand and circles 
with the left hand. Although no movement o f the left hand occurred, 
lines drawn with the right hand showed clear “ovalization". Using 
the same Circles-Lines paradigm, similar results were also found in 
amputees w ith illusory movements o f  the phantom limb (Franz 
and Ramachandran, 1998) and in brain-damaged patients affected 
by an atypical form o f hemisomatoagnosia, who identified other 
people's limbs as belonging to themselves (Garbarini et al., 2013). 
In these lesional studies, the actual movement execution seemed un
necessary for bimanual coupling to occur: motor intention and pro
gramming was sufficient to trigger the interference effects.

This raises the question whether similar effects are present during a 
motor imagery task, in which normal subjects imagine that the left hand 
is drawing circles while the right hand is actually drawing lines. Many 
studies have shown that cerebral regions recruited during motor imag
ery and during motor execution overlap substantially (Ehrsson et al., 
2003; Frak et al., 2001; Gerardin et al., 2000; jeannerod and Frak, 
1999; Parsons, 2001 ; Porro et al., 2000; Sacco etal., 2006), with brain ac
tivity during motor imagery associated more closely with that during 
the pre-executive (preparation) stage o f real movement than that dur
ing the movement execution stage and analysis o f sensory afferents 
(Hanakawa et al., 2008). Given the commonality o f circuits between 
planned and imagined actions, it is reasonable to hypothesize that 
motor imagery triggers a similar motor intention-programming cascade 
o f events as motor execution. If this is the case, then it is expected that, 
at the behavioral level, imagining drawing a circle with one hand will in
fluence the trajectories o f the other hand actively engaged in drawing 
lines. Importantly, although behavioral performance is difficult to assess 
in many imagery experiments, the tasks employed in the present study 
are designed to objectively and quantitatively reveal how imagery abil
ity interacts with motor behavior, based on the amount o f ovalization in 
line drawings.

Regarding the second goal of the present study, and based on the liter
ature cited above, a similar brain activity is expected in both Real and Im
agery tasks within the network related to the intention-programming 
system, mostly involving prefrontal-parietal circuits (e.g., Desmurget 
and Sirigu, 2009; Haggard, 2008). The use o f both Real and Imagery 
tasks in the same study provides further information with respect to the 
existing pertinent functional neuroimaging literature involving actual 
movement execution. Specifically, the approach allows discrimination be
tween two different components o f bimanual coupling: one strictly relat
ed to actual execution o f the Non-congruent movement, and the other 
related to selection and planning o f the Non-congruent motor program. 
The first component is expected to be specific to the Real task; the second 
is expected to be common to both Real and Imagery tasks. Several lines of 
evidence suggest that two candidate brain regions will be crucially impli
cated in the latter prediction: medial wall motor areas, and parietal areas. 
For both areas, a role in bimanual movements has been previously de
scribed (e.g., Sadato et al., 1997 ; Wenderoth et al., 2004), as well as a func
tional distinction between regions subserving motor execution or motor 
intention and planning (e.g., Andersen and Buneo, 2002; Picard and 
Strick, 2001). In particular, based on the existing literature we predict 
that our experimental design will emphasize the functional role o f the 
medial prefrontal and posterior parietal areas in the “abstract" selection 
o f Non-congruent (CL) motor programs, irrespective o f task (Real or 
Imagery).

Materials and methods

Subjects

Twelve healthy young subjects were recruited for the present study 
(mean age =  28.8, SD =  3.3). Two subjects were excluded from the 
analysis because of technical problems during data acquisition. All sub
jects had no history o f psychiatric or neurological illness, and all were



right-handed (Mean ±  SD: 0.9 ±  0.1) according to the Edinburgh 
Handedness Inventory (Oldfield, 1971). Subjective motor imagery abil
ity was assessed using a translated version o f the Movement Imagery 
Questionnaire—Revised Second version (MIQ-RS; Gregg et al., 2010). 
Each questionnaire item entails performing a movement, visually or 
kinesthetically imaging that movement, and then rating the ease or dif
ficulty o f generating that image on a 7-point scale (ranging from 
1 =  very hard to see/feel, to 7 =  very easy to see/feel). Consistently 
high imagery ability was observed throughout the group (visual scale 
Mean ±  SD: 6.2 ±  0.2; kinesthetic scale Mean ±  SD: 5.8 ±  0.2). The 
unexpected result o f this test was that all subjects were close to “ceiling" 
level, giving high scores to almost all items. Because o f this absence o f 
variance within our sample, MlQ-RS scores were not considered for fur
ther analyses ( such as correlation o f imagery ability with behavioral and 
neuroimaging findings). The local ethics committee approved the pro
tocol and all subjects gave their written informed consent for the 
study, which was performed at the Koelliker Hospital in Turin, Italy.

Experimental procedure

Subjects alternated between unimanual and bimanual motor tasks 
within a magnetic resonance (MR) scanner. Before entering the scan
ner, subjects were instructed how to perform the tasks, which were 
implemented using an fMRl-compatible tablet with quantitative behav
ioral recording (task and tablet details are provided further below). A 
head coil-mounted display system (IFIS-SA, Invivo Corporation, 
Gainesville, FL) was used to present visual stimuli via E-Prime software 
(Psychology Software Tools, Inc., Pittsburgh, PA), which also ensured 
synchronization with the MR scanner and the behavioral data collec
tion. In addition, two o f the authors (EG and AP) verified the correct ex
ecution o f the tasks in the control room.

Experimental design

Versions o f the Circles-Lines paradigm were developed as Real and 
Imagery tasks. The two tasks were evaluated in separate fMRl runs. A 
total o f 4 runs were performed: 2 runs o f the Real task, and 2 runs o f

REAL

the Imagery task. Because it can be difficult to imagine a particular 
movement never tried before, the first Imagery run followed the first 
Real run for all subjects, according to the following balanced sequence: 
Real-lmagery-lmagery-Real. The conditions that were employed are 
listed below and exemplified in Eig. 1.

Real task

A) Unimanual right Lines: drawing lines with the right hand (Real 
condition L );

B) Congruent bimanual Lines-Lines: drawing lines with both hands 
(Real condition LL);

C) Non-congruent bimanual Circles-Lines: drawing circles with the 
left hand and lines with the right hand (Real condition CL).

Imagery task

A) Unimanual right Lines: drawing lines with the right hand (Imag
ery condition L);

B) Congruent imagery Lines-Lines: imagining drawing lines with 
the left hand, while drawing lines with the right hand (Imagery 
condition LL);

C) Non-congruent imagery Circles-Lines: imagining drawing circles 
with the left hand, while drawing lines with the right hand (Im
agery condition CL).

The set o f behavioral tasks was designed to explore modulations in 
motor performance o f the right (dominant) hand. The unimanual 
right line condition was used as the baseline for behavioral analysis 
and for supplementary fMRl analysis. Only right-handed subjects were 
recruited and all tasks were designed with overt right-handed move
ments, for several reasons. The behavioral analysis thus enabled a quan
titative study o f the interference effect o f the circles executed or 
imagined with the left hand on the lines executed with the right hand, 
as mentioned above. This methodological choice also allowed develop
ment o f a proper method to test, inside the MR scanner, right-brain 
damaged patients affected by left side hemiplegia (in this case, only 
the right intact hand trajectories can be performed and analyzed), 
with and without anosognosia for hemiplegia (see Garbarini et al..

REST

... X  6

Fig. 1. Experimental task Real and Imagery taste were performed in separate runs (2 runs for each tasl(, for a total o f 4 runs). The timeline o f each run comprised an initial rest period o f 12 s 
followed by alternating experimental and rest blocl<s in 12-s periods. A  pseudorandom sequence o f experimental blocl<s was presented to the subjects, comprising a total o f 18 experimen
tal blocl<s (6 repetitions o f each o f the 3 experimental conditions). L =  unimanual lines, LL =  bimanual Congruent lines, CL =  Non-congruent bimanual circle and line. Subjects were 
instructed to perform the task conditions using the visual stimuli shown above, with the left hand shown in blue when imagery was to be performed.



2012, briefly summarized in tiie Introduction). Note tiiat a “pure" Imag
ery tasi<, in wiiicii subjects imagined bimanual movements (Congruent 
or Non-congruent), was not included because such a task would not 
allow a direct quantitative behavioral measurement to evaluate a po
tential coupling effect.

The timeline o f each run comprised an initial 12-s rest followed by 
alternating 12-s experimental and rest blocks. A pseudorandom se
quence o f experimental blocks was presented to the subjects, compris
ing a total o f 18 experimental blocks (6 repetitions for each o f the 3 
experimental conditions). During the rest blocks, a picture o f two 
white hands (left and right) was presented on the monitor, instructing 
subjects to keep both hands still. During the experimental blocks, in 
the Real task, subjects performed self-paced hand movements based 
on the instructions (line or circle) appearing within the white hands. 
Subjects continuously drew vertical lines and/or circles, without inter
ruption, for the entire duration o f the block. Preliminary data showed 
that subjects were able to maintain a constant frequency between con
ditions automatically; consequently, subjects were directed to perform 
ecological, self-paced movements rather than imposing a fixed move
ment frequency. For the Imagery task, subjects imagined left hand 
movements when the picture o f the left hand was colored blue. Subjects 
were instructed that during the Imagery task, they should “feel" them
selves moving their hand (kinesthetic imagery), rather than picturing 
the movement in their “mind's eye" (visuomotor imagery).

In a training period prior to flVIRl, subjects viewed the task instruc
tions (the pictures o f the hands) on a computer monitor in the control 
room, and then performed the requested tasks by drawing on a sheet 
o f paper. All subjects performed one practice block for each condition, 
including the rest condition. None reported problems learning the tasks.

Behavioral data collection and analysis

Dual panel JMRI-compatible tablet
The tablet was a modified version o f the one used by Tam et al. 

(2011). Instead o f one sensor panel and stylus, two separate panels and 
styli allowed the simultaneous collection o f data from both hands (see 
Fig. 2). Each panel was connected to a distinct computer outside the 
scanner room for behavioral recording. To exclude the possibility that 
subjects would covertly generate small movements with their left hand 
during Imagery tasks, subjects were asked to hold the left stylus against 
the left tablet surface in these conditions. The behavioral recordings from 
all imagery blocks were visually inspected, and no movements were

recorded by the left tablet surface in most cases. Small oscillations due 
to trembling were observed in some cases, but none could be considered 
as real movements o f interest.

instrumented analysis o f bimanual coupling during drawing
An Ovalization Index (01) was defined to quantify the occurrence of 

lateral deviation when continuously drawing a straight vertical line. The 
strength o f any bimanual coupling/interference effect was signaled by 
an increased 01 value in the Non-congruent condition compared to 
the Congruent condition.

The raw measured trajectory o f the stylus point (x  =  tablet lateral 
coordinates; y =  tablet vertical coordinates) over successive up-and- 
down cycles was analyzed with the following steps to yield the 01 value:

1) Removal o f slow lateral drifts by subtracting an 8th-order polynomi
al fitting the time course o f the lateral coordinate;

2) Reorientation o f reference axes to identify “vertical" and “lateral" co
ordinates intrinsic to the recorded movements;

3) Temporal segmentation o f the individual cycles by identification of 
the trajectory apical points (characterized by zero first derivative 
and negative second derivative);

4) Computation o f the per-cycle ovalization according to the following 
formula:

stdev(Xj) 

stdev(yj) ’

5) Computation o f the 01 value by determining the mean per-cycle 
ovalization o f all recorded cycles per condition, for each subject.

The resulting 01 has the following properties:

a) A zero value for straight trajectories without any sign o f ovalization, 
even if somewhat misaligned relative to the tablet's vertical and hor
izontal axes;

b) A value o f 100 for circular trajectories;
c) A value between 0 and 100 for oval trajectories with a longer vertical 

than lateral excursion;
d) A value greater than 100 for oval trajectories with a longer lateral 

than vertical excursion (not expected).

Preprocessing o f the recorded trajectories before calculation o f the 
01 was implemented to exclude unwanted components that could oth
erwise add noise to the data and alter the 01 value ( steps 1 and 2 above).

Fig. 2. Dual panel fMRl-compatible tablet



For example, some slow lateral drift and a slight difference between the 
vertical tablet axis and the vertical drawing direction are likely to arise 
during drawing performance, particularly without visual feedback.

Additionally, the average drawing frequency was computed for each 
block as the number o f drawing cycles per second, or alternatively the 
inverse o f the average cycle duration (in Hz).

Magnetic resonance imaging data acquisition

Data acquisition was performed using a 1.5-Tesla MR scanner 
(Intera, Philips Healthcare, Best, The Netherlands) with a Philips 
SENSE high-field, high resolution (MRIDC) 8-channel head coil opti
mized for functional imaging. T2*-weighted images were acquired 
with blood oxygenation level-dependent (BOLD) fMRl signal contrast 
using an echo planar imaging (EPl) sequence, with a repetition time 
(TR) o f 3000 ms, an echo time (TE) o f 60 ms, and a 90° flip angle. The 
acquisition matrix was 64 x  64; the field o f view (FoV) was 256 mm^. 
For each run, 148 volumes were acquired for a duration o f 7 min 24 s 
per run. Each volume consisted o f 25 axial slices, parallel to the anteri- 
or-posterior commissure (AC-PC) line and covered the whole brain; 
the slice thickness was 4 mm with a 0.5 mm gap. Two volumes were 
imaged (but not collected) at the beginning o f each run to reach a 
steady-state magnetization, before subsequent acquisition o f the exper
imental data.

In the same session, a set o f three-dimensional high resolution T l- 
weighted structural images was acquired for each participant. This 
data set was acquired using a Fast Field Echo ( FEE) sequence, with a rep
etition time (TR) o f 2500 ms, minimum TE, and a 30° flip angle. The ac
quisition matrix was 256 x  256; the field o f view  (FoV) was 256 mm 
square. The data set consisted o f 160 contiguous sagittal images cover
ing the whole brain, with a voxel size o f 1 mm x 1 mm x 1 mm.

JMRI data preprocessing and statistical analysis

The fMRl data were analyzed using BrainVoyager QX 2.3 (Brain Inno
vation, Maastricht, The Netherlands) with the following preprocessing 
steps: mean intensity adjustment, head motion correction, slice time cor
rection, spatial smoothing (Gaussian full width at half maximum 
FWHM =  4 mm), linear trend removal, high pass filtering (cut-off 
>0.004 Hz) and temporal smoothing (FWHM =  2.8 s). After prepro
cessing, the fMRl data for each subject were co-registered to the associ
ated 3D high resolution structural scan, which was transformed into 
Talairach space (Talairach and Tournoux, 1988). The preprocessed fMRl 
data were subsequently transformed into Talairach space using the ana- 
tomical-functional coregistration matrix and manually-determined 
Talairach reference points.

A single design matrix was specified for all subjects in each task con
dition, consisting o f task-defined box-car time courses convolved with a 
predefined hemodynamic response function (HRE) (Boynton et al.,
1996) to account for the hemodynamic delay. This design matrix was 
then entered into subject-level General Linear Model (GLM) analyses 
to yield beta parameter estimates for subsequent group statistics. At 
the group level, a 2 x  2 analysis o f variance (ANOVA) was performed 
with Task (two levels. Real and Imagery) and Coupling (two levels, LL 
and CL) as within-subjects factors. The ANOVA was computed within 
a random effects GLM framework, with a regressor for subject, to 
yield brain activation maps. Tests for main effects and interaction effects 
were computed at a statistical threshold o f p < 0.005 and then 
corrected for multiple comparisons (pcor < 0.05) using cluster-size 
thresholding (Forman et al., 1995; Goebel et al., 2006). All bimanual 
versus unimanual contrasts (CL > L, L > CL for Real and Imagery; 
LL > L, L > LL for Real and Imagery) were analyzed using the same pre
processing, GLM, and statistical threshold procedures outlined above. 
See Supplementary Online Materials (SOM).

In addition, a conjunction test (Nichols et al., 2005) was performed 
to investigate voxels that were simultaneously activated by the coupling

effect (CL > LL) in both Real and Imagery conditions (threshold of 
p < 0.01, pcor < 0.05 with cluster-size thresholding in both cases). See 
SOM. “Single-subject" region-of-interest (ROl) analyses were also un
dertaken, for pertinent ROls in all subjects where activation results 
were observed for the Coupling factor in the group ANOVA. The ROl 
analyses focused on the contrast between CL and LL conditions in both 
Real and Imagery tasks, and on the conjunction o f Real AND Imagery 
tasks. One caveat to these ROl analyses is that the group main effect o f 
coupling used to define the ROls is not orthogonal to the CL > LL con
trast in either the Real or Imagery task, leading to a possible overestima
tion o f the effects in single subjects. Consequently the ROl analyses 
should be considered supplementary support for the group analysis re
sults, which are o f primary interest in this work. See SOM.

A script (http://precedings.nature.eom/documents/6142/version/2) 
was written in Matlab (The MathWorks, Inc., Natick, MA) to tabulate 
Talairach coordinates o f local maxima of all activation maps and to de
termine the activated brain regions and Brodmann Areas (BA) accord
ing to the Analysis o f Functional Neuroimages (AFNl, http://afni.nimh. 
nih.gov) adas. The same script was used to compute the lateralization 
indices L% and R% for each cluster o f brain activity, and for anatomical 
or BA subregions o f clusters, according to the following formulae: L =  

— — ; R =  — — , where nvoxL is the number o f active voxels in a
n vo i+ n v a x R ’ n „x t+ n vo x R ’

cluster in the left cerebral hemisphere, nvoxR is the number o f active 
voxels in the homologous region o f the right hemisphere, and with L 
and R expressed as percentages. Activations were also classified using 
the method o f Mayka et al. (2006) according to the related Human 
Motor Area Template (HMAT atlas, Tal Space AFNl Format, http:// 
lrnlab.org) that parcellated motor and somatosensory areas as: pre- 
Supplementary Motor Area (pre-SMA), SMA, PreMotor Cortex dorsal 
(PMCd), PMC ventral (PMCv), Primary Motor Cortex (M l), and Primary 
Somatosensory Cortex (S I ). Cingulate areas immediately inferior to the 
pre-SMA and SMA were designated pre- and cingulate motor areas 
(pre-CMA and CMA), respectively.

Beta values were extracted from the brain activity determined by 
GLM analysis for both factors (Task and Coupling) to plot main and in
teraction effects. Beta values were also extracted from ROls as deter
mined by the Conjunction analysis (see SOM). To evaluate differences 
between brain regions while avoiding the “imager's fallacy" (i.e. con
cluding meaningful differences between areas based on differences in 
the appearance o f different parametric maps; Henson, 2005), paired t- 
tests were performed on the extracted beta values in CL and LL condi
tions. In particular, to investigate differences in medial wall motor 
areas, brain activity in front o f and behind the anterior commissure 
was compared. Parietal activity in the right and left hemispheres was 
compared to investigate lateralization effects in the Real and Imagery 
tasks.

Results

Behavioral results

Based on the original investigation (Franz et al., 1991), the bimanual 
coupling effect for the right hand drawing lines in the Non-congruent 
condition (CL) should cause the Ovalization Index (01) value to increase 
with respect to the baseline condition (L). No such increase in 01 value is 
expected for the Congruent condition ( LL). These expectations were con
firmed for the Circles-Lines paradigm performed in the MR scanner, both 
in the Real and in the Imagery task. Illustrative examples o f the right 
hand trajectories in different experimental conditions are shown in 
Fig. 3. Because frequency can influence trajectories in such tasks 
(Dounskaia et al., 2010), it is important to note that subjects automatical
ly maintained a constant frequency between conditions, despite the self- 
paced task design. Two paired t-tests o f drawing frequency mean values 
were performed for the contrast between LL and CL conditions in both 
Real (LLMean ±  SD: 1.32 ±  0.45 Hz; CL Mean ±  SD: 1.31 ±  0.4 Hz)

http://precedings.nature.eom/documents/6142/version/2
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LL p =  0.0003, respectively). The significant interaction was explained 
by the difference between Real CL and Imagery CL (p =  0.0006), sug
gesting that the increase in 01 value, although present in both tasks, 
was significantly smaller in the Imagery task than in the Real task 
(Fig. 4).

These 01 differences were consistently evident even at the single 
subject level. In 9 out o f 10 subjects there was a significant (two-tailed 
t-test, p < 0.05 for each comparison) 01 increase in the CL condition 
with respect to the L condition in both Real and Imagery tasks. On the 
contrary, none o f the subjects showed a significant increase in the LL 
condition with respect to the L condition. Additionally, in 5 out o f 10 
subjects, the coupling effect above (CL > L) was significantly (two- 
tailed t-test, p < 0.05 for each comparison) smaller in the Imagery 
than in the Real task, as found in the group analysis. See Inline Supple
mentary Table S6.

Inline Supplementary Table S6 can be found online at http://dx.doi. 
org/10.1016/j.neuroimage.2013.10.061.

fMRl results

Main and interaction effects are reported below for the 2 x 2  
ANOVA that was performed to investigate the influence o f Task (Real 
and Imagery) and Coupling (Congruent, LL; and Non-congruent, CL) 
on brain activity.

Fig. 3. Example o f one subject's right hand trajectory for all experimental conditions (L; LL; 
CL) in both Real and Imagery tasks. Note the increased ovalization in the CL condition in 
both Real and Imagery tasks.

and Imagery (LL Mean ±  SD: 1.39 ±  0.62 Hz; CL Mean ±  SD: 
1.38 ±  0.62 Hz) tasks. Overall, no significant difference was found for 
drawing frequency between these conditions (Real tasks: p =  0.5; Im
agery tasks: p =  0.6). Because o f this initial finding, drawing frequency 
was not included as a variable o f interest in subsequent analyses.

A 2 X 3 ANOVA o f the 01 mean value (averaging across both runs of 
each task, for all subjects) was computed with two within-subjects fac
tors: Task (w ith two levels. Real and Imagery) and Condition (with 
three levels, L, LL and CL). The ANOVA showed a significant main effect 
o f Condition (f(2 , 38) =  29.01; p =  0.000001) and a significant 
Task X Condition interaction (f(2 , 38) =  5.03; p =  0.01). No main ef
fect o f Task was found ( f ( l ,  19) =  1.92; p =  0.2). Duncan post hoc 
comparisons confirmed a significant difference between the CL and 
both L and LL conditions, in both the Real task (p =  0.00003 and 
p =  0.00002, respectively) and the Imagery task (p =  0.0003 and

Task factor: Real versus Imagery
The main effect o f the Task factor highlighted greater brain activity 

for the Real task (in which left hand movements were actually per
formed) compared to the Imagery task (in which left hand movements 
were only imagined). A right-lateralized sensorimotor network was im
plicated that included the right SMA proper (medial BA 6); the underly
ing CMA (BA 31); the right PMCv (lateral BA 6, BA44); the right M l (BA
4); bilateral SI (BA 3 and BA 2); bilateral secondary somatosensory cor
tex (S2, BA 40); and the anterior vermis o f cerebellum (vCRB). See 
Table 1 and Fig. 5a. Within this network, some areas, namely CMA, Ml, 
SI and vCRB, also participated in the main effect o f the Coupling factor 
and the subsequent Interaction effect (see below). Greater activity was 
also observed for the Imagery task compared to the Real task in a left- 
lateralized network including the dorsolateral prefrontal cortex (DLPFC, 
BA 9); the dorsal PMC (PMCd, BA 6); the supramarginal gyrus (SMG, 
BA 40); and the left and right lateral posterior CRB. These activations 
did not survive multiple comparisons correction, however. Additionally, 
lateralization differed between the Real task (right lateralized) and the 
Imagery task (left lateralized) in the supplementary contrasts between 
bimanual conditions (CL and LL) and the unimanual right hand lines

REAL IMAGERY

Fig. 4. Behavioral ANOVA results. Results o f ANOVA with 01 values for the right hand as the dependent variable and two between-subjects factors, Task (with two levels, Real and Imagery) 
and Condition (with three levels, L, LL and CL). Standard errors o f the mean are shown. *p < 0.0005; ” p < 0.00005.
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Table 1
Task factor.

Cluster Brain region Ke L/R%

Real >  Im agery
1 R Declive [vVI] 260 71/29 2 - 6 2 - 1 8 8.89 0.000009

Include: Culmen [vIV-V], Nodule [vX] 3.2 -66.3 -18 .2
2 R Postcentral Gyrus (BA 3)/Sl 429 0/100 53 - 2 0 39 7.30 0.000046

Include: Precentral Gyrus (BA4)/M1, 58.9 -15 .6 39.6
Inferior Parietal Lobule (BA40)/S2

3 R Inferior Frontal Gyrus (BA 44)/PMv 55 0/100 53 4 30 5.98 0.000206
Include: Precentral Gyrus (BA6)/PMv 58.7 9.0 27.1

4 L Inferior Parietal Lobule (BA40)/S2 52 100/0 - 4 6 - 2 9 24 5.82 0.000253
Include: Postcentral Gyrus (BA 2) -48 .2 -27.1 25.8

5 R Cingulate Gyrus (BA 31 )/CMA 97 0/100 5 - 2 3 39 5.39 0.000439
Include: Medial Frontal Gyrus (BA 6)/SMA 7.1 -18 .9 40.9

Significantly activated clusters, p < 0.05, corrected for multiple comparisons using cluster-size thresholding (after p < 0.005 uncorrected). Ke =  cluster extension in voxels 
( 3 x 3 x 3  mm^). (BA) =  Brodmann Area. L =  Left. R =  Right, x, y, z expressed in mm. v  =  Vermis, M l =  primary motor, SI =  primary sensory, S2 secondary sensory, 
PMv =  PreMotor Ventral, CMA =  Cingulate M otor Area, SMA =  Supplementary Motor Area. Coordinates are in Talairach (big characters) and MNI (small characters) spaces. 
Brain regions were classified using AFNI (http://afni.nimh.nih.gov) and HMAT (http://lrnlab.org) atlases. Square brackets indicate Roman nomenclature o f Schmahmann et al., 1999. 
RatiobetweenSMAandCMA =  42^and58^.

X = 5 mm

Real ■  Im agery

y = -29 z = 43 mm

■5. A §

X = 3 mm

Sym m etric ■  A sym m etric

y = 0 mm z = 46 mm

,2 p u t; c p

X = 14 mm y  = -29 mm

Real LL ■  Real C L ■  Im agery LL ■  Im agery C L

Fig. 5. fMRI ANOVA results. From top to bottom: a) Task effects; b) Coupling effects; c) Interaction effects. Significantly activated clusters, corrected for multiple comparisons at 
Pcor < 0.05 using cluster-size thresholding after p < 0.005 uncorrected). A  =  Anterior, P =  Posterior. SAG =  Sagittal, COR =  coronal, IR A  =  Transverse. L =  Left, R =  Right. 
pSMA =  preSMA, pCMA =  preCMA. SMA =  Supplementary M otor Area. M l =  primary motor area. SI =  primary motor area. CMA =  Cingulate Motor Area. vCRB =  vermis 
o f cerebellum. SMG =  Supramarginal Gyrus. SPL =  Superior Parietal Lobule. PUT/GP =  Putamen, Globus Pallidus. PMv =  ventral Premotor Area. Statistical maps overlaid on a 
Talairach space template.
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Tablez
Coupling factor. 

Cluster Brain region Ke L/R% X t

R Cingulate Gyrus (BA 24)/pre-CMA; CMA 
Include: Medial Frontal Gyrus (BA 6)/pre-SMA; SMA 
R Inferior Parietal Lobule (BA 40)
Include: Supramarginal Gyrus (BA 40)
L Declive [vVl]
Include: Culmen [vlV-V],
Nodule [vX]
R Superior Parietal Lobule (BA 7)
Include: Inferior Parietal Lobule (BA 40),
Precuneus(BA 7)
L Inferior Parietal Lobule (BA 40)
Include: Supramarginal Gyrus (BA 40)
R Precentral Gyrus (BA4)/M1 
Include: Postcentral Gyrus (BA3)/S1

187

135

48

80

73

1/99

0/100

57/43

0/100

100/0

0/100

14
16.7 
26
29.8 

-1
0.0

32
36.5

- 3 7
-38 .3

23
26.7

7
13.0

-41
-38.3
-59
-63.2

-56
-53.0

-47
-45.2
-20
-14.4

39
37.5 
36 
39.0

-18
-18.5

48
53.8

33
37.5 
51
53.5

10.08

7.22

7.15

5.96

5.74

5.58

0.000003

0.000050

0.000054

0.000212

0.000280

0.000343

Significantly activated clusters, p < 0.05, corrected for multiple comparisons using cluster-size thresholding (after p < 0.005 uncorrected). Ke =  cluster extension in voxels 
( 3 x 3 x 3  mm^). (BA) =  Brodmann Area. L =  Left. R =  Right, x, y, z expressed in mm. v  =  Vermis, M l =  primary motor, SI =  primary sensory, CMA =  Cingulate Motor Area, 
SMA =  Supplementary Motor Area. Coordinates are in Talairach (big characters) and MNl (small characters) spaces. Brain regions were classified using AFNl (http://afni.nimh.nih.gov) 
and HMAT (http://lmlab.org) atlases. Square brackets indicate Roman nomenclature o f Schmahmann et aL, 1999.
RatiobetweenSMAandCMA =  36Xand64^
Ratiobetweenpre-SMAandSMA= 64^and36X 
Ratiobetweenpre-CMAandCMA =  64^and36X.

condition (L). See SOM, Supplementary Fig. 1, Inline Supplementary 
Tables S1-S4.

Inline Supplementary Tables SI, S2, S3 and S4 can be found online at 
http: //dx.doi.org/10.1016/j.neuroimage.2013.10.061.

Coupling factor: Non-congruent (CL) versus Congruent (LL) movement 
The main effect o f the Coupling factor revealed greater brain activity 

for the Non-congruent (CL) movements compared to the Congruent 
(LL) movements, irrespective o f Real or Imagery task, in the form o f a 
prefontal-parietal network that included the right pre-SMA (mesial 
rostral BA 6); the underlying pre-CMA (BA 24); the bilateral posterior 
parietal cortex (PPC) particularly including the right superior parietal 
lobe (SPL, BA 7); the right precuneus (PrC); the bilateral inferior parietal 
lobe (IPL, BA 40); and the left and right supramarginal gyrus (SMG). 
These prefrontal and parietal areas were specific to the Coupling factor 
and were not found significant in the Task or Interaction effects. See 
Fig. 5b and Table 2. The activity o f these coupling-specific areas was 
also evident in the conjunction analysis (Real AND Imagery) in the cru
cial contrast between bimanual Non-congruent CL and bimanual Con
gruent LL (Supplementary Fig. 2; Inline Supplementary Table S5) and 
in the contrast between bimanual Non-congruent CL and unimanual L 
in both the Real task (Supplementary Fig. lb ; Inline Supplementary 
Table S2) and the Imagery task (Supplementary Fig. Id; Inline Supple
mentary Table S4). Activation o f the right M l, the right SI, and the an
terior vCRB, was also found for the main effect o f Task (see above) and 
fortheTask x  Coupling interaction (see below). No regions showed sig
nificantly greater activity in LL conditions than in CL conditions.

Inline Supplementary Table S5 can be found online at http://dx.doi. 
org/10.1016/j.neuroimage.2013.10.061.

Single-subject analysis showed, for most subjects, significant activity 
in the brain network for the coupling effect identified from the ANOVA 
group analysis. Moreover, between 8 and 9 out o f 10 subjects (depend
ing on the areas o f the brain network) showed increased activity in the 
CL condition with respect to the LL condition, in both Real and Imagery 
tasks as shown in the conjunction analysis, reaching a significant level in 
6 out o f 10 subjects. See Inline Supplementary Table S7.

Inline Supplementary Table S7 can be found online at http://dx.doi. 
org/10.1016/j.neuroimage.2013.10.061.

interaction Task x  Coupling: Real CL > LL versus imagery CL > LL
The Task x  Coupling interaction revealed right-lateralized motor re

gions in which brain activity for the contrast between CL and LL was

always greater in the Real task than in the Imagery task: the bilateral 
CMA (BA 31); the bilateral PMCd (BA 6); the right M l (BA 4); the 
right basal ganglia, including right lateral globus pallidum (GP) and 
right putamen (PUT); and the anterior vCRB. See Fig. 5c and Table 3.

For all analyses performed, plots o f the lateralization (both in Gyral 
and Brodmann areas) are shown in SOM (Supplementary Figs. 3-18).

Discussion

Using both Real and Imagery tasks, the present study was designed 
to discriminate between two different components o f bimanual cou
pling: one strictly related to the execution o f bimanual movement; 
and the other related to the abstract selection o f (Non-congruent) 
motor programs, which was expected to be required for both motor ex
ecution and motor imagery. The behavioral results show that spatial 
coupling effects occur not only during actual execution o f bimanual 
Non-congruent movements (the Real task), but also when the move
ments o f one hand are only imagined (the Imagery task). The neuroim
aging results first indicate that a right motor network is strongly 
associated with the actual execution o f the left hand movements during 
a bimanual task. Second, and most importantly, they emphasize that a 
prefrontal-parietal network (mostly involving right pre-SMA/CMA 
and bilateral PPC) is responsible for the main effect o f the Coupling fac
tor, discriminating between Congruent (LL) and Non-congruent (CL) 
movements, both when Non-congruent movements are actually pro
duced, and when they are only imagined.

From a behavioral point o f view, although the coupling effect was 
present in both Real and Imagery tasks, the intensity was different, 
with stronger coupling occurring in the Real task than in the Imagery 
task (Fig. 4). In a previous study (Garbarini et al., 2012) a difference be
tween motor execution and motor imagery was also found in a control 
group o f elderly subjects. However, contrary to the results found in the 
young adults studied here, the coupling effect for the Imagery task was 
not statistically significant in the elderly group, although a trend was 
present. Motor imagery capacity can be impaired with age (Mulder 
et al., 2007; Personnier et al., 2008; Saimpont et al., 2009; Skoura 
et al., 2008) and different results for elderly (mean age 68.5, Garbarini 
et al., 2012) and young subjects (mean age: 28.8, the present study) 
are in keeping with this possibility.

In the fMRl results, a right motor network (including SMA, CMA, 
PMCv, M l, SI, S2, and vCRB) was found to be more active in the Real 
task than in the Imagery task (Fig. 5a). This network undoubtedly
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Tables
Interaction Tasl( x  Coupling.

Cluster Brain region Ke L/R% X Y z F P

58/42 2 - 4 4 - 1 8 59.4 0.000030
3.1 -47 .2 -20.1

0/100 11 - 2 3 39 55.9 0.000038
13.6 -18 .9 40.8

0/100 17 - 2 9 46.1 0.000080
19.5 0.3 5.1

100/0 - 1 6 - 2 6 51 33.9 0.000253
-15 .4 -21 .0 549

R Cerebellar Lingual [vl-11] 44
Include: Culmen [vlV-V]
R Cingulate Gyrus ( BA 31 )/CMA 79
Include: Precentral Gyrus (BA 6; 4)/PMd; M l 
R Lateral Globus Pallidus 81
Include: Putamen
L Cingulate Gyrus (BA 31 )/CMA 22
Include: Precentral Gyrus (BA6)/PMd

Significantly activated clusters, p < 0.05, corrected for multiple comparisons using cluster-size thresholding (after p < 0.005 uncorrected). Ke =  cluster extension in voxels 
( 3 x 3 x 3  mm^).(BA) =  Brodmann Area. L =  LeftR  =  Right x, y, z expressed in m m  v  =  Vermis,Ml =  primary motor, PMd =  PreMotor Dorsal, CMA =  Cingulate Motor Area. Co
ordinates are in Talairach (big characters) and MNl (small characters) spaces. Brain regions were classified using AFNl (http://afni.nimh.nih.gov) and HMAT (http://lrnlab.org) atlases. 
Square brackets indicate Roman nomenclature o f Schmahmann et al, 1999.
RatiobetweenSMAandCMA =  14^and86X.

played a role in the actual movement execution o f the left hand 
performing lines (in the LL condition) or circles (in the CL condition). 
More interestingly, however, some o f these areas (CMA, M l, SI and 
vCRB) were also active as part o f the main effect o f the Coupling factor 
(in CL > LL) and in the Task x  Coupling interaction effect, where the dif
ference in activity between the CL and LL conditions was greater in the 
Real task than in the Imagery task (Figs. 5b and c). In all three cases, 
these areas were mainly lateralized in the right hemisphere, confirming 
a right lateralization for the actual execution o f bimanual Non- 
congruent movement (Aramaki et al., 2006a, 2006b; Maki et al., 2008; 
Meyer-Lindenberg et al., 2002; Sadato et al., 1997; Wenderoth et al., 
2004). Other right hemisphere areas involved in motor execution, 
namely the PMCd and the basal ganglia (the globus pallidus, GP; and 
the putamen, PUT), participated in the interaction effect.

Importantly, as predicted, the results also showed that some pre- 
frontal-parietal areas (the right pre-SMA/pre-CMA and the bilateral 
PPC) showed neither a Task effect nor an Interaction effect, but were ac
tive for the main effect o f Coupling, discriminating between Congruent 
(LL) and Non-congruent (CL) movements, irrespective o f task (Real or 
Imagery) (Fig. 5b). To exclude the possibility that the main effect o f Cou
pling was driven almost entirely by the Real CL condition, even given 
the lack o f a significant interaction, we performed a conjunction analysis 
(Real AND Imagery) o f the crucial contrast between CL and LL, 
confirming that all areas showing a coupling effect did so in both tasks 
(Supplementary Fig. 2 and Inline Supplementary Table S5). These 
areas were also significantly activated in the contrast between the bi
manual CL and unimanual L conditions, in both Real and Imagery 
tasks (Supplementary Figs. lb  and d), further supporting the similarity 
o f the brain activity in the Non-congruent conditions o f both tasks.

Bimanual coupling within components o f the medial wall motor areas
Based on anatomical, physiological and functional criteria, the SMA 

subdivides into a rostral SMA (the pre-SMA) and a caudal SMA (the 
SMA proper) (Matelli et al., 1991; Mayka et al., 2006; Picard and 
Strick, 1996). The border separating the SMA proper and the more ante
rior pre-SMA may, therefore, be the ventral anterior commissure plane. 
From a functional point o f view, the general consensus appears to be 
that the pre-SMA participates in the selection and updating o f move
ments, rather than in the initiation o f the movement itself whereas 
the SMA proper is more involved in the preparation o f actual motor ex
ecution (Shima and Tanji, 2000; Picard and Strick, 2001). A similar func
tional distinction can be applied to the underlying CMA that has often 
been discussed together with the SMA and pre-SMA (e.g., Picard and 
Strick, 2001; Shackman et al., 2011). The present work classified the 
pre-SMA and the SMA proper according to Mayka et al. (2006). As 
shown in the Results (Tables 1 and 2), the ratio between SMA and 
pre-SMA is opposite for the Task and the Coupling factors (SMA/pre- 
SMA =  100/0%; SMA/pre-SMA =  36/64%, respectively).

Even if the critical role o f the SMA in mediating bimanual asymmet
ric movements has been extensively described (e.g., Aramaki et al., 
2006a; Debaere et al., 2004; Ehrsson et al., 2002; Immisch et al., 2001; 
Matsuda et al., 2009; Meyer-Lindenberg et al., 2002; Sadato et al., 
1997; Wenderoth et al., 2004), the present results suggest a clear dis
tinction between the functional role o f SMA proper and pre-SMA in bi
manual coupling. Consistent with the functional role o f the SMA proper 
in the preparation o f motor execution, activity o f this area and o f the un
derlying CMA (BA 31) was observed together with a right motor net
work as the main effect o f Task (Fig. 5a), differentiating between the 
Real and Imagery tasks. For the SMA, the coordinates o f peak activity ap
pear very similar across previous studies (e.g. in Sadato et al., 1997: 
X =  16, y =  —20 mm, z =  64 mm; in Wenderoth et al., 2004: 
x =  12, y =  —6 mm, z =  68 mm; reported in MNl space). These co
ordinates are consistent with those found in the present study, although 
in our results the SMA coordinates are included in the CMA cluster with 
lower z values (see Table 1). Consistent with the functional role o f the 
pre-SMA in abstract motor planning, this area (and the underlying 
pre-CMA) showed a Coupling effect (Fig. 5b), discriminating between 
Congruent (LL) and Non-congruent (CL) movements that was present 
in both Real and Imagery tasks as demonstrated by the conjunction re
sult (Supplementary Fig. 2). Furthermore, the coupling specificity 
(CL > LL) o f the pre-SMA/CMA with respect to the SMA/CMA was also 
confirmed by directly comparing the activity o f these two areas in 
both Real (p < 0.001) and Imagery (p =  0.007) tasks.

Different interpretations have been placed on pre-SMA function 
that, according to Nachev et al. (2008), can be conceptually related to 
the complexity o f their condition-action associations. Within this con
text, the conflict-monitoring hypothesis can be usefully applied in 
interpreting the present work. Based on this hypothesis, it has been sug
gested that the pre-SMA acts to resolve the response conflict between 
incompatible motor plans so that the desired action can be selected 
(e.g., Nachev et al., 2005). In the Non-congruent (CL) conditions, the 
monitoring o f conflict between incompatible motor plans (Circles and 
Lines) can explain the activity o f the pre-SMA in both Real and Imagery 
CL conditions. In accordance with this interpretation, a study on biman
ual reaching (Diedrichsen et al., 2006) found that the pre-SMA and the 
pre-CMA showed increased activation not during bimanual actions per 
se, but only during asymmetric actions in a symbolic cuing condition 
( i.e., the activity was not observed when movement goals were spatially 
specified). This led the authors to propose that the role o f these areas in 
bimanual motor control extends from their roles in monitoring goal- 
selection conflict. Apart from the left lateralization o f this pre-SMA/ 
CMA activity, which Diedrichsen et al. (2006) interpreted as occurring 
due to the symbolic nature o f their task, the coordinates o f peak activity 
(x  =  — 10, y =  22 mm, z =  46 mm; reported in MNl space) are very 
similar to those found in the present study (see Table 2). Moreover, in 
bimanual situations when the conflict between incompatible motor
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plans was absent (such as in the LL condition o f the present study) activ
ity o f the pre-SMA was not found. Also consistent with our results, and 
considering the contrast between Real bimanual Congruent (LL) and 
unimanual L (see Supplementary Fig. la  and Inline Supplementary 
Table SI), Toyokura et al. (2002) only found activity in the SMA proper 
and not in the pre-SMA when investigating the contrast between 
unimanual and bimanual thumb-finger oppositions in a mirror-sym- 
metric fashion. However, Wenderoth etal. (2005b) reported the activity 
o f the pre-SMA/CMA (x  =  — 4, y =  4 mm, z =  52 mm; reported in 
MNI space) in the contrast between unimanual and bimanual move
ments, either when bimanual movements were Congruent (StarStar) 
or Non-congruent (LineStar). Importantly, this activity was higher for 
the LineStar than for the StarStar condition, indicating that such activity 
not only pertains to the bimanual modality per se, but is also modulated 
by the degree o f spatial interference. Indeed, in our supplementary con
trast between bimanual (CL or LL) and unimanual movements (L), 
greater pre-SMA/CMA activity was found in the contrast involving the 
Non-congruent (CL) condition, in both Real and Imagery tasks (Supple
mentary Fig. 1 ; Inline Supplementary Table S1-S4).

Other lines o f research underline the role o f the pre-SMA in motor 
inhibition processing. In fMRI studies, the role o f the pre-SMA (and usu
ally also the anterior cingulate) has been identified in go/no-go para
digms, with greater activity related to trials for which participants 
successfully cancel a response, compared to trials for which they do 
not (e.g., Amanzio et al., 2011; Sharp et al., 2010). Neurophysiologic 
studies (e.g., Swann et aL, 2012) and TMS studies (e.g., Cai et al., 2012) 
show activation o f the pre-SMA prior to and during stopping actions. 
Pertinent to the present work, the pre-SMA activity in the CL condition 
likely exerted an inhibitory function on the default coupling o f homolo
gous muscles, promoted by neural crosstalk (Cattaert et al., 1999), thus 
allowing the execution o f Non-congruent movements (Sadato et al.,
1997). An important role o f motor inhibition processing has been de
scribed in motor imagery, in which the overt motor act has to be 
stopped (Kasess et al., 2008; Raffin et al., 2012). In our Imagery task, 
the pre-SMA activity can be explained by an increased recruitment of 
inhibitory processing in the Imagery Non-congruent condition, in 
which subjects performed right hand lines and simultaneously imag
ined performing left hand circles.

Another function typically ascribed to the pre-SMA, namely the motor 
learning o f complex actions (e.g., Hikosaka et al., 1996; Nakamura et al.,
1998), is also consistent with the present work. This fMRI study involved 
testing o f naïve subjects; motor learning processing was very likely more 
involved for the Non-congruent (CL) conditions than for the Congruent 
(LL) conditions, which could be executed much more automatically. It is 
important to realize, therefore, that some o f the observed activations re
lated to bimanual coupling may represent only an intermediate stage 
when participants were initially confronted with an unfamiliar motor 
task. Learning allows participants to integrate movement patterns into 
one functional unit (Swinnen and Wenderoth, 2004) and it is likely that 
some o f the observed brain activations would diminish (such as in pre- 
SMA) with further task repetition. Future experiments can be designed 
to investigate the relevance o f motor learning in more detail, for example 
by comparing the pre-SMA activity during the Circles-Lines task in naïve 
and well-trained subjects (see also De Weerd et al., 2003).

In summary, these various interpretations o f pre-SMA activity in the 
present study, and generally in the pre-SMA literature, reflect the fact 
that the pre-SMA has multiple functional subregions (Zhang et al., 
2012) that can be selectively involved in different components of 
motor control.

Critical role o f the posterior parietal cortex (PPL) in bimanual Non- 
congruent conditions

Like the medial wall motor areas, a functional distinction between 
regions subserving motor execution or motor intention and planning 
has been described for the parietal cortex (e.g., Gerardin et al., 2000). 
The activity o f the primary (SI, involving BA 3, 2, 1) and secondary

(S2, involving BA40 and 43) somatosensory areas in the anterior parie
tal lobe has been extensively associated with execution o f hand move
ments, and this is interpreted as reflecting sensory feedback processes 
(e.g., Gerardin et al., 2000; Raffin et al., 2012; Sacco et al., 2009). In the 
present study, the activity o f both SI and S2 areas was mainly associated 
with the Real task, resulting from the actual execution o f left hand 
movements (see Fig. 5a and Table 1). The SI area also showed a Cou
pling effect, with greater activity in the CL condition than in the LL con
dition (see Fig. 5b and Table 2).

Beyond the comparatively straightforward interpretation o f anterior 
parietal regions, the posterior parietal cortex (PPC) has been proposed 
to play a critical, multifaceted role in higher-level cognitive functions re
lated to action (for a review, see Andersen and Buneo, 2002). Among 
these higher cognitive functions there is the formation o f intentions or 
early plans for movement. Nonhuman primate research suggests that 
PPC contains a “map o f intentions", with different subregions dedicated 
to the planning o f eye, reaching, and grasping movements (Andersen 
and Buneo, 2002), and that PPC activity is highly correlated with pro
cesses o f motor planning (Quian Quiroga et al., 2006). Neuroimaging 
data on cognitive functions o f human PPC provide information about in
volvement o f this brain region in highly abstract motor programming 
(Culham and Kanwisher, 2001). Furthermore, electrical stimulation of 
the inferior parietal cortex during awake surgery (Desmurget et al.,
2009) causes patients to intend to move and to report having moved, 
even in the absence o f an actual motor response (i.e., the specific inten
tion is not carried out).

In the present work, PPC activity was a main effect o f the Coupling 
factor, irrespective o f task. Real or Imagery (see Fig. 5b and Table 2). Bi
lateral PPC also showed consistent activation in the CL > LL contrast 
across Real and Imagery tasks, as demonstrated by the conjunction anal
ysis (see Supplementary Fig. 2 and Inline Supplementary Table S5). Ad
ditionally, for bimanual versus unimanual contrasts in both tasks, PPC 
activity was found only when the Non-congruent CL condition was in
volved (i.e., CL > L; see Supplementary Figs. lb  and c. Inline Supplemen
tary Tables S2 and S4). Taken together with the pre-SMA activity, the 
PPC activity (particularly in the IPL) supports the hypothesis that real 
and imagined Non-congruent movements activate common circuits re
lated to intentional and predictive operation (Desmurget and Sirigu, 
2009; Haggard, 2008), generating bimanual coupling. This finding is in 
keeping with behavioral results suggesting that directional interference 
primarily emerges at the efferent level o f movement planning and orga
nization (Swinnen et al., 2003). There is also fMRI evidence consistent 
with neuropsychological studies based on the behavior o f brain
damaged patients (Garbarini et al., 2012; Garbarini et al., 2013) as 
well as o f amputees with phantom limb phenomena (Franz and 
Ramachandran, 1998), which shows that the necessary component for 
bimanual coupling to occur is not the actual movement execution, but 
motor intention and programming.

Alternatively, the activity o f the PPC (particularly the right SPL) can 
be explained by the “spatial" connotation o f the tasks employed in the 
present work. The direct comparison between right and left SPL activity 
showed a greater involvement o f the right SPL only in the Real task 
(p =  0.035). This standpoint is supported by research indicating that 
the parietal cortex may represent an important locus for integrating spa
tial aspects o f limb movements into a common action. Wenderoth et al. 
(2004) investigated the neural correlates o f bimanual spatial coupling, 
suggesting a central role o f the right SPL in mediating spatial interfer
ence. These authors hypothesized that the right SPL is a candidate struc
ture for where interference arises when directionally incompatible 
movements are performed. They discussed the possibility that interfer
ence emerges when computational resources in these parietal areas are 
insufficient to code two incompatible movement directions indepen
dently from each other (see also Wenderoth et al., 2005a, 2005b). This 
view  is also supported by findings in split-brain patients showing that 
transection o f the posterior corpus callosum, connecting the parietal cor
tices, abolishes directional interference during bimanual drawing



movements (Eliassen et al., 1999; Franz et al., 1996). Consistent with this 
interpretation, the study o f Diedrichsen et al. (2006; see above) on bi
manual congruent and Non-congruent reaching showed greater activa
tion for Non-congruent movements in the SPL, making this region a 
likely neural site for the spatial interference that arises during execution 
o f bimanual movements. The present work is consistent with this role for 
the SPL, showing increased activity during the Non-congruent move
ment whether the movement was executed or imagined. For the right 
SPL, the coordinates o f peak activity are consistent across these studies 
(e.g. Wenderoth et al., 2004: x =  30, y =  — 50 mm, z =  66 mm; 
Wenderoth et al., 2005a: x =  20, y =  — 56 mm, z =  66 mm; 
Wenderoth et al., 2005b: x =  30, y = - 5 6 m m ,  z =  62 mm; 
Diedrichsen et al., 2006: x =  28, y =  — 70 mm, z =  60 mm; reported 
in MNl space) and are also consistent with those found in the present 
study (Table 2). This suggests that the trigger for activating this brain re
gion for the interference effect is not the afferent information coming 
from the somatosensory system, but the efferent information coming 
from the intentional and predictive operation implementing the Non- 
congruent motor program, irrespective o f Real or Imagery task.

Left lateralization for the Imagery task
Previous neuroimaging data have also shown specific involvement of 

the PPC in motor imagery (Fleming et al., 2010; Gerardin et al., 2000; 
Hanakawa et al., 2008; Sacco et al., 2006) and also in bimanual motor im
agery (Nair et al., 2003). Some studies have found bilateral involvement 
of the PPC (Heming et al., 2010), while others have stressed the specific 
role o f the left PPC (Gerardin et al., 2000). The evidence that the left 
hemisphere plays a dominant role in motor imagery stems from different 
lines o f research. Left-brain-damaged patients are more impaired in 
motor imagery tasks than right-brain-damaged patients (Daprati et al., 
2000), and only lesions o f the left parietal lobe seem to produce motor 
imagery impairments o f both hands (Sirigu et al., 1996). In addition, 
studies in healthy subjects involving various neurophysiological tech
niques have shown increased activity in left premotor, supplementary 
motor and parietal cortices, or enhanced excitability o f the left Primary 
Motor Cortex during motor imagery (Bonda et al., 1995; Fadiga et al., 
1999; Kuhtz-Buschbeck et al., 2003; Stinear et al., 2006).

The present work is consistent with these lines of evidence, suggest
ing a left lateralization for the Imagery task and showing a specific role 
o f the left IPL. The direct comparison between right and left IPL activity 
showed a greater involvement o f the left IPL only in the Imagery task 
(p =  0.045). Before multiple comparisons correction, a greater activity 
was found for the Imagery task compared to the Real task in the left 
hemisphere, including the dorsolateral prefrontal cortex (DLPFC, BA 
9), the PMCd (BA 6), the supramarginal gyrus (SMG, BA40), and the bi
lateral posterior CRB. However, these activations showed only a trend 
toward statistical significance and did not survive multiple comparisons 
correction. A difference in lateralization, right for the Real and left for 
the Imagery task, was also found in the supplementary bimanual versus 
unimanual contrasts CL > Land LL > L (see Supplementary Fig. 1, Inline 
Supplementary Tables S1-S4 and Lateralization plots in Supplementary 
Figs. 9-16). As expected, the Real contrasts (CL > L; LL > L) showed a 
strongly right-lateralized motor network related to execution o f the 
left hand movements. Conversely, the Imagery task showed bilateral ac
tivity o f the medial wall motor areas in both the CL > L and LL > L con
trasts and, only in the CL > L contrast, activity in the bilateral anterior 
insula, the bilateral DLPC, and in the left IPL, including the left SMG. Dif
ferences were also observed between the Real and Imagery tasks in cer
ebellar and frontal activity. See Supplementary discussion on CRB in 
SOM.

Limitations o f the study

Although the sample size was justified by a power analysis based on 
previous literature (see SOM), the small sample size is the predominant 
limitation o f the present study. This limitation is attenuated by the fact

that single-subject analysis confirmed the major results o f group analy
sis, for both behavioral (Inline Supplementary Table S6) and imaging 
(Inline Supplementary Table S7) data.

Conclusion

The present experiment indicates that imagining and executing 
Non-congruent movements activate common circuits related to the in
tentional and predictive operation generating bimanual coupling, in 
which the right pre-SMA/CMA and bilateral PPC play a crucial role. In 
addition, the data also support a specific role o f the right SPL in mediat
ing spatial interference (Wenderoth et al., 2004) and o f the left PPC in 
motor imagery (Gerardin et al., 2000). These findings are in line with 
previous studies on both healthy subjects (Swinnen et al., 2003) and 
neurological patients (Franz and Ramachandran, 1998; Garbarini et al., 
2012; Garbarini et al., 2013) showing that directional interference pri
marily emerges at the efferent level o f movement planning and organi
zation. The work also motivates future studies using the Circles-Lines 
fMRl paradigm to investigate the neural correlates o f the “illusion of 
movement", described in pathological situations such as the phantom 
limb or anosognosia for hemiplegia, in which previous behavioral find
ings (Franz and Ramachandran, 1998; Garbarini et al., 2012) suggested 
the presence o f bimanual coupling effects even in absence o f actual 
movement execution.

Supplementary data to this article can be found online at http://dx. 
doi.org/10.1016/j.neuroimage.2013.10.061.
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