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O P I N I O N

Dynamics of hemispheric 
specialization and integration in the 
context of motor control
Deborah J. Serrien, Richard B. Ivry and Stephan P. Swinnen  

Abstract | Behavioural and neurophysiological evidence convincingly establish 
that the left hemisphere is dominant for motor skills that are carried out with 
either hand or those that require bimanual coordination. As well as this 
prioritization, we argue that specialized functions of the right hemisphere are 
also indispensable for the realization of goal-directed behaviour. As such, 
lateralization of motor function is a dynamic and multifaceted process that 
emerges across different timescales and is contingent on task- and performer-
related determinants.

Owing to advances in neuroimaging 
techniques coupled with clinical work, 
considerable progress has been made in 
understanding the functional rules of brain 
organization. Two fundamental principles 
have been proposed: functional specializa-
tion, which refers to the idea that par-
ticular neural regions perform specialized 
computations; and functional integration, 
which implies that specific tasks require 
extensive interactions between specialized 
neural regions1. It is mainly the premise of 
functional specialization that has received 
the lion’s share of attention in the neuro-
sciences, as supported by evidence in favour 
of anatomical segregation. Conversely, the 
assessment of functional integration has 
proved to be more challenging and usually 

benefits from statistical methods used 
to infer dependencies in neural activity. 
These two principles must be considered as 
complementary when considering cortical 
function1.

Taking a broad view, the localizationist 
doctrine has led to the identification of 
functional specializations associated with 
the two cerebral hemispheres. Building on 
the seminal ideas of Franz Gall (1758–1828), 
Paul Broca (1824–1880) and Carl Wernicke 
(1848–1905) presented evidence that certain 
language abilities are impaired follow-
ing damage to specific regions in the left 
hemisphere (Broca’s and Wernicke’s areas 
in the left inferior frontal gyrus, and the left 
superior and middle temporal gyri, respec-
tively). John Hughlings Jackson (1835–1911) 

was one of the first to make explicit that each 
side is responsible for specialized functions 
by contrasting the importance of the anterior 
lobe of the left hemisphere with that of the 
posterior lobe of the right hemisphere. These 
ideas laid the foundation for a dominant 
theme in the laterality literature that arose in 
the twentieth century and continues to the 
present day: namely, that the left hemisphere 
has a dominant role in linguistic abilities 
whereas the right hemisphere is responsible 
for visuospatial functions2.

Whereas Hughlings Jackson and other 
early neurologists stressed the contra-
lateral organization of the human motor 
system, Hugo Liepmann (1863–1925) 
highlighted a marked asymmetry between 
the hemispheres in terms of skilled action. 
Specifically, Liepmann3 argued that the 
left hemisphere has a dominant role in the 
control of movement, postulating that this 
hemisphere contains ‘movement formulae’ 
that are intended for both sides of the body. 
These ideas were dramatically reinforced by 
initial reports of patients who underwent 
the callosotomy procedure for the treatment 
of intractable epilepsy4. In particular, these 
patients experience difficulty producing vol-
untary movements with the left hand in the 
early months after surgery, which suggests 
that such control requires transcallosal input 
from the left hemisphere.

Today, the prevalent view in the neu-
rosciences is that specialized functions of 
the left hemisphere are essential for skilled 
movement and language. This lateralization 
profile is quite well established for right-
handers5,6, and might be set early in devel-
opment7,8 after the emergence of key motor 
and perceptual specializations in initial ges-
tation9,10. Indeed, most researchers assume 
that the left hemisphere specialization for 
movement- and language-associated func-
tions are related to one another5,6 (but see 
REF. 11 for an alternative view). However, the 
basis of these asymmetries has engendered 
considerable debate12. One dominant 
hypothesis emphasizes functional connec-
tions between the cortical hand motor area 
and language circuit13–15 that may have been 
essential for the evolution of language from 
manual gestures rather than vocal calls16, 
which is supported by the robust use of 
gestures that typically accompany speech17. 
Accordingly, Broca’s area has been observed 
to be associated with various non-language 
motor functions such as planning, recogni-
tion and imitation of actions18–20 as well as 
with syntactic operations required for the 
hierarchical representation of sequential 
behaviours21.
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Box 1 | Handedness

Handedness refers to the well-defined preference whereby one hand is used in favour of the other 
in a consistent manner. It is a fundamental behavioural characteristic that becomes stabilized 
during development106, and can be evaluated in terms of preference (the hand that is chosen to 
carry out a task) or performance (the hand that is more proficient at a task), although both 
expressions are closely related. Handedness is often measured by comparing the relative 
performance of both hands on a given task such as peg moving107, finger tapping108 or reaching50. 
About 90% of humans are more skilled with the right than left hand, although the degree of manual 
asymmetry varies as a function of age109 and task complexity110. Handedness is not only evident 
during unimanual tasks but is also present during bimanual movements111. Although the two hands 
cooperate in achieving a common goal, such as unscrewing a lid from a jar, each is consistently 
assigned a particular task. In general, the dominant hand takes on the manipulative role while the 
non-dominant hand serves a postural role. Manual dominance persists when performing bimanual 
tasks for which the limbs assume a similar function, such as bilateral circle drawing during which 
the preferred hand leads the non-preferred hand112.

Figure 1 | Hand motor representation. Current dipole sources of motor activity for different hand 
and finger movements during magnetoencephalography recordings superimposed onto MRI 
reconstructions in a right-handed subject. All dipole sources were localized within the hand area 
of the primary motor cortex. Spatial arrangement of neural sources for hand and digit movements 
was non-somatotopic and covered a larger area in the left than the right hemisphere. Motor 
performance parameters as obtained from surface electromyographic analysis did not differ 
significantly between the preferred and non-preferred limb23. Modified, with permission, from 
REF. 23 © (1998) American Physiological Society. Anatomical image adapted, with permission, 
from REF. 119 © (1996) Appleton & Lange.

The aim of this article is to present 
the viewpoint that lateralization of motor 
function is a dynamic process. Although 
we contend that in right-handers the left 
hemisphere takes on a dominant role for 
the regulation of motor behaviour, we also 
discuss evidence that supports the special-
ized functions of the right hemisphere for 
motor control. Accordingly, we propose that 
lateralization of motor function is a versatile 
process during which the functional involve-
ment of both hemispheres is not fixed but is 
flexible and driven by several fundamental 
factors.

The left hemisphere
With respect to motor behaviour in humans, 
the issue of hemispheric specialization 
is closely tied to handedness (BOX 1) and 
therefore linked to asymmetric brain func-
tion. Left hemisphere dominance for skilled 
movement has been attributed to anatomical 
and functional asymmetries of the primary 
motor cortex (M1) and descending path-
ways22,23 as well as to secondary motor and 
association areas24. An extensive motor map 
contralateral to the preferred hand supports 
an asymmetry of M1 in right-handers22,25 
and probably corresponds to experience-
dependent changes that begin early in 
development26. FIGURE 1 shows an example 
of M1 maps in a right-handed subject when 
carrying out various tasks with the preferred 
and non-preferred hand. As illustrated, the 
different actions identified as spatially seg-
regated dipolar sources are more dispersed 
in the left than in the right hemisphere23. 
An experiential component to this asym-
metry is consistent with the fact that there is 
considerable plasticity of M1 maps following 
pathological or traumatic changes, as well 
as during motor learning and consolida-
tion27,28. The more extensive connectivity 
of the left M1 with associated corticospinal 

tracts is further supported by new MRI 
techniques that correlate functional and 
anatomical information using functional 
MRI (fMRI) and diffusion tensor imaging29. 
Furthermore, on the basis of transcranial 
magnetic stimulation data, it has been sug-
gested that excitability of the corticospinal 
system of right-handers is higher in the left 
than in the right hemisphere30.

The asymmetry of secondary motor 
and association areas, which probably 
reflects a consequence of specialized 
regions implementing distinct functions, 
is particularly evident from clinical work. 
Patients with left hemisphere lesions, espe-
cially of parietal areas, are likely to show 
impairments in producing skilled actions 
with either hand, whereas comparable right 
hemisphere lesions produce deficits that are 

largely restricted to the contralateral hand31. 
Further evidence for hemispheric asym-
metry of association areas is provided by 
neuroimaging work in healthy participants. 
FIGURE 2a shows the greater involvement of 
the left compared with the right premotor 
and parietal areas in higher-order aspects 
of action that are related to movement com-
plexity32. Overall, the literature underscores 
the involvement of the left hemisphere in 
movement organization and selection33,34 
(FIG. 2b) as well as in motor imagery and 
learning35,36. Various hypotheses have 
been offered as a functional basis for this 
asymmetrical pattern, including a role in 
sequential behaviour32, bimanual coordina-
tion37,38, tool use39, evaluation of the body 
state40 and interpretation of perceived 
actions41. Furthermore, a left hemisphere 
specialization for temporal processing, at 
least for sequential movements42, has been 
proposed, which fits with its role in spoken 
language as well as sign language43.

The right hemisphere
The role of the right hemisphere in 
motor organization is less well defined. 
With respect to M1, there is evidence 
for a reduced representation in the right 
compared with the left hemisphere in 
right-handers, which relates to decreased 
dexterity of the less-preferred hand44. 
Regarding association areas, functional 
specializations related to higher-order 
planning do not seem to be strongly 
developed, although spatial response 
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Figure 2 | Left hemisphere dominance. a | Neural activation pattern showing regions with 
significant differences in MRI signal intensity for subtractions of simple versus complex sequences. 
Participants carried out experimental conditions that consisted of key presses in response to 
numeric sequences presented on a screen. The simple condition required repetition of a single 
key press whereas the complex condition consisted of a heterogeneous sequence that always 
included three fingers and four transitions. The areas that were most strongly activated for the 
complex movements were in the left hemisphere, regardless of which hand performed the task, 
and included the dorsal premotor (1), insula (2), superior parietal (3) and extrastriate (4) cortices32. 
b | Shows relative regional cerebral blood flow increase and extent associated with motor 
attention. Participants performed finger responses and covertly attended or did not attend to the 
movements before execution. Despite only left-hand responses being produced, the attention-
related activity was almost exclusively in the left hemisphere. The left parietal cortex was 
prominently involved, with activations in the anterior part of the supramarginal gyrus and the 
anterior intraparietal sulcus. Additional activation foci were observed in lateral premotor and 
prefrontal regions, including the pars opercularis of Broca’s area, and in the cingulate sulcus34. 
Panel a reproduced, with permission, from REF. 32 © (2004) MIT Press. Panel b reproduced, with 
permission, from REF. 34 © (2001) MIT Press.

selection has been linked with the right 
hemisphere45. This restricted involvement 
might be due to the right hemisphere 
requiring strong external cues to select a 
particular motor representation from vari-
ous options46 or to a selection mechanism 
that involves mainly exploratory processing 
of novel situations47.

The latter argument concerning novel 
situations would be in line with a theory 
of hemispheric control that assumes that 
the left hemisphere controls open-loop 
aspects of the movement (based on well-
established motor programmes), whereas 
the right hemisphere is crucial for closed-
loop aspects of the movement (dependent 
on sensory feedback)48. However, recent 
research in patients does not support this 
clear dichotomy of hemispheric asymmetry. 

Instead, this work suggests that the separa-
tion of different components of reaching 
movements on the basis of open- and 
closed-loop processing is relative rather 
than absolute49. Alternatively, it has been 
proposed that the left hemisphere controls 
limb trajectory whereas the right hemi-
sphere regulates limb position and posture50. 
This premise is in agreement with patient 
data51 that show differential effects of left 
and right hemispheric lesions on the initial 
and final phases of aiming movements. At 
present, both hypotheses are considered to 
be convergent: open-loop left hemisphere 
specialization is limited to feedforward 
specification of task dynamics, whereas 
closed-loop right hemisphere specialization 
includes sensory-mediated mechanisms that 
control final limb position52.

Nonetheless, various lines of evidence 
convincingly support a dominant role for 
the right hemisphere in various spatial 
functions, such as spatial memory, learning 
and orienting53–56. It has been suggested 
that this right-sided dominance is due to 
preferential encoding of global features 
in contrast to the specialization of the left 
hemisphere for processing local features57,58. 
Computationally, this distinction possibly 
results from the differential sensitivity of the 
hemispheres to spatial frequency informa-
tion: amplification of low spatial frequencies 
underscores information at the global level 
whereas intensification of high spatial fre-
quencies highlights information at the local 
level57,58. Alternatively, a right hemisphere 
specialization for spatial functions might 
relate to its involvement in the control of 
spatial attention for both the left and right 
visual fields59,60, or a monitoring function that 
especially becomes apparent in conflict situ-
ations61, as when experiencing a mismatch 
between motor intention, proprioception 
and/or visual feedback62 (FIG. 3).

Task- and performer-related influences
The previous sections summarized various 
hypotheses concerning how the cerebral 
hemispheres provide differential contribu-
tions to the control of skilled actions. As 
outlined, some functions are lateralized to 
one hemisphere or the other, which might 
be beneficial in terms of reducing conduc-
tion delays63 or downgrading interference 
from incompatible processes64. Here, we 
propose that the relative involvement of each 
hemisphere in motor behaviour depends on 
task- and performer-related characteristics. 
This implies that several factors dynamically 
shape the contribution of each hemisphere: 
on the one hand, this involves the type 
and complexity of the movement; on the 
other hand, the skill level, CNS status and 
attentional focus of the performer will also 
influence the manner in which the two 
hemispheres contribute to the control of 
movement.

Task-related characteristics. Movement 
type-related processing evidently has an 
important role in the mechanisms of control 
of skilled actions. In particular, sequential 
representations and their resources are asso-
ciated with the left hemisphere, independent 
of the performing hand32. In view of this, the 
left hemisphere may be especially involved 
in the planning of sequential acts that impli-
cate notable response selection, preparation 
and/or retrieval32,33,65. For goal-directed 
reaching, each hemisphere is proposed to 
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Figure 3 | Right hemisphere dominance. Relative regional cerebral blood flow increase and extent 
related to conflicting visual feedback when producing Luria’s bimanual coordination task, which 
involves anti-phase versus in-phase movements. A mirror was used to manipulate visual feedback from 
the left hand by showing a reflection of the right hand (that is, virtual left hand). Participants were 
instructed to look towards their left hand (real or virtual). The main effect of the mirror was an increase 
in activity in the right dorsolateral prefrontal cortex and right superior posterior parietal cortex (not 
shown). Focal activation in the right dorsolateral prefrontal cortex was associated with the interaction 
term of non-veridical/veridical visual feedback on anti-phase/in-phase movements, suggesting a 
specific monitoring role of this area for motor intentions in conflict situations when spatial task demands 
are emphasized62. Reproduced, with permission, from REF. 62 © (1999) Oxford University Press. 

contribute in a distinct manner to control-
ling the specification of the trajectory and 
final position50. The distinction is due to 
the left hemisphere’s contribution in the 
planning of the limb dynamics whereas the 
right hemisphere is essential for specifying 
the final position of the reaching movement 
through sensory regulation.

The contribution of each hemisphere is 
also modulated by movement complexity. 
Whereas a simple movement such as uni-
manual finger tapping is organized by a local 
neural circuit, more complex actions such as 
those involving a sequence of finger move-
ments engage distributed (often bilateral) 
networks32,65. In this respect, recruitment 
of both hemispheres might be affected by 
augmented attentional or executive control 
requirements, or by the use of operations 
that are specialized in each hemisphere. It 
is assumed that interhemispheric pathways 
allow for relevant coupling or decoupling 
of information66,67. That input is indeed 
communicated between both hemispheres 
is evident, for example, from motor transfer 
studies, which address intermanual informa-
tion transmission when a specific task is 
practised with one hand. In general, per-
formance benefits are found to occur in the 
trained as well as the untrained hand68.

Performer-related characteristics. Goldberg 
et al.69 proposed that right hemisphere 
processing is driven by the external environ-
ment, whereas left hemisphere processing 
is guided by internal representations (see 
also REF. 48; see REF. 49 for an alternative 
outcome). This line of thinking is consistent 
with observations from patients with spatial 
neglect, following right parietal injury, who 
show a severe shift of exploratory move-
ments towards the right side that becomes 
markedly attenuated when goal-directed 
movements are performed70. It suggests 
that both types of action necessitate dif-
ferential input or supporting processes, 
with a distinctive contribution from both 
hemispheres. These functional differences 
between the two sides would suggest a 
right-to-left shift of hemispheric importance 
as expertise develops. Indeed, skill develop-
ment is often associated with a partial transi-
tion from externally to internally generated 
movement control. For example, when 
learning to accomplish a difficult bimanual 
task71, activation in the right hemisphere 
decreases over time, whereas left hemisphere 
activation becomes more prominent. The 
former might be due to a reduced require-
ment for monitoring spatial features of the 
movements, whereas the latter probably 

relates to an augmented involvement of a 
consolidated representation72 (FIG. 4).

The CNS status of the performer is linked 
to a change in operational strategy due to the 
particular neural circumstances. For exam-
ple, after injury, cortical regions associated 
with bilateral control such as premotor cor-
tex may take on enhanced motor processing 
responsibilities, and as such have a crucial 
role in recovery of function73. This implies 
that both hemispheres are endowed with 
functional capabilities that can be exploited 
under specific conditions, and supports 
the idea that neural involvement for task 
production is malleable. Although there is 
evidence that motor deficits differ after left 
versus right hemisphere damage31,48,51, this 
issue requires further detailed evaluation, 
with particular consideration of the site 
and extent of neural damage as well as task 
constraints and handedness.

Finally, attention can modulate the 
involvement of the two hemispheres74. In 
particular, hemispheric biases may change 
as spatial attentiveness shifts between global 
and local levels of representation that rely 
on right and left hemisphere processes, 
respectively58, or between motor and non-
motor demands of self-produced actions75 
for which directed motor attention enhances 
selection of the representation.

The findings described above show that 
the task demands and the characteristics 
of the performer have powerful effects on 
the processing requirements for movement 
control and may bias hemispheric asym-
metries and interhemispheric inter actions. 
It illustrates that a dynamic balance 
between the existing constraints induces 

certain operational modes. For example, 
whereas global spatial guidance, especially 
relevant for novel and unexplored actions, 
is associated with the right hemisphere, rep-
resentational processing that occurs on the 
basis of experience-based planning is more 
effectively mediated by the left hemisphere. 
This implies that the functional contribution 
of both hemispheres is flexibly driven. It 
is this flexibility that underlies skilled and 
adaptive motor behaviour. In this respect, 
the examination of motor tasks such as 
tapping and finger sequencing, which are 
often used in experimental designs, might 
have biased research outcomes in favour of 
distinct (primarily left hemisphere) process-
ing requirements. Accordingly, future work 
should focus on a wider range of tasks with 
different degrees of motor complexity to 
delineate the proficiency of each hemisphere 
in movement control.

Information gating and integration
If certain functions are lateralized to one 
hemisphere or the other, then efficient gating 
of information is essential for movements 
that draw on these functions. Many of these 
interactions occur via the corpus callosum, 
allowing for the transfer of (pre)motor, 
feedback, error and attention-related 
input76,77. This communication between the 
hemispheres involves functional inhibition 
as well as facilitation. Inhibitory interactions 
are thought to be crucial during the prepara-
tion of unilateral actions to counteract the 
production of default mirror movements78 
— that is, involuntary movements of one 
hand that accompany the voluntary actions 
of the other hand. From a lateralization 
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Figure 4 | Learning-related changes. a | Neural activation pattern of learning-related decreases 
(pre>post) during the acquisition of a bimanual coordination task that required a complex 
spatiotemporal relationship between the limbs — that is, cyclical flexion–extension movements of 
both hands with a phase offset of 90° (REF. 72). Decreases in activation with learning were 
predominantly observed in the right hemisphere and included the superior parietal cortex (1), right 
dorsal premotor cortex (2), right dorsolateral prefrontal cortex (3), right ventral premotor cortex (4) 
and left cerebellar lobule VI (5). b | Neural activation pattern of learning-related increases (post>pre) 
during acquisition of the same bimanual task72. Brain areas that showed an increase in activation with 
learning were principally located in the left hemisphere, comprising the left dorsal premotor cortex 
(1), or were more bilateral — that is, primary motor cortex (2), cingulate motor cortex (3), putamen/
globus pallidus (4), cerebellum dentate nuclei (5) and superior temporal gyrus (6). Reproduced, with 
permission, from REF. 72 © (2004) Elsevier Science.

viewpoint, there is evidence to suggest that 
in right-handers inhibitory effects between 
both motor cortices are greater from the left 
to the right hemisphere than vice versa79. 
This type of functional distinction could 
contribute to hemispheric differences in 
motor control and probably emerges in early 
childhood, during which certain inhibitory 
processes in the hemispheres assume an 
asymmetrical developmental course80.

Facilitation of information transfer 
between the hemispheres is essential when 
their respective processing is required for 
successful task performance. In the context 
of movement control, the corpus callosum 
and its mechanism of information gating has 
especially been of interest with respect to 
bimanual coordination tasks. This work has 
revealed that the degree of interhemispheric 
communication relates to task complexity81 
and is required for learning new movement 
patterns82–85. Therefore, callosal interactions 
provide a high-level link for the specifica-
tion of movement parameters (such as 
amplitude) or response selection86,87 and 
probably constitute a physiological basis for 
neural crosstalk88,89 that becomes evident 
when people carry out bimanual tasks with 
dissimilar movement characteristics61,90. In 
summary, adaptive motor behaviour relies 

on inhibitory processes that may help to 
exploit the processing benefits associated 
with hemispheric specialization as well as 
on facilitatory processes that allow for the 
integration of information across both hemi-
spheres. This implies that the allocation of 
processing resources for motor behaviour is 
a dynamic process for which segregation and 
integration of function flexibly coexist.

The question then emerges of how the 
brain manages to incorporate information 
from specialized but distributed regions, 
each of which may process inputs in a 
unique manner. To understand this, it is 
important to consider how information 
processing is coordinated within and 
between hemispheres. A possible mecha-
nism for such large-scale inter-regional 
interactions is the temporary creation of 
dynamic connections that rely on the syn-
chronization of neural activity91–93. In human 
and animal studies, the measurement of 
coherence has found relevant application in 
various neurophysiological data such as elec-
troencephalography, magnetoencephalogra-
phy and local field potential recordings38,94,95 

(BOX 2). In particular, coherence provides a 
means to capture neural communication 
across brain sites96, for which effective infor-
mation coding can be related to different 

frequency bands. For example, synchronized 
activity in movement-related brain areas 
that has been most readily associated with 
motor function is in the beta frequency 
range (~14–30 Hz)38,81,83,85. Accordingly, the 
dynamic organization of neural activity in 
the frequency domain may provide a means 
for uniting information processing in view 
of the task demands: the close associa-
tion between changes in cortico-cortical 
coherence and behavioural performance 
lends support to this proposal97–99. This 
dynamic organization also hints that the 
harmonized activity from widespread brain 
areas represents a basic mode of information 
communication across different frequencies, 
which underlies the formation of neural 
networks of which the processing outcome 
is translated into proficient behaviour. On 
the basis of the previous discussion, we 
suggest that with skill development, motor 
representations that become established in 
the left hemisphere may support efficient 
inter-regional information processing. 
For example, during acquisition of a new 
bimanual assignment, it has been shown that 
an initial profile of cortico-cortical couplings 
is gradually adjusted as the routine becomes 
settled and behavioural performance is 
optimized83,85, which eventually results in a 
functional pattern that is primarily orches-
trated by the left hemisphere when carrying 
out well-learned bimanual tasks38.

A dynamic view of motor lateralization 
The previous sections have shown that the 
functional participation of both hemispheres 
in motor regulation is not fixed but is 
dynamic and versatile. Here we present a 
viewpoint that captures this dynamic dispo-
sition and argue that lateralization of motor 
function is characterized by hemispheric 
and interhemispheric dynamics across dif-
ferent timescales. The hemispheric dynamics 
support major movement-related functions 
such as motor attention, temporal processing 
and spatial (global, local) attention, which 
are distributed across both hemispheres. 
Only through a compliant information 
exchange, delineated as interhemispheric 
dynamics, can optimal motor behaviour 
be attained. Projections between the hemi-
spheres, mainly via the corpus callosum, 
allow for interactive functioning. It is 
believed that hemispheric asymmetries and 
an optimal balance between the hemispheres 
is vital as both developmental diseases 
and pathology — for example, autism 
and schizophrenia — have been linked, in 
part, to atypical modulations such as an 
inconsistent hemispheric specialization, or 
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Box 2 | Coherence

Coherence represents a measurement of linear covariation between two signals in the frequency 
domain. It is mathematically bounded between zero and one, whereby one signifies a perfect linear 
association and zero denotes that the signals are not linearly related at that particular frequency. 
The premise is that when activities from spatially remote events covary they tend to interact, also 
denoted as functional connectivity. Standard coherence as a measure of functional coupling 
provides a link between two signals but no directional information. To this end, estimators can be 
constructed, such as a directed transfer function, which examines asymmetries in inter-regional 
information flow and establishes a direction of drive between the coupled sites38,113. As a large-
scale approach to study motor control functioning and mechanisms, the application of coherence 
and associated measures provides a valuable analytical tool to investigate functional connectivity 
between neural sites and changes that occur due to various factors such as task complexity, 
context and learning81,83,98,114. It also allows the determination of anomalous as well as 
compensatory connectivity patterns in pathological conditions115–118.

a dysfunctional integration among neural 
systems100,101. A timescale dynamic drives the 
(inter)hemispheric regulation and operates 
on various levels: first, a short-term basis, 
which is influenced by factors such as atten-
tion and context; second, a medium-term 
basis, which is affected by elements such 
as learning and recovery of function; and 
third, a long-term basis, which is moulded 
by development, ageing, high-level expertise 
and chronic disease. Here, we have focused 
on factors that constitute the short- and 
medium-term basis, but all levels interact 
with and influence each other. For example, 
the acquisition of a new task (medium term) 
will be contingent on the developmental 
stage of the learner (long term). This view-
point contrasts with a traditional perspective 
that treats lateralization of motor function as 
a static process.

Conclusions
A principal phenomenon of human brain 
regulation is lateralization of function41. 
Traditionally, emphasis has been on left 
hemisphere supremacy for language and 
motor control versus right hemisphere 
dominance for spatial representation and 
attention. Although specialized areas are 
probably predetermined, it is through the 
combination of inter-regional interactions 
that coherent behaviour is achieved102–104. 
In this respect, we have proposed that the 
strength of functional connectivity pat-
terns parallels an increased reliance on left 
hemisphere representations, which accord-
ingly support a refined motor repertoire. 
Apart from this prioritization, we argue that 
specializations of the right hemisphere also 
contribute uniquely to skilled behaviour. 
Moreover, it is through an active interplay 
of neural processing, mainly via callosal 
projections, that the transfer of information 
for sensorimotor integration, intention, 
decision making and response preparation105 

is supported. This processing is not static 
but is dynamically driven by task- and per-
former-related determinants across various 
timescales, which together shape the overall 
motor behaviour. Therefore, the pattern 
of hemispheric asymmetry that underlies 
movement organization is multifaceted and 
more complex than a simple dichotomy of 
function.

Until recently, our understanding of the 
brain areas involved in the organization 
of skilled actions was almost exclusively 
provided by studies of patients with brain 
injuries, in whom deficits in performance 
were associated with the site of pathology. 
This literature emphasized that left and 
right hemisphere injury can selectively 
disrupt specific cognitive–motor functions, 
and has yielded important insights into 
how the brain represents and regulates 
motor behaviour. These findings have 
been confirmed, updated and extended by 
functional imaging studies. Although this 
research further underscores that specific 
functions are preferentially implemented by 
one hemisphere or the other, it also suggests 
that there is a more complex organization 
that involves a distributed engagement 
of multiple neural regions for successful 
task performance. Therefore, a crucial 
problem for future research is to explore the 
relative contribution of the hemispheres’ 
regions across various timescales and task 
demands. It is particularly the study of 
these dynamics that requires further effort, 
because it offers a window into the nature 
of (inter)hemispheric processing. This 
will also promote the unique but too often 
neglected processing capabilities of the right 
hemisphere in movement regulation. These 
insights are not only decisive for theories of 
motor control in health and disease but also 
for advancing rehabilitative interventions 
to improve motor disability due to neural 
damage.

Deborah J. Serrien is at the School of Psychology, 
University of Nottingham, University Park, Nottingham 

NG7 2RD, UK.

Richard B. Ivry is at the Department of Psychology and 
Helen Wills Neuroscience Institute, University of 

California, Berkeley, California 94720-1650, USA.

Stephan P. Swinnen is at the Department of Biomedical 
Kinesiology, Katholieke Universiteit Leuven, Tervuurse 

Vest 101, 3001 Heverlee, Belgium.

Correspondence to D.J.S. 
e-mail: deborah.serrien@nottingham.ac.uk

doi:1038/nrn1849

1. Friston, K. J. Models of brain function in neuroimaging. 
Annu. Rev. Psychol. 56, 57–87 (2005).

2. Sperry, R. W. in Neurosciences Third Study Program 
Vol. 3 Ch. 1 (eds Schmitt, F. & Worden, F.) 5–19 (MIT 
Press, Cambridge, Massachusetts, 1974).

3. Liepmann, H. in Lehrbuch der Nervenkrankheiten (eds 
Curschmann, H. & Kramer, F.) 408–416 (Springer, 
Berlin, 1925).

4. Sperry, R. W. Brain research: some head-splitting 
implications. The Voice 15, 11–16 (1966).

5. Pujol, J., Deus, J., Losilla, J. M. & Capdevila, A. 
Cerebral lateralization of language in normal left-
handed people studied by functional MRI. Neurology 
52, 1038–1043 (1999).

6. Knecht, S. et al. Handedness and hemispheric 
language dominance in healthy humans. Brain 123, 
2512–2518 (2000).

7. Dehaene-Lambertz, G., Dehaene, S. & Hertz-Pannier, L. 
Functional neuroimaging of speech perception in 
infants. Science 298, 2013–2015 (2002). 

8. Holowka, S. & Petitto, L. A. Left hemisphere cerebral 
specialization for babies while babbling. Science 297, 
1515 (2002).

9. Hepper, P. G., McCartney, G. R. & Shannon, E. A. 
Lateralised behaviour in first trimester human 
foetuses. Neuropsychologia 36, 531–534 (1998).

10. Toga, A. W. & Thompson, P. M. Mapping brain 
asymmetry. Nature Rev. Neurosci. 4, 37–48 
(2003).

11. Previc, F. H. A general theory concerning the prenatal 
origins of cerebral lateralization in humans. Psychol. 
Rev. 98, 299–334 (1991).

12. Corballis, M. C. From mouth to hand: gesture, speech, 
and the evolution of right-handedness. Behav. Brain 
Sci. 26, 199–208 (2003).

13. Fadiga, L., Craighero, L., Buccino, G. & Rizzolatti, G. 
Speech listening specifically modulates the excitability 
of tongue muscles: a TMS study. Eur. J. Neurosci. 15, 
399–402 (2002).

14. Hauk, O., Johnsrude, I. & Pulvermüller, F. Somatotopic 
representation of action words in the motor and 
premotor cortex. Neuron 41, 301–307 (2004).

15. Pulvermüller, F., Hauk, O., Nikulin, V. V. & 
Ilmoniemi, R. J. Functional links between motor and 
language systems. Eur. J. Neurosci. 21, 793–797 
(2005).

16. Corballis, P. M., Funnell, M. G. & Gazzaniga, M. S. An 
evolutionary perspective on hemispheric asymmetries. 
Brain Cogn. 43, 112–117 (2000).

17. Iverson, J. M. & Goldin-Meadow, S. Why people 
gesture as they speak. Nature 396, 228 (1998).

18. Rizzolatti, G. & Arbib, M. A. Language within our 
grasp. Trends Neurosci. 21, 188–194 (1998).

19. Nishitani, N. & Hari, R. Temporal dynamics of cortical 
representation for action. Proc. Natl Acad. Sci. USA 
97, 913–918 (2000).

20. Binkofski, F. & Buccino, G. Motor functions of the 
Broca’s region. Brain Lang. 89, 362–369 (2004).

21. Dominey, P. F., Hoen, M., Blanc, J. M. & Lelekov-
Boissard, T. Neurological basis of language and 
sequential cognition: evidence from simulation, 
aphasia, and ERP studies. Brain Lang. 86, 207–225 
(2003).

22. Amunts, K. et al. Asymmetry in the human motor 
cortex and handedness. Neuroimage 4, 216–222 
(1996).

23. Volkmann, J., Schnitzler, A., Witte, O. W. & 
Freund, H.-J. Handedness and asymmetry of hand 
representation in human motor cortex. 
J. Neurophysiol. 79, 2149–2154 (1998).

24. Haaland, K. Y., Harrington, D. L. & Knight, R. T. Neural 
representations of skilled movement. Brain 123, 
2306–2313 (2000).

P E R S P E C T I V E S

NATURE REVIEWS | NEUROSCIENCE  VOLUME 7 | FEBRUARY 2006 | 165



25. Hammond, G., Faulkner, D., Byrnes, M., Mastaglia, F. 
& Thickbroom, G. Transcranial magnetic stimulation 
reveals asymmetrical efficacy of intracortical circuits in 
primary motor cortex. Exp. Brain Res. 155, 19–23 
(2004).

26. Amunts, K., Schmidt-Passos, F., Schleicher, A. & 
Zilles, K. Postnatal development of interhemispheric 
asymmetry in the cytoarchitecture of human area 4. 
Anat. Embryol. (Berl.) 196, 393–402 (1997).

27. Karni, A. et al. Functional MRI evidence for adult 
motor cortex plasticity during motor skill learning. 
Nature 377, 155–158 (1995).

28. Sanes, J. N. & Donoghue, J. P. Plasticity and primary 
motor cortex. Annu. Rev. Neurosci. 23, 393–415 
(2000).

29. Guye, M. et al. Combined functional MRI and 
tractography to demonstrate the connectivity of the 
human primary motor cortex in vivo. Neuroimage 19, 
1349–1360 (2003).

30. De Gennaro, L. et al. Handedness is mainly associated 
with an asymmetry of corticospinal excitability and not 
of transcallosal inhibition. Clin. Neurophysiol. 115, 
1305–1312 (2004).

31. Wyke, M. The effects of brain lesions on the 
performance of bilateral arm movements. 
Neuropsychologia 9, 33–42 (1971).

32. Haaland, K. Y., Elsinger, C. L., Mayer, A. R., 
Durgerian, S. & Rao, S. M. Motor sequence 
complexity and performing hand produce differential 
patterns of hemispheric lateralization. J. Cogn. 
Neurosci. 16, 621–636 (2004).

33. Schluter, N. D., Rushworth, M. F., Passingham, R. E. & 
Mills, K. R. Temporary interference in human lateral 
premotor cortex suggests dominance for the selection 
of movements. A study using transcranial magnetic 
stimulation. Brain 121, 785–799 (1998).

34. Rushworth, M. F., Krams, M. & Passingham, R. E. The 
attentional role of the left parietal cortex: the distinct 
lateralization and localization of motor attention in the 
human brain. J. Cogn. Neurosci. 13, 698–710 
(2001).

35. Grafton, S. T., Hazeltine, E. & Ivry, R. B. Motor 
sequence learning with the nondominant left hand. A 
PET functional imaging study. Exp. Brain Res. 146, 
369–378 (2002).

36. Kuhtz-Buschbeck, J. P. et al. Effector-independent 
representations of simple and complex imagined 
finger movements: a combined fMRI and TMS study. 
Eur. J. Neurosci. 18, 3375–3387 (2003).

37. Jäncke, L. et al. Differential magnetic resonance signal 
change in human sensorimotor cortex to finger 
movements of different rate of the dominant and 
subdominant hand. Brain Res. Cogn. Brain Res. 6, 
279–284 (1998).

38. Serrien, D. J., Cassidy, M. J. & Brown, P. The 
importance of the dominant hemisphere in the 
organization of bimanual movements. Hum. Brain 
Mapp. 18, 296–305 (2003).

39. Johnson-Frey, S. H. The neural bases of complex tool 
use in humans. Trends Cogn. Sci. 8, 71–78 (2004).

40. Wolpert, D. M., Goodbody, S. J. & Husain, M. 
Maintaining internal representations: the role of the 
human superior parietal lobe. Nature Neurosci. 1, 
529–533 (1998).

41. Gazzaniga, M. S. Cerebral specialization and 
interhemispheric communication: does the corpus 
callosum enable the human condition? Brain 123, 
1293–1326 (2000).

42. Agnew, J. A., Zeffiro, T. A. & Eden, G. F. Left 
hemisphere specialization for the control of voluntary 
movement rate. Neuroimage 22, 289–303 (2004).

43. Hickok, G., Bellugi, U. & Klima, E. S. The neurobiology 
of sign language and its implications for the neural 
basis of language. Nature 381, 699–702 (2002).

44. Amunts, K. et al. Motor cortex and hand motor skills: 
structural compliance in the human brain. Hum. Brain 
Mapp. 5, 206–215 (1997).

45. Schumacher, E. H., Elston, P. A. & D’Esposito, M. 
Neural evidence for representation-specific response 
selection. J. Cogn. Neurosci. 15, 1111–1121 (2003).

46. Richards, L. & Chiarello, C. Activation without 
selection: parallel right hemisphere roles in language 
and intentional movement? Brain Lang. 57, 151–178 
(1997).

47. Goldberg, E. & Costa, L. D. Hemisphere differences in 
the acquisition and use of descriptive systems. Brain 
Lang. 14, 144–173 (1981).

48. Haaland, K. Y. & Harrington, D. L. Hemispheric 
control of the initial and corrective components of 
aiming movements. Neuropsychologia 27, 961–969 
(1989).

49. Haaland, K. Y., Prestopnik, J. L., Knight, R. T. & 
Lee, R. R. Hemispheric asymmetries for kinematic and 
positional aspects of reaching. Brain 127, 
1145–1158 (2004).

50. Sainburg, R. L. Evidence for a dynamic-dominance 
hypothesis of handedness. Exp. Brain Res. 142, 
241–258 (2002).

51. Winstein, C. J. & Pohl, P. S. Effects of unilateral brain 
damage on the control of goal-directed hand 
movements. Exp. Brain Res. 105, 163–174 (1995).

52. Bagesteiro, L. B. & Sainburg, R. L. Nondominant arm 
advantages in load compensation during rapid elbow 
joint movements. J. Neurophysiol. 90, 1503–1513 
(2003).

53. Jonides, J. et al. Spatial working memory in humans 
as revealed by PET. Nature 363, 623–625 (1993).

54. Coull, J. T. & Nobre, A. C. Where and when to pay 
attention: the neural systems for directing attention to 
spatial locations and to time intervals as revealed by 
both PET and fMRI. J. Neurosci. 998, 7426–7435 
(1998).

55. Garavan, H., Ross, T. J. & Stein, E. A. Right 
hemisphere dominance of inhibitory control: an event-
related functional MRI study. Proc. Natl Acad. Sci. 
USA 96, 8301–8306 (1999).

56. Ghilardi, M. F. et al. Patterns of regional brain 
activation associated with different forms of motor 
learning. Brain Res. 871, 127–145 (2000).

57. Sergent, J. The cerebral balance of power: 
confrontation or cooperation? J. Exp. Psychol. Hum. 
Percept. Perform. 8, 253–272 (1982).

58. Ivry, R. B. & Robertson, L. C. The Two Sides of 
Perception (MIT Press, Cambridge, 1998).

59. Corbetta, M., Miezin, F. M., Shulman, G. L. & 
Petersen, S. E. A PET study of visuospatial attention. 
J. Neurosci. 13, 1202–1226 (1993).

60. Mesulam, M. M. Spatial attention and neglect: 
parietal, frontal and cingulate contributions to the 
mental representation and attentional targeting of 
salient extrapersonal events. Phil. Trans. R. Soc. Lond. 
B. Sci. 354, 1325–1346 (1999).

61. Wenderoth, N., Debaere, F., Sunaert, S., van Hecke, P. 
& Swinnen, S. P. Parieto-premotor areas mediate 
directional interference during bimanual movements. 
Cereb. Cortex 14, 1153–1163 (2004).

62. Fink, G. R. et al. The neural consequences of conflict 
between intention and the senses. Brain 122, 
497–512 (1999).

63. Ringo, J. L., Doty, R. W., Demeter, S. & Simard, P. Y. 
Time is of the essence: a conjecture that hemispheric 
specialization arises from interhemispheric conduction 
delay. Cereb. Cortex 4, 331–343 (1994).

64. Kinsbourne, M. & Hicks, R. E. in Attention and 
Performance Vol. 7 (ed. Requin, J.) 345–362 
(Erlbaum, Hillsdale, 1978).

65. Verstynen, T. D., Diedrichsen, J., Albert, N., Aparicio, P. 
& Ivry, R. B. Ipsilateral motor cortex activity during 
unimanual hand movements relates to task 
complexity. J. Neurophysiol. 93, 1209–1222 (2005).

66. Weissman, D. H. & Banich, M. T. The cerebral 
hemispheres cooperate to perform complex but not 
simple tasks. Neuropsychology 14, 41–59 (2000).

67. Sun, F. T., Miller, L. M. & D’Esposito, M. Measuring 
temporal dynamics of functional networks using phase 
spectrum of fMRI data. Neuroimage 28, 227–237 
(2005).

68. Taylor, H. G. & Heilman, K. M. Left-hemisphere motor 
dominance in righthanders. Cortex 16, 587–603 
(1980).

69. Goldberg, E., Podell, K. & Lovell, M. Lateralization of 
frontal lobe functions and cognitive novelty. 
J. Neuropsychiatry Clin. Neurosci. 6, 371–378 
(1994).

70. Himmelbach, M. & Karnath, H. O. Goal-directed hand 
movements are not affected by the biased space 
representation in spatial neglect. J. Cogn. Neurosci. 
15, 972–980 (2003).

71. Swinnen, S. P. Intermanual coordination: from 
behavioural principles to neural-network interactions. 
Nature Rev. Neurosci. 3, 348–359 (2002).

72. Debaere, F., Wenderoth, N., Sunaert, S., Van Hecke, P. 
& Swinnen, S. P. Changes in brain activation during 
the acquisition of a new bimanual coordination task. 
Neuropsychologia 42, 855–867 (2004).

73. Johansen-Berg, H. et al. The role of ipsilateral 
premotor cortex in hand movement after stroke. Proc. 
Natl Acad. Sci. USA 99, 14518–14523 (2002).

74. Johansen-Berg, H. & Matthews, P. M. Attention to 
movement modulates activity in sensori-motor areas, 
including primary motor cortex. Exp. Brain Res. 142, 
13–24 (2002).

75. Rowe, J., Friston, K., Frackowiak, R. & Passingham, R. 
Attention to action: specific modulation of 
corticocortical interactions in humans. Neuroimage 
17, 988–998 (2002).

76. Ellenberg, L. & Sperry, R. W. Lateralized division 
of attention in the commissurotomized and 
intact brain. Neuropsychologia 18, 411–418 
(1980).

77. Geffen, G. M., Jones, D. L. & Geffen, L. B. 
Interhemispheric control of manual motor activity. 
Behav. Brain Res. 20, 131–140 (1994).

78. Duque, J. et al. Kinematically specific interhemispheric 
inhibition operating in the process of generation of a 
voluntary movement. Cereb. Cortex 15, 588–593 
(2005).

79. Netz, J., Ziemann, U. & Homberg, V. Hemispheric 
asymmetry of transcallosal inhibition in man. Exp. 
Brain Res. 104, 527–533 (1995).

80. Garvey, M. A. et al. Cortical correlates of neuromotor 
development in healthy children. Clin. Neurophysiol. 
114, 1662–1670 (2003).

81. Serrien, D. J. & Brown, P. The functional role of 
interhemispheric synchronization in the control of 
bimanual timing tasks. Exp. Brain Res. 147, 
268–272 (2002).

82. Preilowski, B. F. Possible contribution of the anterior 
forebrain commissures to bilateral motor coordination. 
Neuropsychologia 10, 267–277 (1972).

83. Andres, F. G. et al. Functional coupling of human 
cortical sensorimotor areas during bimanual skill 
acquisition. Brain 122, 855–870 (1999).

84. Franz, E. A., Waldie, K. E. & Smith, M. J. The effect of 
callosotomy on novel versus familiar bimanual actions: 
a neural dissociation between controlled and 
automatic processes? Psychol. Sci. 11, 82–85 
(2000).

85. Serrien, D. J. & Brown, P. The integration of cortical 
and behavioural dynamics during initial learning of a 
motor task. Eur. J. Neurosci. 17, 1098–1104 
(2003).

86. Cardoso de Oliveira, S., Gribova, A., Donchin, O., 
Bergman, H. & Vaadia, E. Neural interactions between 
motor cortical hemispheres during bimanual and 
unimanual arm movements. Eur. J. Neurosci. 14, 
1881–1896 (2001).

87. Hazeltine, E., Diedrichsen, J., Kennerley, S. W. & 
Ivry, R. B. Bimanual cross-talk during reaching 
movements is primarily related to response selection, 
not the specification of motor parameters. Psychol. 
Res. 67, 56–70 (2003).

88. Marteniuk, R. G., MacKenzie, C. L. & Baba, D. M. 
Bimanual movement control: information processing 
and interaction effects. Q. J. Exp. Psychol. A 36, 
335–365 (1984).

89. Swinnen, S. P., Young, D. E., Walter, C. B. & 
Serrien, D. J. Control of asymmetrical bimanual 
movements. Exp. Brain Res. 85, 163–173 (1991).

90. Diedrichsen, J., Hazeltine, E., Nurss, W. K. & Ivry, R. B. 
The role of the corpus callosum in the coupling of 
bimanual isometric force pulses. J. Neurophysiol. 90, 
2409–2418 (2003).

91. Singer, W. Synchronization of cortical activity and its 
putative role in information processing and learning. 
Annu. Rev. Neurosci. 18, 555–586 (1993).

92. Bressler, S. L. Large-scale cortical networks and 
cognition. Brain Res. Brain Res. Rev. 20, 288–304 
(1995).

93. Varela, F., Lachaux, J. P., Rodriguez, E. & Martinerie, J. 
The brainweb: phase synchronization and large-scale 
integration. Nature Rev. Neurosci. 2, 229–239 
(2001).

94. Brovelli, A. et al. Beta oscillations in a large-scale 
sensorimotor cortical network: directional influences 
revealed by Granger causal activity. Proc. Natl Acad. 
Sci. USA 101, 9849–9854 (2004).

95. Pollok, B., Gross, J., Muller, K., Aschersleben, G. & 
Schnitzler, A. The cerebral oscillatory network 
associated with auditorily paced finger movements. 
Neuroimage 24, 646–655 (2005).

96. Fries, P. A mechanism for cognitive dynamics: neuronal 
communication through neuronal coherence. Trends 
Cogn. Sci. 9, 474–480 (2005).

97. Liang, H., Bressler, S. L., Ding, M., Truccolo, W. A. & 
Nakamura, R. Synchronized activity in prefrontal 
cortex during anticipation of visuomotor processing. 
Neuroreport 13, 2011–2015 (2002).

98. Serrien, D. J., Fisher, R. J. & Brown, P. Transient 
increases of synchronized neural activity during 
movement preparation: influence of cognitive 
constraints. Exp. Brain Res. 153, 27–34 
(2003).

P E R S P E C T I V E S

166 | FEBRUARY 2006 | VOLUME 7  www.nature.com/reviews/neuro



99. Hummel, F. & Gerloff, C. Larger interregional 
synchrony is associated with greater behavioral 
success in a complex sensory integration task in 
humans. Cereb. Cortex 15, 670–678 (2005).

100. Escalante-Mead, P. R., Minshew, N. J. & Sweeney, J. A. 
Abnormal brain lateralization in high-functioning 
autism. J. Autism Dev. Disord. 33, 539–543 (2003).

101. Friston, K. J. The disconnection hypothesis. Schizophr. 
Res. 30, 115–125 (1998).

102. Tononi, G., Edelman, G. M. & Sporns, O. Complexity 
and coherency: integrating information in the brain. 
Trends Cogn. Sci. 2, 474–484 (1998).

103. Bressler, S. L. & Kelso, J. A. S. Cortical coordination 
dynamics and cognition. Trends Cogn. Sci. 5, 26–36 
(2001).

104. McIntosh, A. R. Contexts and catalysts: a resolution of 
the localization and integration of function in the 
brain. Neuroinformatics 2, 175–182 (2004).

105. Iacoboni, M. & Zaidel, E. Interhemispheric visuo-motor 
integration in humans: the role of the superior parietal 
cortex. Neuropsychologia 42, 419–425 (2004).

106. Miller, C. A. Degree of lateralization as a hierarchy of 
manual and cognitive skill levels. Neuropsychologia 
20, 155–162 (1982).

107. Annett, M. The growth of manual preference and 
speed. Br. J. Psychol. 61, 545–558 (1970).

108. Peters, M. Why the preferred hand taps more 
quickly than the non-preferred hand: three 
experiments on handedness. Can. J. Psychol. 34, 
62–71 (1980).

109. Roy, E. A., Bryden, P. & Cavill, S. Hand differences in 
pegboard performance through development. Brain 
Cogn. 53, 315–317 (2003).

110. Bryden, P. J., Pryde, K. M. & Roy, E. A. A performance 
measure of the degree of hand preference. Brain Cogn. 
44, 402–414 (2000).

111. Guiard, Y. Asymmetric division of labor in human 
skilled bimanual action: the kinematic chain as a 
model. J. Mot. Behav. 19, 486–517 (1987).

112. Swinnen, S. P., Jardin, K. & Meulenbroek, R. 
Between-limb asynchronies during bimanual 
coordination: effects of manual dominance and 
attentional cueing. Neuropsychologia 34, 
1203–1213 (1996).

113. Kaminski, M. J. & Blinowska, J. A new method of the 
description of information flow in the brain structures. 
Biol. Cybern. 65, 203–210 (1991).

114. Gerloff, C. et al. Functional coupling and regional 
activation of human cortical motor areas during 
simple, internally paced and externally paced 
finger movements. Brain 121, 1513–1531 
(1998).

115. Strens, L. H. et al. Corticocortical coupling in chronic 
stroke: its relevance to recovery. Neurology 63, 
475–484 (2004).

116. Silberstein, P. et al. Cortico-cortical coupling in 
Parkinson’s disease and its modulation by therapy. 
Brain 128, 1277–1291 (2005).

117. Serrien, D. J., Orth, M., Evans, A. H., Lees, A. J. & 
Brown, P. Motor inhibition in patients with Gilles de la 
Tourette syndrome: functional activation patterns as 
revealed by EEG coherence. Brain 128, 116–125 
(2005).

118. Schnitzler, A. & Gross, J. Normal and pathological 
oscillatory communication in the brain. Nature Rev. 
Neurosci. 6, 285–296 (2005).

119. Martin, J. H. Neuroanatomy: Text and Atlas 2nd edn 
(Appleton & Lange, Stamford, Connecticut, 1996).

Acknowledgements
The authors’ work was supported by the School of Psychology, 
University of Nottingham, UK (D.J.S.), the National Institutes 
of Health, USA (R.B.I.), and the Flanders Fund for Scientific 
Research, Belgium, and the Research Fund of Katholieke 
Universiteit Leuven, Belgium (S.P.S.).

Competing interests statement
The authors declare no competing financial interests.

´

CORRIGENDA

Gene therapy: can neural stem cells deliver?
Franz-Josef Müller, Evan Y. Snyder and Jeanne F. Loring

Nature Rev. Neurosci. 7, 75–84 (2006)

On page 77, under the subheading ‘Angiogenesis’, the fourth sentence should read “Angiogenesis resulting from brain 
pathology could enhance neural stem cell mobilization by producing chemoattractants such as VEGF.”

Monitoring of stored and available fuel by the CNS: implications for 
obesity 
Randy J. Seeley and Stephen C. Woods   

Nature Rev. Neurosci. 4, 901–909 (2003)

On page 904, under the subheading ‘The CNS melanocortin system’, the ninth sentence should read “POMC-expressing 
neurons are found largely in the arcuate nucleus, and leptin58–60 and insulin110 both decrease POMC gene expression there.”

Reference 110. Benoit, S.C. et al. The catabolic action of insulin in the brain is mediated by melanocortins. J. Neurosci. 22, 
9048–9052 (2002).
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