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Abstract 
In daily activities, the brain regularly assigns different roles to the hands depending 

on task and context. Yet, little is known about the underlying neural processes. This 

certainly applies to how the brain, where each hemisphere primarily controls one 

hand, manages the between-hand coordination required in bimanual object 

manipulation. By using behavioral, neurophysiological and functional magnetic 

resonance imaging techniques, the present thesis examines neural mechanisms that 

support hand coordination during tasks where the two hands apply spatiotemporally 

coupled but opposing forces for goal attainment, e.g., as when removing the cap from 

a bottle. Although the two hands seem to operate symmetrically in such tasks, Study I 

showed that one hand primarily acts while the other assists. Moreover, this role 

differentiation was found to be flexible with the brain appointing either hand as 

prime actor depending on the spatial congruency between hand forces and desired 

movement consequences. Accordingly, when we remove a cap from a bottle, the hand 

that grasps the cap, be it left or right depending on overall task constraints, is 

appointed as prime actor because the twist forces it generates are aligned with the 

goal to remove the cap, while the other hand, holding the bottle, applies stabilizing 

forces in the opposite direction. Changes in hand assignments are caused by a 

midline shift of lateralized activity throughout the motor system, from distal hand 

muscles to corticospinal pathways and primary sensorimotor and cerebellar cortical 

areas (Study I). Although the bimanual actions examined involved both within- and 

between-hand coordination, Study II failed to reveal additional brain activity during 

bimanual as compared to matching unimanual actions, except for the primary 

sensorimotor areas where subpopulations of neurons were preferentially engaged 

during either bimanual or unimanual actions. Thus, dedicated neurons in the motor 

cortices might support critical bimanual coordinative operations. While imaging 

results indicated that a mainly left-lateralized parietal-premotor network managed 

the task irrespective of prime actor, premotor areas presumably established hand 

assignment by allocating the lead either to the left or the right primary sensorimotor 

areas (Study I and II). Regarding the process of prime actor selection and hence the 

control of these premotor networks, imaging results indicate a transitory involvement 

of prefrontal cortical areas (Study III). The detected areas belong to a network 

considered critical for cognitive operations such as judgment and decision-making, 

and for evaluation of utility of actions, including conflict detection. The implicit 

selection of prime actor during bimanual tasks thus seems to be supported by cortical 

areas traditionally associated primarily with complex cognitive challenges. 

Key words: object manipulation, bimanual coordination, action selection, cerebral 

cortex, functional laterality, humans, hand, magnetic resonance imaging, transcranial 

magnetic stimulation, electromyography 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
“Don’t make fun of graduate students. 
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”The hand makes the mind, the mind makes the hand” 
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Introduction  

Humans can skillfully perform object manipulations by engaging either the 
right, left or both hands. Although some tasks are clearly based on 
unimanual actions, e.g., brushing one’s teeth, the majority of natural 
manipulations engage both hands, where the two hands play different and 
complementary roles. In fact, even the majority of the tasks that are thought 
to be unimanual often involve both hands. For example, in writing, one hand 
moves the pen while the other both stabilizes the paper and provides a frame 
of reference for the primarily acting hand. Constraining the non-dominant 
hand from these functions decreases performance, including the speed of 
writing (Guiard, 1987). Interestingly, even hand preference questionnaires, 
designed to determine habitual hand dominance, mostly refer to tasks that 
require engagement of both hands, e.g. striking a match, using scissors and 
dealing cards, where the hand that is assigned to the subtask of striking, 
cutting and dealing is asked for (Guiard and Ferrand, 1996). Role 
differentiation between the hands in bimanual tasks is in the literature 
considered as a stable phenomenon where the habitually dominant hand 
performs the actions that require finer spatiotemporal control (Guiard, 1987; 
MacNeilage, 1987). However, by paying attention to how people assign roles 
to their hand in daily activities it becomes apparent that role differentiation 
can be flexible rather than solely based on handedness. Consider, for 
instance, the following scenario: A bottle with a screw cap sits on the table 
in front of you. You reach out, pick it up, remove its cap, and transport it to 
your mouth in order to drink. On another occasion, after you have removed 
the cap, you replace the bottle on the table. These and similar tasks are 
normally completed effortlessly and without much conscious thought. 
However, when carefully observing someone who performs them, one 
notices a neat little difference: When a right-handed person performs the 
first task (to drink), she probably uses her right hand to grasp and hold the 
bottle while her non-dominant left hand removes the cap. In contrast, with 
the second task (only opening the bottle) she most likely removes the cap 
with her dominant right hand while holding the bottle with her left hand. 
Thus, although the subtasks of grasping the bottle and removing its cap are 
identical in the two tasks, the roles of the hands differ depending on overall 
task constraints.  

Based on these and similar observations from daily situations we became 
curious about mechanisms that underlie role differentiation between the 
hands in bimanual tasks and the validity of the basic assumption that 
handedness represents a stabile state phenomenon in such tasks. Indeed, for 
unimanual tasks, if an individual truly preferred the dominant hand, he or 
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she would likely use that hand to carry out an array of unimanual activities, 
even in awkward positions, which is not the case. Hence, the present thesis 
aimed at analyzing experimentally role differentiation between the hands 
during bimanual object manipulation as well as underlying neural 
mechanisms, with an emphasis on the notion that the roles of the hands can 
be flexibly exchanged depending on task constraints. We hypothesized that 
such flexibility could relate to how bimanual actions are conceptualized 
concerning their spatial goals, or more specifically, to the mapping between 
hand forces and desired movement outcomes. For instance, when removing 
the screw cap from the bottle held by one hand, the other hand grasping the 
cap, be it left or right depending on other task factors, would be appointed as 
prime actor because the forces it generates are aligned with the goal motion, 
that is, to remove the cap from the bottle. This approach predict that the 
brain selects as prime actor the hand (right or left) whose forces are spatially 
congruent with the movement goal while the accompanying hand, bound to 
generate forces directed opposite to the goal motion, is assigned an assisting 
or postural function. If so, the brain also possesses mechanisms that not only 
implements but also brings about such selections based on task constraints 
and contextual information.  

A task was designed that required participants to apply coupled symmetrical 
linear and twist forces on a test object in order to control the position of a 
cursor displayed on a screen. As such, the applied forces were similar to 
those applied when attaching or removing a screw cap from a bottle or when 
closing or opening the lid of a jar. The task was to hit successively displayed 
visual targets as quickly as possible and is therefore referred to as a target-
chasing task. Because the task relied on symmetric actions of the hands, first, 
it allowed to asses if the brain as a rule appoints a prime actor and, if so, it 
would permit to test critically the congruency hypothesis. Specifically, to 
address whether spatial congruency between hand actions and goal motions 
influenced possible functional role differentiation between the hands, each 
participant experienced two different mapping rules relating bimanual forces 
and cursor movements, one congruent with the left hand and one with the 
right hand. Neurophysiological techniques (electromyography, and 
transcranial magnetic brain stimulation) and functional magnetic resonance 
imaging were used to address neuronal mechanisms controlling the task. 

Previous research in bimanual coordination  

In most natural tasks that engage both hands, the actions of the two hands 
are coupled mechanically through the object(s) and are coordinated towards 
common goals. However, most previous studies on bimanual coordination 
has concerned tasks in which the hands are making mechanically 
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independent gestures (e.g. Kelso et al., 1979; Kelso, 1984; Marteniuk et al., 
1984; Franz et al., 1991; Lee et al., 1995; Jäncke et al., 2000; Diedrichsen et 
al., 2001; Wenderoth et al., 2003, 2005; Debaere et al., 2004) and thus 
mostly deal with situations when people, in effect, simultaneously perform 
two different unimanual tasks. Consequently, little is known about the 
neural control of bimanual object manipulation tasks (Obhi, 2004).  

Moreover, because of the interest in gestures, previous research regarding 
bimanual coordination has primarily focused on the interferences between 
the hands when they simultaneously move (for review see Swinnen, 2002). 
In many of these studies, the participants were asked to generate cyclic 
movements with both hands, where the hands either are required to move 
symmetrically through in-phase activation of homologous muscle groups, or 
antisymmetrically through out-of-phase activation of homologous muscles. 
Out-of-phase movements are harder to perform than in-phase movement 
and anti-phase movements typically translate into in-phase movements as 
the movement frequency increases (Kelso, 1984; Chen et al., 2005). 
Likewise, when tapping with a single digit, it is quite easy to produce a steady 
rhythm on one occasion and an equally steady but faster rhythm on another 
occasion. However, strong interferences occur if attempting to tap, with 
separate fingers, the two rhythms simultaneously (Deutsch, 1983; Summers 
et al., 1993). Interferences also occur when the two hands perform spatially 
differentiated movements such as when one hand draws a circle while the 
other draws a square (Franz et al., 1991; Franz, 1997). 

Additional cerebral processing is reported to arise when intermanual 
interference develops in situations when both hands simultaneously execute 
otherwise easily performed unimanual actions (Sadato et al., 1997; Jäncke et 
al., 1998, 2000; Stephan et al., 1999b; Immisch et al., 2001; Debaere et al., 
2001; Toyokura et al., 2002). That is, the brain activity (measured with 
imaging techniques) is typically greater than the sum of the activity observed 
when each hand separately performs its task. The intermanual interferences 
most likely relates to difficulties for the brain to implement simultaneously 
two distinct actions representations (one controlling each hand) that also 
need to be coordinated in time (Stephan et al., 1999a). Thus, the production 
of bimanual anti-phase movements, polyrhythms etc., might require that the 
brain suppress alternately the separate action representations commanding 
each hand that compete for execution. This would explain the distorted 
outputs that characterize intermanual interferences. 

Given these considerations, it is quite surprising that the two hands can 
cooperate apparently effortlessly in natural manipulation tasks that 
generally involve quite diverse actions of the two hands. One explanation 
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might be that the two hands in natural tasks operate towards common goals 
while they work towards separate goals in conditions with interference. 
Indeed, the interferences diminish by providing a single perceptual goal in 
experiments based on the same type of movements that otherwise interfere 
(Lee et al., 1995; Byblow et al., 1999; Franz et al., 2001; Mechsner et al., 
2001). For example, interferences that arise when the two hands 
simultaneously draw lines of different curvatures are not present when these 
lines together form a circle. Similarly, while it is rather difficult to tap 
simultaneously two different rhythms, one with each hand, the task becomes 
much easier when participants are told that the tapping is supposed to sound 
like a galloping horse. One factor that might play an important role in 
counteracting intermanual interferences in object manipulation tasks is that 
the hands usually are coupled mechanically through the involved object. This 
implies that unified perceptual goals can be represented in the tactile 
domain, and thus makes it possible for the brain to select and implement 
action representations that use sensory predictions based on afferent signals 
(see ‘action-phase controllers’ in Johansson and Flanagan, 2009) from both 
hands to plan and control bimanually coordinated actions. In general terms, 
we hypothesize that by providing a single perceptual goal, a single action 
representation will be implemented (if available), while potentially 
competing ones are suppressed. Furthermore, the implemented 
representation would appoint one hand as prime actor while the other hand 
co-articulates in a subordinate manner akin to postural control mechanism 
that dynamically operates during virtually all goal directed actions.  

Spatial congruency in control of actions  

As indicated above, in the outset of the present work it was hypothesized that 
spatial congruency between hand forces and desired movement effects would 
influence the brain's selection of prime actor in bimanual tasks. Spatial 
congruency issues have previously been addressed in various experimental 
situations. One example is the spatial ‘stimulus–response compatibility’ 
effect. Briefly, for stimuli and responses that vary along parallel spatial 
dimensions, reaction time is faster when the mapping of stimuli to responses 
is spatially compatible than when it is not (Fitts and Seeger, 1953; Shaffer, 
1965; Nicoletti et al., 1982; Kornblum et al., 1990; Iacoboni et al., 1996). This 
implies that people respond faster when required to press a button on the 
right side in the peripersonal space when a light is lit up on the right side 
than when it is lit up on the left side, and vice versa for pressing a button on 
the left side. Responding with uncrossed and crossed arms has been used to 
study the source of this effect (e.g., Simon et al., 1970; Wallace, 1971; 
Nicoletti et al., 1982). Collectively, results in this area show that stimuli 
facilitate responses at the same relative location, regardless of whether the 
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left or the right hand is used for responding. In other words, relative 
response location in the external world, and not the anatomical effector, 
determines the main direction of the spatial compatibility effects. Thus, the 
symmetry bias is towards spatial, perceptual symmetry, without regard to 
the muscles involved. Voluntary movements therefore seem to be organized 
by way of a representation of the perceptual goals, while its corresponding 
motor activity is flexibly tuned in (Mechsner et al., 2001; Kunde and Weigelt, 
2005).  

Similarly, the ability to efficiently map target locations represented in 
various sensory domains (visual, auditory etc.) into goal directed motor 
commands depends on the use of well-established sensorimotor 
transformations. Such transformations allow for spatial congruent guidance 
of the eyes, attention, and limbs and body movements toward targets in 
visual (and auditory) space (Burnod et al., 1999; Battaglia-Mayer et al., 
2000; Andersen and Buneo, 2002). Thus, in situations where the location of 
targets represented in sensory frames of reference and the motor commands 
that naturally are used to obtain these targets are dissociated, the nervous 
system must suppress the commonplace mapping between sensory events 
and motor commands while striving to implement an alternative mapping. 
In such, non-standard situations, the computational demands on the 
nervous system increases (Iacoboni et al., 1996; Jiang and Kanwisher, 2003) 
and performance get worse (Fitts and Seeger, 1953; Fitts and Deininger, 
1954; Kornblum et al., 1990; Dutta and Proctor, 1992; Wise and Murray, 
2000). Notably, congruency effects seem virtually unaffected by practice 
(Fitts and Seeger, 1953; Dutta and Proctor, 1992; Proctor and Dutta, 1993). 
Taken together, the above results strongly suggest that the brain optimizes 
performance by selecting and implementing sensorimotor transformations – 
or action representations – that offer the most spatially congruent 
relationship between hand actions and its sensory consequences whenever 
alternatives are available.  

Brain areas engaged in control of manual skills  

Irrespective of whether one or two hands are used, manual skills depend on 
precise control of the multiple muscles located within the arms and hands. 
Simplified, this control depends on nerve signals transmitted from the motor 
cortex directly but mainly indirectly to the motoneurons of the spinal cord. 
The descending corticospinal pathways that target the motoneurons 
supplying the muscles of the arm and hand crosses the midline within the 
brainstem, and, accordingly, each hand is primarily controlled by the 
contralateral hemisphere. In addition, other descending tracts that arise in 
subcortical structures and within the brainstem follow different routes, some 
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of which represents ipsilateral pathways. These provide complementary 
signal for control of movement, including signals of importance for various 
postural functions. Postural control is indeed necessary during all natural 
actions and provides a frame of reference for the prime actors in goal 
directed actions. Both anticipatory (proactive) and corrective (reactive) 
mechanisms support postural control (Massion et al., 2004). While the 
former generate muscle activities that anticipate actions required to 
maintain stability and equilibrium as, for example, during a change in the 
center of gravity during reaching movements, the latter produces responses 
to unexpected events as, for example, if the arm hits an obstacle during 
reaching. Much like voluntary actions, postural adjustments are refined 
continuously through learning. As such, it is impossible to separate postural 
adjustments from voluntary movements in any rigid way. It is, however, 
possible to differentiate a series of postural reflexes that not only maintain 
the body in an upright, balanced position but also provide the constant 
adjustments necessary to maintain a stable background for goal directed 
actions. These adjustments include maintained static reflexes (supporting 
muscle tonus) and smart short-term phasic reflexes supporting dynamic 
aspects of goal directed actions. Both are integrated at various levels in the 
central nervous system from the spinal cord to the cerebral cortex and are 
effected largely through various extrapyramidal pathways that modulate 
motor activity. Hence, in many respect the postural control system seems 
well equipped for controlling an assisting hand in bimanual object 
manipulation task, e.g., to hold the bottle when the prime actor removes the 
cap. 

Both primary actions and concomitant automatic postural adjustments rely 
on information from a variety of sensory sources. These include not only the 
visual and vestibular systems, but also proprioceptive and tactile afferents 
that provide information about joint configurations and contact states 
between the body and environmental objects. Both proprioceptive and tactile 
signals ascend through pathways that cross the midline within the brain 
stem; thus, information originating from for example the left hand reaches 
the sensorimotor cortex of the right hemisphere. Such signals are 
additionally conveyed to the ipsilateral cerebellum, which, in turn, interacts 
with the contralateral cerebral cortex.  

Although the integrity of muscles as well as brain stem and spinal 
mechanisms are essential, planning and control of dexterous object 
manipulations critically depend on the cerebral cortex, which consists of a 
multitude of functionally specialized regions. Except for the primary 
sensorimotor cortices that can code for movements of individual muscles as 
well as representing entire movements, the control of object-oriented actions 
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seems to depend foremost on premotor and parietal cortical areas, and 
cerebellum. In short, the use of vision in control of goal directed actions 
depend on two main pathways originating in the occipital cortex (Mishkin 
and Ungerleider, 1982; Goodale and Milner, 1992): the ventral stream (also 
known as the "what pathway") that travels to the temporal lobe and is 
involved with object identification, and the dorsal stream (or "where 
pathway") that terminates in the parietal lobe and process spatial attributes 
of environmental objects such as location and orientation with reference to 
the body. The integration of sensory information in control of goal directed 
actions furthermore depends on association pathways between the parietal 
and premotor areas (Kertzman et al., 1997; Wise and Murray, 2000). While 
the cooperation between the anterior intraparietal sulcus and the ventral 
premotor area is considered critical for object manipulations (Matelli et al., 
1986; Culham et al., 2003; Grefkes and Fink, 2005), reaching for objects 
rather depends on dorsal parietal and premotor areas (Goodale and Milner, 
1992; Andersen and Buneo, 2002; Grefkes et al., 2004). Smooth 
coordination of actions is furthermore dependent on the cerebellum, which 
by its many connections with the cerebral cortex and the ascending 
spinocerebellar pathways integrates expected and actual sensory signals for 
corrections and adaptations of ongoing movements (Miall et al., 1987; 
Manto, 2008). 

Medial-wall premotor areas have been implicated in various aspects of 
control of single limb tasks (Deiber et al., 1991, 1999; Deecke and Lang, 
1996; Passingham, 1996; Picard and Strick, 2003; Crutcher et al., 2004; 
Hoshi and Tanji, 2004), but also in control of bimanual coordination. Based 
on lesion experiments in monkeys (Brinkman, 1984), the supplementary 
motor area (SMA), situated in medial cortical walls of the hemispheres 
between the dorsal premotor cortices, was early on considered responsible 
for bimanual coordination. Although several human brain imaging studies 
dealing with bimanual gestures support this notion (Sadato et al., 1997; 
Stephan et al., 1999a-b; Jäncke et al., 2000; Immisch et al., 2001; Debaere et 
al., 2001; Ullén et al., 2003), it has been questioned since neurons 
specifically engaged in bimanual tasks have been identified in monkey 
primary motor, premotor, cingulate and parietal areas (Donchin et al., 1998; 
Kermadi et al., 1998, 2000). The SMA might therefore not represent ‘the 
bimanual controller’ but be a part of a distributed network that enables 
coordinated bimanual movements. Indeed, deficits in bimanual coordination 
has also been identified in patients with lesions of the cerebellum (Brown et 
al., 1993; Serrien and Wiesendanger, 2000), mesial premotor (Stephan et al., 
1999a) and parietal areas (Serrien et al., 2001). Human imaging studies 
focusing on gesture production have furthermore shown higher activation 
patterns across prefrontal, premotor, medial-wall and parietal areas during 
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bimanual as compared to unimanual actions and for anti-symmetric as 
compared to symmetric bimanual actions (Sadato et al., 1997; Jäncke et al., 
1998; Goerres et al., 1998; Tracy et al., 2001; Toyokura et al., 2002; Nair et 
al., 2003; Debaere et al., 2004; for a review see Swinnen, 2002).  

Selection for action 

Little is known about mechanisms and neural processes involved in the 
selection of action representations for implementation in object 
manipulation tasks. Several contextual factors have however been shown to 
influence hand selection during unimanual reaching (see e.g., Helbig and 
Gabbard, 2004). These include object proximity and postural ‘comfort’, 
which involves spatial reasoning based on proximity between the hands and 
the target object and insights of the body´s postural dynamics. That is, the 
hand whose workspace comfortably includes the target location and who 
require arm movements of minimum size to reach the goal would be favored 
for selection. Handedness is another factor that can influence hand selection. 
This factor bias limb selection mechanisms to use the habitually dominant 
rather than the non-dominant hand while reaching targets located at the 
midline of the peripersonal space. Furthermore, precision demands can 
favor the use of the habitually dominant hand. For example, reaching for an 
empty glass versus a glass filled to the rim can promote the use of the 
dominant hand also with reaches directed to the contralateral side (Stins et 
al., 2001). Obviously, such precision requirements might be traded against 
the ‘comfort’ factor in natural task.  

In general, flexible and adaptable behavior depends on the availability of 
numerous action representations kept in the brain, while beneficial actions 
depend on the ability to select optimally between those representations. 
There is good evidence that neural representations of actions and related 
environmental objects are stored in the same sensorimotor networks as 
activated during performance and when object information was acquired 
(Jeannerod, 1999; Martin et al., 2000; Rizzolatti et al., 2001). This selection 
process, carried out by all of us endlessly each day, relies on both internal 
sources – goals, habits, and anticipated homeostatic, perceptual or 
emotional action effects – and external sources – environmental recourses 
and constraints, and action-related events or observed actions. 
Neurophysiological evidence indicates that processing in the brain is 
competitive, where different action representations, facilitated by different 
sources of sensory information, compete for expression in behavior, and the 
winners are those with the strongest sources of support (e.g., Miller and 
Cohen, 2001; McCoy and Platt, 2005; Cisek, 2007). Thus, action 
representations potentially affordable in a given context seem to be activated 
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in parallel and compete against each other for further processing and 
implementation while information is collected to bias this competition until 
a decision can take place. Although various brain regions are implicated in 
these decision processes depending on stage of decision-making, much 
attention has been devoted to the basal ganglia and the prefrontal cortex. 
When movements are generated by cerebral cortical and cerebellar 
mechanisms, the basal ganglia, which receives information regarding both 
extrinsic and intrinsic motivating factors, is thought to act broadly to inhibit 
competing action representations that would otherwise interfere with the 
desired movement (Mink, 1996). Similarly, networks engaging the prefrontal 
cortex seem to bias the competition amongst action representation until a 
decision occurs (Miller and Cohen, 2001).  

Action selection mechanisms engaging prefrontal cortex seem to foremost 
engage frontal (and parietal) regions belonging to a central-executive 
network (Seeley et al., 2007; Sridharan et al., 2008). Specifically, the 
dorsolateral part of the prefrontal cortex in cooperation with posterior 
parietal cortical areas seems particularly important for decision making in 
situations where several possible action representations compete against 
each other (Rowe et al., 2000; Hadland et al., 2001; Schumacher et al., 
2003). In addition, a network termed the salience network is assumed to be 
involved in action selection. Key nodes of this network are found in 
paralimbic structures such as the anterior cingulate cortex, the frontoinsular 
cortex and ventral striatopalludum (part of basal ganglia) (Seeley et al., 
2007; Sridharan et al., 2008; Meindl et al., 2009). The salience network is 
believed to be important for detection of behaviorally relevant stimuli and in 
evaluating the cost and benefits associated with different behavioral states 
(Rushworth et al., 2007). Compiling information from all higher-order 
sensory cortices (Tanji and Hoshi, 2008), the salience network seem to 
interact with the central-executive network so as to ensure that decision 
processes have optimum utility for the organism. Likewise, the salience 
network might enable the dynamic switching between large-scale networks 
supporting different types of tasks (Sridharan et al., 2008). This switching 
can furthermore involve deactivation of primarily ventromedial prefrontal 
and posterior cingulate areas that belong to a default-mode network 
activated during 'non-task' activities (Raichle et al., 2001; Meindl et al., 
2009). 

Specific aims 

Study I primarily aimed at experimentally addressing the question if the 
brain selects a prime actor in bimanual manipulation tasks even in situations 
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when the hands appears to perform symmetric actions, such as when 
molding a snowball, bending a rod or opening a bottle. Since this was found 
to be the case, the focus of the study turned into tests of the hypothesis that 
the selection of prime actor is flexible where the brain assigns as prime actor 
the hand (right or left) whose forces are spatially congruent with the 
movement goal. In these experiments, neurophysiological techniques 
(electromyography and transcranial magnetic stimulation) and functional 
magnetic resonance imaging (fMRI) were combined to obtain some first 
insights into the neural mechanisms that account for the role differentiation 
of the hands. 

Study II had dual aims. One aim was to identify brain areas that were 
involved specifically when the same task as investigated in Study I was 
performed bimanually versus unimanually, that is, brain regions responsible 
for coordinating the hands in bimanual object manipulations. A second aim 
was to identify common areas whose activity supported the task whether 
performed bimanually or unimanually, and irrespective of primarily acting 
hand. To that end, differences and similarities were investigated regarding 
performance and brain areas involved while the same task was performed 
bimanually and unimanually, the latter by either the left or the right hand.  

Based on the results of Study I and II, Study III sought to identify 
mechanisms involved in the actual selection of primarily acting hand in the 
target-chasing task when performed bimanually. In these conditions, the 
brain had to select between two different action representations, one 
rendering the left hand dominant and one rendering the right hand 
dominant. More specifically, we asked whether the selection of the action 
representation that rendered either left- or right-hand dominance 
represented a self-emergent property of the parietal-premotor networks that 
processed visual information for movement control or if other processes 
were engaged. Additionally, this last study also aimed to target brain areas 
involved in the switching of brain states from a resting/preparatory state to a 
state when participants performed the target-chasing task.  
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Methodological account 

Participants, general procedure and apparatus 

Healthy adult volunteers gave written informed consent to participate in 
these studies, which were approved by the local ethical committee. All 

 
Figure 1. Trial structure. In the fMRI scanner, the participant lay down and watched a 
computer screen trough a mirror. During the resting periods the screen displayed a crosshair. 
Each trial began with a preparation period (18 s) during which a picture instructed the 
participant how to grasp the tool, and the participant gripped and held the tool accordingly, i.e., 
either bimanually (a, b) or unimanually by the left hand (c) or by the right hand (d). A period of 
task performance (36 s) then commenced, in which the participant moved a cursor on the 
screen by applying linear forces and torques to the tool to hit successively displayed targets as 
fast as possible. Top diagram indicate distribution of target positions (squares) with the cursor 
shown in the center of the screen (white dot). Straight gray lines connect consecutively 
appearing targets. The solid line arrows (red, green) and the corresponding arrows anchored on 
the handles of the tool indicate the two different mapping rules relating forces and torques to 
cursor movements. Thus, for the left hand mapping rule (a, c) the cursor moved directionally 
with the forces applied by the left hand while it moved with the right hand during the right-hand 
rule (b, d). A rest period (18 s) where the participants released the tool and fixated the crosshair 
followed each period of target chasing. Never were the participants instructed as to which 
mapping rule they would encounter in the upcoming action period. Note that a hand selection 
phase only occurred in the bimanual conditions whereas task initiation occurred in all 
conditions irrespective of grip type and mapping rule. Also note that the tool was fixed to a 
support structure during the unimanual conditions whereas it was held freely in the air for the 
bimanual ones. A similar protocol was used in the experiments with EMG and TMS, in which 
the participant also lay down.  
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participants were right-handed according to a standard questionnaire 
(Oldfield, 1971). Their task was to apply light isometric forces to a rigid 
unsupported tool held stationarily between the two hands in order to control 
a constantly visible cursor on a screen (Fig. 1). The goal was to hit 
successively displayed visual targets as quickly as possible during a task 
period that typically lasted for 36 s. The tool constituted a rectangular box 
with handles attached to each side. These handles were gripped with the 
thumb, index, and long finger of each engaged hand. Compressing and 
stretching forces applied along the longitudinal axis of the tool moved the 
cursor horizontally and twist forces (torques) applied around this axis moved 
it vertically. Thus, participants had to generate various combinations of 
longitudinal and twist forces to hit a targets, since it reappeared at various 
unpredictable locations on the screen after each hit. Importantly, since the 
tool was held unsupported in the bimanual conditions, any force generated 
by one hand had to be counterbalanced by opposing forces generated by the 
other hand.  

To compare performance and brain areas involved in control of the hands in 
bimanual and matching unimanual trials, the apparatus allowed the same 
task to be performed unimanually. In unimanual conditions, the box was 
fixed to a support frame to allow a single hand to control the cursor by 
applying forces to one of the handles. 

For each handle, custom-built optometric force transducers measured 
compressing and stretching forces along the longitudinal axis of the tool and 
tist forces around this axis. Furthermore, custom-built optometric 
transducers based on a CCD camera tracked the position of reflex markers 
attached to the tool to measure lateral movements of the tool along its 
longitudinal axis, and rotational movements of the tool around the 
longitudinal axis. In the fMRI experiments, the camera viewed the markers 
via a mirror through a window into the scanning room while the force signals 
were transferred through optical fibers to outside of the scanning room 
before converted into electronic signals. 

Mapping rules and assessment of role differentiation 
between the hands  

To test the hypothesis that the brain assigns as prime actor the hand whose 
forces are spatially congruent with the movement goal, two different rules, 
specified in the apparatus, mapped the hand forces to cursor positions. In 
one, termed the left-hand rule, the cursor moved directionally with the 
forces applied by the left hand (Fig. 1 a and c). In the other mapping rule, 
termed the right-hand rule, the cursor moved with the direction of the forces 
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applied by the right hand (Fig. 1 b and d). Bimanual trials were performed 
with each mapping rule while the left-hand and right-hand rule was used 
when the participants used their left and right hand, respectively, in 
unimanual conditions.  

We examined role differentiations between the hands under the assumption 
that if one of the hands primarily acted, the tool would tend to move in the 
direction of the forces generated by this hand because it would receive 
stronger motor commands, commands that would precede those of the 
accompanying hand, or both. Thus, we computed the time-varying 
correlation between applied hand forces and object movements to 
specifically test for role differentiation. When these hand asymmetry indices 
attained values approaching +1 or -1 the tool consistently moved with the 
forces applied by the left and right hand, respectively. 

Task and trial structure 

The participants’ task was to hit the targets as fast as possible during the 
period of task performance. Before each task period, the participants were 
informed about how to grip the object, i.e., bimanually or unimanually with 
either the left or the right hand, but received no information about the 
mapping rule. For the fMRI experiments, a trial included an 18 s 
preparation period during which the screen informed the participant how to 
grip the tool by displaying a drawing that showed the tool held by the left, 
right, or both hands (Fig. 1). When the drawing appeared, participants 
gripped and held the tool accordingly. The instant appearance of the cursor 
and the first target triggered the onset of task performance, which lasted for 
36 s. The task was terminated when the target disappeared from the screen 
and a crosshair appeared at its center. This event also signaled to the 
participant to release the tool and rest while watching the crosshair. After 18 
s rest, a new trial commenced. Importantly, in the bimanual conditions the 
drawing shown during the preparation period provided no information 
about which of the two mapping rules that would prevail during the 
forthcoming task period and thus no information about which mapping rule 
to use. In contrast, for the unimanual conditions the instruction about which 
hand to use was linked to the mapping rule and thus to which action 
representation to execute. The appropriate action representation to use 
during task performance could therefore be specified prior to action 
commencement for the unimanual but not for the bimanual conditions. As 
will be described in RESULTS AND DISCUSSION (p.28), this experimental 
feature was exploited in Study III for identification of brain areas involved in 
the actual selection of primarily acting hand in the bimanual conditions.  
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Before the experiments, the participants had practiced the four experimental 
conditions (Fig. 1) for several days. That is, they had learned each of the four 
action representations and could swiftly switch between them.  

Measures of performance 

The performance of the participants was measured by hit time and a cursor 
path index computed for each target directed movement. Hit time 
corresponded to the time it took to hit a target from the instance of its 
appearance. The path index, which reflected the straightness of the cursor 
trajectory, was the ratio between the distance traveled by the cursor to hit 
the target and the straight-line distance to the target. In addition, role 
differentiation between the hands was assessed by the hand asymmetry 
index as described above. Forces and tool movements were digitized at 400 
Hz and 200 Hz, respectively, and collected and analyzed using a flexible 
laboratory computer system (SC/ZOOM, Physiology Section, IMB, Umeå 
University). Repeated-measures ANOVAs were used in most statistical 
analyses of the behavioral data.  

Measurements of signals reflecting neural processes 

Electromyography (EMG), transcranial magnetic brain stimulation (TMS) 
and functional magnetic resonance imaging (fMRI) were used to record 
signals reflecting neural processes controlling the participants’ behavior in 
the present target-chasing task.  

Electromyography (Study I): Electrical activity arises in the membrane of 
the muscle fibers when activated by impulses from the motoneurons of the 
spinal cord. We recorded this EMG activity to assess if differentiation 
between the hands in the bimanual trials was reflected in the use of hand 
muscles. Electrodes were placed on the skin overlaying two intrinsic hand 
muscles of each hand, the abductor pollicis brevis (APB) and the first dorsal 
interosseous (1DI). These muscles are involved in thumb opposition and 
thus in the ability to skillfully manipulate objects. EMG was also recorded 
from two extrinsic muscles within the lower arm, the flexor carpi ulnaris 
(FCU) and the extensor carpi radialis (ECR) who are involved in wrist 
extension and flexion, respectively. The EMG signals were digitized at 1600 
Hz, rectified and filtered by the SC/ZOOM system before analyzed 
statistically.  

Transcranial magnetic brain stimulation (Study I): TMS involves 
generation of brief magnetic pulses to the brain area of interest by delivery of 
electric pulses trough a coil positioned on the scalp (for details on the TMS 
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technique see Wassermann et al., 2008). The changing magnetic field 
generates currents in the neural tissues, which in turn can excite neurons. 
Since the magnetic pulse is effective only about 2-3 centimeters below the 
skull, only cortical areas directly beneath the coil were targeted. TMS is used 
in a variety of applications, including creation of virtual lesions that 
temporarily disable the targeted cortical areas (Day et al., 1989; Maccabee et 
al., 1991; Cowey and Walsh, 2001) and assessments of excitability states in 
neural pathways (Lemon et al., 1995; Di Lazzaro et al., 1998; Leocani et al., 
2000).  

In the present study, single pulse TMS was used to assess whether role 
differentiation between the hands in the bimanual trials was reflected in 
cortical excitability revealed by activity in the descending corticospinal 
pathways. To that end, we analyzed the amplitude of EMG potentials evoked 
in the intrinsic and extrinsic hand muscles in response to appropriately 
timed TMS pulses of optimal amplitudes delivered to the primary motor 
cortices of the hand (Lemon et al., 1995). Stronger EMG responses when 
normalized to the background EMG level would indicate a higher activity in 
the corticospinal pathways.  

Functional magnetic resonance imaging (Study I-III): The Blood Oxygen 
Level Dependent (BOLD) signal measured by the fMRI scanner provides an 
indirect measure of neural activity because it is influenced by a combination 
of neural activity, oxygen consumption and regional cerebral blood flow (for 
details on the method of fMRI see Frackowiak et al., 1997; Huettel et al., 
2004). Through a process called the hemodynamic response, oxygen is 
transported by the blood vessels to active neural tissues at a greater rate than 
to inactive neurons. The lack of a matching increase in oxygen extraction and 
thus increases in the concentration of oxygenated hemoglobin yields the 
BOLD signal measured.  

fMRI has good spatial resolution (millimeters) while its temporal resolution 
is poor due to the slowness of the hemodynamic response. That is, a 
transient neural event (a fraction of a second) elicits a BOLD response that 
lasts for several seconds. Another limitation of the technique is the 
sensitivity to head movements during data acquisition and the constrained 
environment in which the study participant has to perform their tasks. The 
major advantage, however, is that it non-invasively records brain activity in 
the whole brain. 

In the present study, the BOLD signals were measured in 3.44×3.44×4.4 
mm3 voxels of tissues throughout the brain. However, to provide useful 
information, these signals had to be processed in several steps. These steps 
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include correcting for the interslice time difference during image acquisition 
(slice timing), reducing the influence of head movements (realignment), 
transforming the individual brains into a standard brain in terms of size and 
shape for pooling data across participants (normalization) and finally, 
spatial low-pass filtering of the data (smoothing) so as to further reduce the 
variance between participants in group analyses.  

After preprocessing, statistical analyses were performed for each voxel 
separately using a general linear model where the various functional states of 
the participants were modeled as binary regressors and the voxels for which 
BOLD changes reliably related to the state changes could be detected (see 
SPM; The Wellcome Department of Cognitive Neurology, London, UK; 
http://www.fil.ion.ucl.ac.uk/spm). Since fMRI provides a signal that relates 
to changes in the regional blood flow, the regressors were convolved with a 
hemodynamic response function during the analyses that model the 
expected change in blood flow resulting from neural activity. Since multiple 
statistical tests were performed in parallel (at least one for each voxel), the 
problem of multiple comparisons were corrected for by appropriate 
statistical methods.  

Studies using fMRI must be designed to quantify task-dependent relative 
changes of BOLD activity. The present studies (Study I – III) used a block 
design with regressors pertaining to a preparation period and an early and a 
late phase during task performance (Fig. 1). The process of hand selection 
during the bimanual conditions occurred in the early phase whereas the late 
phase represented steady state performance (see RESULTS AND DISCUSSION). 
In addition, Study III also used an event-related analysis to address brain 
activity associated with task initiation. To make population inferences 
regarding brain activation during the present task, fMRI contrast images 
pertaining to each participant (fixed effect analysis) were used in random 
effects analyses (Friston et al., 1999) corresponding to paired t-tests and 
more commonly repeated measures ANOVAs. Using ANOVAs permitted us 
to detect not only main effects of experimental factors but also possible 
interactions between these factors based on a single test-run, while 
numerous tests, requiring additional corrections for multiple testing, would 
have been necessary had we used the more traditional t-test approach. To 
resolve the nature of main effects and interactions as indicated by the 
ANOVA, at the level of clusters we examined BOLD effect sizes (beta-values) 
and time-varying changes of the BOLD signal expressed as the percent 
relative to mean of session. To explore brain activations common across 
different experimental conditions, conjunction analyses were additionally 
performed according to the method described by Nichols et al (2005). 
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Results and Discussion 

This part of the thesis addresses five main issues: The first concerns 
experimental evidence for role differentiation of the hands during object 
manipulations requiring symmetric bimanual actions. The second concerns 
brain regions responsible for coordinating the hands in the examined target-
chasing task. The following, third, section investigates common brain areas 
engaged during the task whether performed bimanually or unimanually. The 
fourth and the last sections, address mechanisms responsible for hand 
selection and for initiation of task performance, respectively.  

The brain flexibly appoints one of the hands as prime actor 
in bimanual trials (Study I) 

By applying longitudinal and twist forces to a tool, the participants’ task was 
to hit successively displayed visual targets as quickly as possible during task 
periods that typically lasted for 36 s. That is, once a target was hit, it 
extinguished, and a new target appeared at a unpredictable location on the 
screen. Thus, for each target directed movement, the participants had to 
generate different combinations of time-varying longitudinal and twist forces 
(see METHODOLOGICAL ACCOUNT, p.11). Although the participants performed 
the target-chasing task during four separate conditions regarding how the 
tool was grasped and how the hand actions and cursor actions were related 
(Fig. 1), irrespective of condition these well-trained participants could 
flexibly shift between the four action representations and approached steady 
state performance already after about one or two target hits.  

When the participant performed the target-chasing task bimanually, because 
the tool was held unsupported in air the two hands generated practically 
identical forces but of opposite direction. However, careful analyses of tool 
movements during steady state performance indicated that the forces 
generated by one of the hands were either a bit earlier or slightly stronger 
than the forces generated by the accompanying hand. That is, there were 
small lateral and rotational movements of the tool during the force changes 
generated to move the cursor from one target to the next (Fig. 2). These 
movements were indeed tiny. Typically, the amplitudes of the lateral 
movements were some 2 mm and those of the rotational ones around 2°. 
Nevertheless, this observation indicated that the motor commands of the two 
hands were asymmetric and thus supported the notion that the brain used 
one hand as prime actor while the other hand had more an assisting, or 
postural, function. However, analyses of correlations between hand forces 
and tool movements showed that the tool did not always move with the 
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direction of the forces applied by the habitually dominant right hand, but it 
could also move with the force generated by the left hand. In fact, the 
direction of the tool movements depended on the spatial relationship 
between hand forces and cursor movements. That is, the tool moved with left 
hand forces during the left-hand mapping rule and with right hand forces 
during the right-hand mapping rule (Fig. 2). This finding strongly suggested 
that the brain selected as prime actor the hand whose actions were spatially 
congruent with the movement goal.  

Additional support for the hypothesis that the choice of primarily acting 
hand is flexible and determined by spatial relationships between hand 
actions and the desired movement goals was obtained by analyzing 
influences of the mapping rule (1) on the use of hand muscles (EMG), (2) on 
the excitability of the motor cortex and the corticospinal pathways that 
connects it with hand muscles (TMS), and (3) on brain activity estimated by 
measuring BOLD signal levels (fMRI). Firstly, EMG analyses showed that 
intrinsic hand muscles (APB and 1DI) operating on the digits were more 
engaged when the hand primarily acted than when assisting, while the use of 
extrinsic hand muscles operating over the wrist (ECR and FCU) was 
indifferent in this respect. Secondly, the excitability assessments using TMS 
applied over the primary motor cortices indicated that the activity in the 
corticospinal pathways was stronger when a hand (left or right) primarily 
acted than when it had an assisting function. Finally, results from fMRI 
experiments showed that the primary sensorimotor cortex (SMC) of the 
hemisphere contralateral to the primarily acting hand (left or right) was 
more activated as compared the SMC of the ipsilateral hemisphere (Fig. 3, 
top panel). The same pattern of a midline shift of lateralized activity 

 
Figure 2. Forces and tool movements during the target-chasing task when performed 
bimanually with the left-hand and the right-hand mapping rule. Superimposed time traces of 
longitudinal forces and lateral tool movements (upper panels) and of twist forces and rotational 
tool movements (lower panels) exemplified by data from one participant for the last 20 s of a 
target-chasing period. Hand asymmetry indices are indicated by the rLO and rTW. These indices 
are the correlation coefficients (r) obtained by correlating longitudinal forces and lateral tool 
movements, and twist forces and tool rotations, respectively. Positive and negative values of the 
hand indices indicate that the tool moved either with the forces applied by the left or by the right 
hand, respectively. Spikes in the bottom trace indicate instances of target hits.  
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depending on mapping rule was observed for activations of 'hand areas' of 
the cerebellum (Fig. 3, bottom panel). Based on the converging evidence 
from these behavioral and neural analyses, it seems safe to conclude that the 
brain flexibly assigned as prime actor the hand (left or right) whose forces 
were spatially congruent with the movement goal.  

Flexible role assignment of the hands is not specific to tasks that involve 
symmetrical bimanual actions as analyzed in the present studies, but 
promotes effectiveness in a large variety of natural tasks that include 
sequences of subtasks across which the spatial mapping between actions and 
desired sensory goals vary between the hands. For example, when a right-
handed person plans to drink from a soda bottle, the right hand first acts by 
picking up the bottle, the left hand is then the prime actor in the bimanual 
sub-task of removing the cap, and when this subtask is completed the right 
hand regain its lead in the subtask of moving the bottle-opening to the lips. 

 

Figure 3. Brain activity averaged across 
participants during the target-chasing task 
when performed bimanually with the left-
hand and the right-hand mapping rule. 
Map-specific brain activity revealed in 
random effect group analyses (N = 16) by 
contrasting BOLD signals (P < 0.05 
corrected for false discovery rate) obtained 
with the left-hand map rendering left-hand 
dominance with those obtained with the 
right-hand map rendering right-hand 
dominance and vice versa. The left-hand 
map specifically activated one cortical 
cluster with local maxima in the right 
primary sensorimotor and adjacent dorsal 
premotor areas, one in SMA and one in the 
junction between the anterior and posterior 
lobe of the left cerebellum. Conversely, the 
right hand map activated a single cluster 
that included the left primary motor cortex 
and one in the posterior lobe of the right 
cerebellum, but none in SMA. White lines on 
the surface rendered diagrams shown on 
standardized brain template in SPM2 
facilitate comparison between the right and 
the left hemisphere regarding extent of 
activations into dorsal premotor areas. L, 
Left; R, Right; A, Anterior; P, Posterior. Data 
refer to steady state task performance. 
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The obvious control benefits of flexible role differentiation between the 
hands is that it promotes effectiveness in task execution since it reduces the 
need of reorienting and regrasping objects as would be required if the 
habitually preferred hand was selected as prime actor in all subtasks. 

The fact that one hand primarily acted in the present bimanual trials 
although both hands generate similar time-varying forces, but of opposite 
directions, provides support for the general notion that the brain uses one 
control system for goal motions and one for postural support that is 
functionally coordinated with the goal motion system (Massion et al., 2004). 
The present results additionally indicate that these two systems are 
segregated throughout the motor system and that they can be flexibly 
rearranged between the hands depending on task constrains. While the goal 
system presumably primarily interacts with exteroceptive sensory 
modalities, such as vision and tactile sensibility, the postural system might 
foremost rely on information gained from proprioceptive and vestibular 
systems. Possibly, corticospinal pathways originating in the mesial wall areas 
and project bilaterally to interneurons of the spinal cord (Maier et al., 2002) 
might mediate important control signal for the postural system.  

Neural substrates in primary sensorimotor cortices rather 
than in medial wall premotor areas support bimanual 
coordination (Study II) 

While the participants performed the target-chasing task bimanually, the 
two hands generated complex combinations of coordinated mirror-
symmetric and anti-symmetric actions. As such, this complexity might result 
in a poorer performance than when the same task was performed 
unimanually where no between-hand coordination was required (see 
INTRODUCTION, p.2). However, target hit time and path index during steady 
state task performance was similar in the bimanual and unimanual 
conditions (Fig. 6A-B). Moreover, contrary to the results of many previous 
studies (e.g., Debaere et al., 2004; Wenderoth et al., 2005), our analyses of 
brain activity did not suggest stronger engagement of non-primary cortical 
areas and of subcortical structures during the bimanual conditions as 
compared to their unimanual counterparts. That the hands worked towards 
a common perceptual goal, as compared to performing separate tasks as in 
most previous studies on bimanual coordination presumably explains the 
similar performance and engagements of brain areas in the unimanual and 
the bimanual trials. Indeed, simultaneous processing of multiple action goals 
seems to not only require simultaneous implementation of multiple actions 
representations that might compete for partly the same neural resources but 
also engages brain regions not recruited when corresponding tasks are 
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performed separately (Roland and Zilles, 1998; Herath et al., 2001; Schubert 
and Szameitat, 2003). In other words, whether it is to clean my room, mold a 
snowball or finish my dinner, the effortless coordination between the hands 
is presumably achieved because the brain at any instance has a single goal, 
which in turn may represent subgoals of the overall task.  

Because neural processes in medial-wall premotor areas, and especially in 
the SMA, are considered critical for bimanual coordination (see 
INTRODUCTION, p.5), we expected higher BOLD signal amplitudes in the 
SMA-proper in the bimanual than in matching unimanual trials during 
steady state performance. However, our fMRI data failed to indicate stronger 
activation of these areas in the bimanual trials. Instead, the activity related 
to whether the brain appointed the left or the right hand as prime actor. That 
is, during both bimanual and unimanual trials the SMA-proper was more 
activated when the left hand primarily acted than when the right hand did 
(see Fig. 3 for data referring to bimanual trials only). As will be further 
discussed below, this observation suggested that SMA plays a role in 
implementing left-hand functional dominance. Similarly, we found stronger 
activation in the left caudal cingulate zone when the right hand primarily 
acted. This apparent discrepancy with the results of previous studies likely 
depends on the fact that we could keep track of prime actor in the bimanual 
trials. That is, by not considering that the left hand might function as prime 
actor intermittently in studies of, for instance, bimanual finger tapping, the 
activation of medial wall areas might have been misinterpreted as specific for 
bimanual coordination.  

Regarding neural substrates supporting bimanual coordination during 
steady state performance of the target-chasing task, a factorial analysis of the 
BOLD signals detected relevant effects limited to subzones of the primary 
sensorimotor cortices. Specifically, our results suggest that there are partially 
spatially segregated neuronal subpopulations in the primary sensorimotor 
cortex that are preferentially engaged in either bimanual or unimanual 
actions as well as a subpopulation without such preference (Fig. 4). The 
latter was represented by a zone on the anterior bank of the central sulcus of 
each hemisphere where the BOLD activity was independent on whether the 
contralateral hand acted unimanually or as prime actor in the bimanual 
conditions (yellow zones in Fig. 4). A zone with preference for unimanual 
conditions was located deep in the central sulcus only of the left hemisphere 
(green in Fig. 4). As such, this lateralized location suggests that the left 
hemisphere of right-handed individuals have more neurons preferring 
unimanual actions than the contralateral hemisphere. Finally, a zone with 
preference for bimanual actions, represented in each hemisphere, was 
located on the convexities of the pre- and postcentral gyri (red in Fig. 4). The 
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location of these various zones suggests that they correspond to two different 
hand representations in the motor cortex as defined by somatosensory 
inputs (Strick and Preston, 1982a-b; Picard and Smith, 1992; Geyer et al., 
1996). That is, the zones with unimanual and no preference on the one hand, 
and those with bimanual preference on the other, would rely on information 
gained primarily from cutaneous and deep mechanoreceptors, respectively. 

 

Figure 4. Zones with 
bimanual and unimanual 
preferences within the 
primary sensorimotor cortex 
(SMC). Red areas on coronal 
slices of a brain template 
show zones which BOLD 
signals were stronger when 
the contralateral hand 
primarily acted during 
bimanual trials than when 
acting unimanually (bima-
nual preference). Yellow 
areas indicate zones which 
BOLD signals were indiffe-
rent to whether the 
contralateral hand primarily 
acted in bimanual trials or in 
unimanual trials (no pre-
ference). Finally, green areas 
indicate BOLD signals that 
were stronger when the 
contralateral hand acted in 
unimanual trials than when 
serving as prime actor in 
bimanual trials (unimanual 
preference). A zone with 
unimanual preference was 
only observed in the left 
hemisphere in the right-
handed participants. These 
results from an ANOVA 
based random effects group 
analysis (N = 16) adopting a 
P-value threshold of 0.01 
after whole brain correction 
for multiple comparisons 
using the false discovery rate 
(FDR) algorithm. Histograms 
below give percent BOLD 
signal change within the 
delineated zones relative to 
mean of session. Height of 
columns give mean value 
across subjects with error 
bars indicating unilaterally 
1 SEM (N=16). Red arrow 
indicates effects of main 
interest. Data refer to steady 
state task performance. (For 
further details see Study II). 
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This suggests that bimanual coordination is especially dependent on 
proprioceptive guidance while tactile afferent signals are important for the 
control of the hand whether or not it acts unimanually or together with the 
other hand.  

Altogether, these findings suggest that the bimanual coordination in the 
present task depended on neuronal substrates situated in the primary 
sensorimotor cortices rather than medial wall areas. However, single unit 
recordings in monkeys have identified subpopulations of intermingled 
neurons preferring bimanual and unimanual actions also within premotor, 
cingulate and parietal cortical areas (Donchin et al., 1998, 2002; Kermadi et 
al., 1998, 2000; Kazennikov et al., 1999; Steinberg et al., 2002). Thus, the 
“bimanual controller” might be embodied in a distributed network rather 
than in one specific cortical region (see Swinnen, 2002). That we detected 
zones with bimanual preference only in the primary sensorimotor cortices 
may result from a higher degree of spatial segregation of tuned neurons in 
this area than in other areas.  

A left-lateralized parietal-premotor network supports the 
target-chasing task irrespective of effectuation (Study II) 

Independent on whether the target-chasing task was performed bimanually 
with the left or the right hand as prime actor or unimanually with either the 
left or the right hand, we observed common activations within posterior 
parietal and premotor cortical areas together with activations within the 
occipital cortex (Fig. 5). As can be expected from this cortical activation, also 
cerebellar areas (vermis, intermediate, and lateral zones), thalamus and 
striatum showed increased activation as compared to the resting state. 
Together, these brain areas are thus likely involved in the neural control 
operations required for the execution of the target-chasing task irrespective 
of effectors used.  

Much of the activity in the occipital cortex appeared to represent general 
processing of visual stimuli (Fig. 5, bottom left), since contrasting functional 
images representing steady state task performance and images representing 
the preparation period revealed stronger activity only in the 
occipitotemporal junctions (Fig. 5, bottom right inset). Activation of the 
occipitotemporal junctions were expected since these cortical areas have 
previously been identified as important for processing moving visual stimuli 
(Watson et al., 1993; Tootell et al., 1995), especially while performing 
visuomotor tasks (Grefkes et al., 2004; Schenk et al., 2005). Indeed, the 
cursor movements and the rapid shifts in target locations represented 
moving visual stimuli critical for the control of the hands in the present task. 
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Furthermore, the occipitotemporal junctions are key nodes of the “dorsal 
visual stream” that feeds the parietal and premotor cortical areas with visual 
information for movement control (Mishkin and Ungerleider, 1982; Goodale 
et al., 2004). The activation of dorsal parietal and premotor cortical areas in 
the present task was, however, surprising since object grasping and precise 
manipulation is thought to depend on processing in more ventral parts of the 
dorsal visual stream (Rizzolatti et al., 1988; Sakata et al., 1997; Graziano and 
Gross, 1998; Inoue et al., 2001; Kuhtz-Buschbeck et al., 2001; Ehrsson et al., 
2003; Culham et al., 2003; Stoeckel et al., 2003; Maravita and Iriki, 2004; 
Schmitz et al., 2005). In contrast, the dorsal parietal and premotor cortical 
areas, activated in the present task, have been previously implicated in the 
control of reaching for visible objects (Kawashima et al., 1995; Grafton et al., 
1996; Shen and Alexander, 1997; Wise et al., 1997; Connolly et al., 2000; 
Simon et al., 2002; Astafiev et al., 2003; Prado et al., 2005). An explanation 
reconciling the present and previous findings would be that the dorsal part of 
the parietal-premotor circuitry supports actions with goals specified in 
external visuospatial reference frames (as in the present experiment) 
irrespective of mode of effectuation. In contrast, the ventral part primarily 
would be involved in control of actions with goals specified in body or object 
centered frames of reference, such as when we grasp or haptically explore 
objects or use tools for gathering purposes. 

 

Figure 5. Engagement of parietal-
premotor areas in the target-chasing task 
irrespective of how it was effectuated. A, 
Common cortical activation across trials in 
which the task was performed bimanually 
with the left or the right hand as prime 
actor, or unimanually with either the left 
or the right hand assessed by a con-
junction analysis of fMRI data averaged 
across subjects and rendered on a single-
subject standardized brain template. B, 
Conjunction of images obtained during 
task performance irrespective of how the 
task was effecttuated (see A) contrasted 
against those obtained during the 
corresponding preparation periods. A and 
B, Significant effects were assessed in a 
random effects group analysis (N = 16) 
where family wise error (FWE) correction 
was applied to account for multiple 
comparisons (P-value threshold = 0.01). 
Data refer to steady state task 
performance. (For further details see 
Study II). 
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For the activation of the parietal-premotor network supporting the task in 
general terms, there was a bias for the left hemisphere (Fig. 5, top). The left, 
rather than the right, hemisphere has indeed repeatedly been suggested to 
embody neural substrates critical for control of well-learned manual skills 
irrespective of hand used (Liepman, 1905; Wyke, 1971; Kimura and 
Archibald, 1974; Geschwind, 1975; Haaland et al., 1987; Kim et al., 1993; 
Kawashima et al., 1993; Haaland and Harrington, 1996; Weiss et al., 2001; 
Schluter et al., 2001). 

Hand selection during bimanual trials (Study I - III) 

Because the participants had learned and trained the target-chasing task 
during four distinct conditions, the experimental environment potentially 
afforded four different action representations for task implementation. That 
is, one representation only was potentially available for each unimanual 
condition, but the left- or the right-hand mapping rule was available for the 
bimanual conditions (see Fig. 1). Since the left- and the right-hand rule 
occurred at equal probability in the bimanual trials and the current mapping 
rule was initially unknown to the participants in each trial, the appropriate 
action representation could not be selected reliably until after the target-

 

Figure 6. Task performance. 
Hit time (A) and path index (B) 
as a function of time for 
unimanual and bimanual 
conditions with left and right 
hand acting and hand 
asymmetry index (C) recorded 
during the bimanual trials 
(average index for longitudinal 
and for twist forces). Median 
values for 16 participants based 
on data computed for a ±1 s 
sliding time window (for details 
see Study I). 
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chasing was initiated. That is, the current mapping rule could be recognized 
only after the brain had identified the consequences of its manual actions, 
evident as cursor movements.  

Initially during the target-chasing period of the bimanual trials, the 
participants typically produced erratic cursor movements and the 
performance was poor as revealed by both hit time and path index, especially 
during the movement towards the first target (Figs. 6A–B; solid lines). This 
suggested that the brain had not yet selected the appropriate action 
representation. In contrast, in the unimanual trials during which the 
appropriate action representation could be selected prior to task initiation 
(see Fig. 1), the participant performed near optimum already from the start 
(Figs. 6A–B; dotted lines). In the bimanual trials, the performance improved 
significantly after some 3 s with the hit time and the path index both 
approaching the values observed in unimanual trials (Figs. 6A–B). The 
epoch characterized by high hit time and high path index was considered as 
representing the hand selection phase, in which the brain selected and then 
expressed the action representation appropriate for the current mapping 
rule. Indeed, functional hand dominance as assessed by the hand asymmetry 
index developed during this epoch (Fig. 6C; for further details see 
METHODOLOGICAL ACCOUNT S, p.13).  

Dual action representations are executed during the hand 
selection phase 

As reported above for steady state task performance, changes in mapping 
rule was associated with a marked between-hemisphere shift in the 
magnitude of activation of the primary sensorimotor areas (Fig. 3; Study I). 
However, during the hand selection phase in the bimanual trials, these brain 
areas showed a similarly strong bilateral activation irrespective of mapping 
rule (Fig. 7). This observation together with the erratic cursor control 
suggested that both the representation supporting the left-hand mapping 
rule and that supporting the right hand mapping rule were implemented 
simultaneously. Presumably, keeping both representations activated initially 
facilitates identification of the inappropriate sensorimotor representation, 
which then rapidly can be suppressed rendering optimal performance as 
soon as possible. While previous studies have shown that the sensorimotor 
system can prepare for multiple actions, but from which one is selected 
before task execution (Cisek and Kalaska, 2005; Koch et al., 2006), the 
present results indicate that more than one action representations can be 
executed simultaneously for subsequent selection of the most appropriate 
one. By initially implementing both action representations, the brain may 
effectively explore the utility of the alternatives and thereafter select the 
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most affordable representation. In the present context, this representation 
was the one that offered the most spatially congruent (and thus natural) 
relationship between hand and cursor actions. Indeed, it has been repeatedly 
shown that controlling movements in spatially congruent compared to 
incongruent situations results in superior performance and reduced 
computational demands (see INTRODUCTION, p.4). This was verified for the 
target-chasing task as tested when participants pursued targets unimanually 
with congruent and incongruent mapping rules. That is, the participant 
performed significantly better in congruent situations as reflected by shorter 
hit times (Fig. 8) and smaller path indices (not illustrated).  

Prefrontal areas influence selection of appropriate action 
representation 

A concurrent expression of dual action representations in the hand selection 
phase corroborates the view that potentially available action representations 
compete against each other for behavioral expression (e.g., Miller and 
Cohen, 2001; McCoy and Platt, 2005; Cisek, 2007). Selection amongst 

 
Figure 7. BOLD signals in sensorimotor areas (SMC) during the hand-selection phase. A, 
Cortical sensorimotor regions within the left and right hemisphere showing interaction effect 
between mapping rule (left-hand, right-hand) and grip type (bimanual, unimanual) during the 
hand selection phase visualized on coronal slices of an averaged brain calculated across the 
participants (N=16). B, Time-course of BOLD signals recorded from the left and right 
sensorimotor cortices during the task period shown for each experimental condition. Note the 
similar increase in the BOLD signals initially for both cortices with either mapping rule during 
the bimanual conditions (solid-line curves) and the subsequent decrease in the hemisphere 
contralateral to the hand assigned an assisting role. Signal change is given in percent relative to 
mean of session with the curves aligned to zero at the onset of task performance. Thin grey 
curve indicates the regressor representing the hand selection phase averaged across 
participants after being convolved with the canonical hemodynamic response function 
(arbitrarily scaled). (For further details see Study III).  
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potentially competing actions is thought to take place within the parietal-
premotor network that transforms information about target locations 
represented in an external visuospatial reference frame into movement 
descriptions (Gold and Shadlen, 2001; Mazurek et al., 2003; Cisek, 2007), 
with the premotor cortex strongly implicated in the implementation of the 
selected action (Crammond and Kalaska, 1996; Hoshi and Tanji, 2000, 
2004; Rizzolatti and Luppino, 2001; Toni et al., 2001; Thoenissen et al., 
2002; Dum and Strick, 2002; Rushworth et al., 2003).  

Accordingly, we hypothesized initially that the selection of an appropriate 
action representation in the target-chasing task would emerge in the same 
parietal-premotor networks as engaged during task execution. Indeed, 
evidence was found that premotor areas might play a critical role in this 
respect. In the first study (Study I) it was observed that the dorsal premotor 
area within the right hemisphere showed an increased activation when the 
left hand primarily acted in the bimanual trials as compared to when the 
right hand did (Fig. 3, see activation in front of the white horizontal line). In 
contrast, the corresponding area in the left hemisphere did not show an 
increased activation when the right hand primarily acted. Instead, this area 
was activated to a similar degree independent on acting hand (Fig. 5) (Study 
I and II). Moreover, in Study II it was observed that the right SMA-proper 
was activated more when the left hand acted than when the right hand did. 
This effect was not described in Study I, focusing on the bimanual conditions 
only, due to a quite conservative statistical threshold for identifying effects of 
the mapping rule on the brain activity (but see Fig. 3). Taken together, this 
suggests that the dorsal premotor system plays a critical role in the 
implementation of hand selection. That is, the stronger activation of the 
SMA might reflect a mechanism whereby the brain funnels information from 

 

Figure 8. Effect of spatially 
congruent versus incongruent 
mapping between hand forces 
and cursor movements on the 
performance in the target 
chasing task. Well-trained par-
ticipants (N = 12) pursued tar-
gets with either their left or 
right hand under both the con-
gruent mapping rule (i.e., the 
left- or the right-hand rule, res-
pectively) and the incongruent 
mapping rule (i.e., right- or left-
hand rule, respectively). Height 
of columns indicate their mean 
target hit times averaged across 
subjects and error bars indi-
cates unilaterally 1SD (N = 12). 
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the left dorsolateral premotor areas (that specify manual actions irrespective 
of prime actor) to the right dorsolateral premotor areas for implementing left 
hand lead, while inhibiting the left sensorimotor areas and thereby right 
hand lead. Conversely, with the right hand as prime actor the left caudal 
cingulate zone showed stronger activity, which might reflect a role of this 
area in engaging the left sensorimotor cortex accomplishing right hand lead 
(Study II). Recent primate studies has indeed emphasized a central position 
of the SMA and the caudal cingulate zone for routing information between 
the lateral premotor areas of the two hemispheres, which, in turn, tightly 
interacts with the corresponding primary motor areas (Dum and Strick, 
2005).  

Selection of the action representation in the target-chasing task might thus 
emerge in the same parietal-premotor networks whenever the environment 
offers reasonable unambiguous sensory cues about the mapping rule. This 
likely occurred during the unimanual conditions, where the visual (and 
somatosensory) information provided in the preparation period presumably 
strongly favored selection of the optimum action representation well before 
task initiation. In contrast, two representations were potentially affordable 
with equal probability at the time of task initiation in the bimanual 
conditions. The results of Study III indicate that prefrontal cortical areas 
were involved in selection of action representations under those conditions. 
That is, during the hand selection phase we observed a transient activation of 
posterior parietal and several prefrontal cortical areas, including 
dorsomedial and dorsolateral prefrontal areas, lateral orbitofrontal and 
frontoinsular cortex, and an anterior rostral cingulate zone (Fig. 9). 
Collectively, the dorsolateral and dorsomedial prefrontal areas are 
considered to belong to an executive control network, linking frontal and 
parietal areas and critical for judgment and decision-making guided by 
multimodal sensory information (Seeley et al., 2007; Sridharan et al., 2008). 
The output of the processes occurring in this network might have forced a 
selection of the appropriate action representation by biasing the competition 
between the two available action representations embodied in the parietal-
premotor network (see e.g., Miller and Cohen, 2001). The anterior rostral 
cingulate zone and the orbitofrontal/frontoinsular cortex are, on the other 
hand, implicated as key nodes of a network, referred to as the salience 
network, that is considered as critical for evaluating costs and benefits 
associated with performance (e.g., O'Doherty, 2007; Rushworth et al., 2007; 
Seeley et al., 2007; Sridharan et al., 2008). A prime role of this network, 
which can interact tightly with and influence the processes in the executive 
control network (Tanji and Hoshi, 2008), would thus be to contribute to the 
decision making with the assessment of the utility of the manual actions 
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performed during the hand-selection phase in the bimanual trials of the 
target-chasing task.  

That a single action representation is implemented during steady state 
performance while representations supporting both left and right hand 
dominance are simultaneously activated initially during task performance 
implies that one is suppressed during the hand selection phase. We propose 
that implementation of the right hand as prime actor depend on prefrontal 
signals suppressing the processes in the SMA that functionally links the right 
and left dorsolateral premotor cortex. As such, this breaks the information 
flow between the left lateralized parietal-premotor network (that primarily 
administers the task) and the right dorsolateral premotor areas. This, in 
turn, disconnects functionally the drive to the right sensorimotor cortex and 
thus breaks the left hand lead. In contrast, implementation of the left hand 
as prime actor depends on prefrontal signals suppressing processes in the 
left caudal cingulate zone that otherwise would facilitate information flow 
between the left lateralized parietal-premotor network and the left primary 

 
Figure 9. BOLD signals in prefrontal cortical areas during the hand-selection phase. A, 
Prefrontal cortical areas engaged during the hand selection phase visualized on coronal and 
transversal slices. B, Time-course of BOLD signals averaged across all voxels within two of the 
cluster indicated in A. Signal change is given in percent relative to mean of session with the 
curves aligned to zero at the onset of task performance. Signal change is given in percent 
relative to mean of session with the curves aligned to zero at the onset of task performance. 
Thin grey curve indicates the regressor representing the hand selection phase averaged across 
participants after being convolved with the canonical hemodynamic response function 
(arbitrarily scaled). dmPFC/RCZa – dorsomedial prefrontal cortex/anterior rostral cingulate 
zone; lOFC – lateral orbitofrontal cortex; dlPFC – dorsolateral prefrontal cortex; Caudate N – 
caudate nucleus;  FIC – frontoinsular cortex. (For further details see Study III). 
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sensorimotor cortex. This withdraws the drive to the left sensorimotor 
cortex, while maintaining the action representation expressed as left hand 
dominance. 

Prefrontal brain circuitry supports task initiation as such 
(Study III) 

Adaptive behavior as expressed in conceptual, social, and practical adaptive 
skills critically depends on the brain’s ability to shift between distinct states 
of information processing. In the present experiments, such a shift caused 
the participant to change behavior from just holding the tool (preparation 
period) to start to perform the target-chasing task (Fig. 1). The time of task 
initiation after the cursor and the first target appeared on the screen did not 
depend on the experimental condition. That is, it was similar whether the 
target-chasing task was performed bimanually with the left or the right hand 
as prime actor or unimanually with either the left or the right hand. Thus, it 
was no harder to initiate left as compared to right hand actions nor was it 
more difficult to initiate bimanual as compared to unimanual actions, even 
though bimanual conditions not only involved within-hand but also 
between-hand coordination of forces. On average, participants required 0.44 
s to initiate movements towards the first target irrespective of condition. 
Notably, only about half that time was required to initiate movements 
towards new targets during steady state performance. As such, this 
difference corroborates general views regarding differences in processing 

 
Figure 10. Brain areas engaged in task initiation irrespective of how the target-chasing task 
was effectuated. A, Regions showing BOLD signal increases during task initiation depicted on 
coronal, sagittal and transversal anatomical brain slices (red). For comparison, black contours 
provide an outline of prefrontal areas activated during the hand-selection phase in the bimanual 
trials (see further Fig. 9). B, Time-course of the BOLD signals during task performance. RCZp – 
posterior rostral cingulate zone; POJ –parietal-occipital junction; FIC – frontoinsular cortex. 
(For further details see Study III). 
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requirements when switching between task-sets versus when frequently 
repeating the same task (Monsell, 2003). 

In an event-based analysis of fMRI data we looked for transient BOLD signal 
increases in the brain associated with task initiation so as to identify regions 
involved in the shift between task sets. This analysis revealed engagement of 
a posterior rostral cingulate zone, the frontoinsular cortex and the ventral 
striatopallidum (Fig. 10). These areas are all considered belonging to the 
salience network (Seeley et al., 2007). Their activation in the present 
experiments furthermore agrees with the notion that this network is 
important for switching between activation and deactivation of large-scale 
brain networks supporting different general functional states of the brain 
(Rushworth et al., 2002; Dosenbach et al., 2006; Sridharan et al., 2008). In 
addition to a phasic activation at task initiation, the same areas tended to 
show sustained activity during task performance, which agrees with a role of 
the prefrontal areas in maintaining desired control states also during 
ongoing task execution (Miller and Cohen, 2001; Dosenbach et al., 2006, 
2007). Overall, the activations of the salience network during task initiation 
were located posterior to the activations attributed to the salience network 
during the hand selection process. That is, whereas task initiation primarily 
engaged the posterior rostral cingulate zone and the nearby pre-SMA as well 
as anterior insula, hand selection involved the anterior rostral cingulate zone 
and the orbitofrontal cortex. As such, this suggests that distinct neural 
networks are involved in switching between behavioral states representing 
tasks-set at a superordinate level versus selecting amongst action 
representations available within a task-set. 
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Summary of Conclusions 

 Behavioral as well as neural analyses show that the brain flexibly assigns 
either the left or the right hand as prime actor during a task prototypic 
for natural manipulation tasks where the hands apply symmetrical forces 
on objects. 

 Prime actor is manifest as a midline shift in the activation of distal hand 
muscles, corticospinal pathways, and primary sensorimotor and 
cerebellar cortical areas. 

 Spatial congruency between hand actions and goal motions, and not 
habitual hand dominance, determines prime actor.  

 Neural substrates within the primary sensorimotor rather than within 
the medial wall premotor areas support bimanual coordination. 

 A common, mainly left-lateralized, dorsal parietal-premotor network 
manages object manipulations regardless of prime actor. 

 During periods of uncertainty regarding the utility of alternative hand 
assignments, the brain executes simultaneously multiple action 
representations competing for establishment of a prime actor. 

 Processing in complementary networks engaging prefrontal areas 
reconcile selection of prime actor in an apparent implicit manner. 
Sensory information gathered during the simultaneous execution of 
action representations favors the selection of the appropriate one by 
suppressing alternatives.  

 Dorsal premotor areas implement selection of prime actor by controlling 
the routing of information from the left-lateralized parietal-premotor 
network to the primary sensorimotor areas.  

 Initiation of bimanual as well as unimanual actions engages a common 
prefrontal network that generally supports shifting between behavioral 
states.  
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