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The Centre of the Brain: Topographical Model of
Motor, Cognitive, Affective, and Somatosensory

Functions of the Basal Ganglia

Marie Arsalidou*, Emma G. Duerden, and Margot J. Taylor

Diagnostic Imaging and Research Institute, Hospital for Sick Children, Toronto, Canada

r r

Abstract: The basal ganglia have traditionally been viewed as motor processing nuclei; however, func-
tional neuroimaging evidence has implicated these structures in more complex cognitive and affective
processes that are fundamental for a range of human activities. Using quantitative meta-analysis meth-
ods we assessed the functional subdivisions of basal ganglia nuclei in relation to motor (body and eye
movements), cognitive (working-memory and executive), affective (emotion and reward) and somato-
sensory functions in healthy participants. We document affective processes in the anterior parts of the
caudate head with the most overlap within the left hemisphere. Cognitive processes showed the most
widespread response, whereas motor processes occupied more central structures. On the basis of these
demonstrated functional roles of the basal ganglia, we provide a new comprehensive topographical
model of these nuclei and insight into how they are linked to a wide range of behaviors. Hum Brain
Mapp 34:3031–3054, 2013. VC 2012 Wiley Periodicals, Inc.

Key words: caudate; putamen; globus pallidus; functional subdivision; Activation Likelihood Estimate
method

r r

INTRODUCTION

The basal ganglia are a set of deep gray matter nuclei
situated in the centre of the brain, at the base of the fore-
brain. The basic components include the striatum (com-
posed of three subnuclei: the caudate, the putamen, and
nucleus accumbens) and the globus pallidus [Martin,
2003]. Knowledge of the functional roles of the basal gan-
glia has been largely based on patients with motor dys-
function such as Parkinson’s disease [Chenery et al., 2008;
Dagher and Nagano-Saito, 2007] and Huntington’s dis-
ease [Bohanna et al., 2008; Paulsen, 2009], which led the
field to associate these nuclei primarily with motor func-

tions. However, these subcortical nuclei are also impli-
cated in cognitive disorders, such as attention-deficit/
hyperactivity disorder [Aron and Poldrack, 2005; Bush
et al., 2005; Knutson and Gibbs, 2007] and obsessive/
compulsive disorder [Huyser et al., 2009]. Furthermore,
evidence from functional magnetic resonance imaging
(fMRI) has suggested more complex roles for the basal
ganglia in processing higher cognitive functions, emotion,
and somatosensation. Despite the recent surge of fMRI
evidence, the processes subserved by the basal ganglia
were characterized as mysterious [Mazzoni and Brace-
well, 2010] and the most recent topographical model of
basal ganglia function was published more than two dec-
ades ago [Alexander et al., 1990]. A wealth of functional
neuroimaging data can now be analyzed to improve our
understanding of these central brain structures. Thus, we
compiled and analyzed existing fMRI data, collected from
healthy adults, to examine functional subdivisions of the
basal ganglia and to provide an updated topographical
model of the various functions: motor, cognitive, affec-
tive, and somatosensory, within the nuclei of the basal
ganglia.
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Basal ganglia involvement in motor behavior is possibly
its longest known function and the most thoroughly
researched [Mattay and Weinberger, 1999; Ungerleider
et al., 2002]. More recent qualitative reviews have attrib-
uted cognitive functions to the basal ganglia including
reinforcement learning [Bullock et al., 2009], category
learning [Nomura and Reber, 2008; Shohamy et al., 2008],
sequential decision-making [Cabeza and Nyberg, 2000],
working memory training [Dahlin et al., 2009] and learn-
ing based on evaluation of outcomes [Frank and Claus,
2006; Grahn et al., 2008]. The nucleus accumbens, part of
the ventral striatum, has been implicated in reward-related
processes [Assadi, et al., 2009; Delgado 2007], such as
anticipation of monetary gains [Knutson and Bossaerts,
2007; Knutson and Greer, 2008; Knutson and Peterson,
2005].

Functional subdivisions of the basal ganglia have been
proposed based on qualitative evidence, suggesting that
motor selection, preparation and execution processes are
subserved by the rostrocaudal parts of the basal ganglia
(i.e., largely the putamen), eye-movements implicate the
caudate, whereas reward-processes involve the ventral
aspects of the basal ganglia [Lehericy and Gerardin, 2002].
Alexander et al., [1990] proposed the most comprehensive
functional model of the basal ganglia to date, thus we fre-
quently refer to and make contrasts with this previous
work. Primarily based on animal and pathology studies
they illustrated five systems of cortical areas that receive
output from the basal ganglia [Alexander et al., 1990].
These five cortical categories were motor, oculomotor, cog-
nitive dorsolateral (related to the prefrontal cortex Brod-
mann areas 9 and 10), cognitive lateral-orbitofrontal
(related to the prefrontal cortex Brodmann area 10) and
limbic. While this work provided insight into the func-
tional subdivisions of the basal ganglia, more recent neu-
roimaging studies have produced a wealth of evidence on
how these nuclei are involved in cognitive and physiologi-
cal processes such as reward and somatosensory process-
ing in healthy humans. Therefore, an updated function-
based model of the basal ganglia based on quantitative
human brain imaging data is warranted.

We built on the previously proposed categories
[Alexander et al., 1990] to define motor, cognitive, affec-
tive, and somatosensory functions into seven categories:
motor (1) body movements and (2) eye movements; cogni-
tive (3) working-memory, such as storing and manipulat-
ing information and (4) executive functioning that requires
the creation of an executive scheme, such as planning;
affective (5) emotion—eliciting and perceiving emotions
and (6) reward—receiving positive/negative feedback and
monetary outcomes; and (7) sensory—processes that
involve somatosensation, primarily the perception of nox-
ious stimuli. These functions are not necessarily processed
by distinct locations in separate nuclei; therefore, an over-
lap of some categories was expected.

To create a functional atlas of the basal ganglia we used
a data-driven, coordinate-based meta-analytic technique

(Activation Likelihood Estimate, ALE) [Laird et al., 2005;
Turkeltaub et al., 2002]. This method calculates the proba-
bility that a given voxel in the brain is activated consis-
tently across studies. First, 3D-probabilistic maps of each
of the categories were created to quantify the spatial extent
and localization of motor-, cognitive-, affective-, somato-
sensory-evoked activation in specific nuclei in the basal
ganglia. Second, laterality indices were calculated to iden-
tify hemispheric asymmetries related to each nucleus and
each function. Specifically, we examined functional distinc-
tions in the basal ganglia elicited by body movements and
eye movements. We also looked at distinctions between
different cognitive and affective functions as well as soma-
tosensory processes. We provide normative fMRI atlases
for these processes in standard stereotaxic space as well as
topographical models that characterize basal ganglia func-
tions in terms of significant peak ALE values and
lateralization.

METHODS

Literature Search and Article Selection

The literature was searched using the standard search
engine of Web of Science (http://www.isiknowledge.com).
In October 2010, we looked for fMRI articles that men-
tioned the basal ganglia in the whole document (e.g.,
abstract, main text, and references) by using keywords
such as (fMRI and basal ganglia, striatum, caudate, puta-
men, lentiform/lenticular nucleus, globus pallidus, nu-
cleus accumbens). To maintain interpretability based on
imaging method we only selected fMRI studies and did
not include positron emission tomography (PET) studies
in the search criteria. The inclusion of data obtained from
one functional neuroimaging technique has a number of
advantages when performing meta-analyses. Namely, it
reduces variability in the data and this is an important
consideration given that the temporal and spatial resolu-
tion of PET is poorer in comparison to fMRI. Articles were
also restricted to include human participants and to be in
English. This search, which yielded a total of 1,848 studies,
was subjected to two successive criteria to identify articles
that used fMRI and reported coordinates from the basal
ganglia; 699 were neither fMRI studies nor reported coor-
dinates in the basal ganglia, and were excluded. Of these
699 articles, 147 were reviews and 16 were case studies.
The remaining 1,149 studies were incorporated in a full
text review. To preserve data interpretability, we only con-
sidered studies that included healthy independent adult
samples (ages: 17/18–65) with within-group results that
clearly stated using whole-brain random-effects analyses.
We only considered studies that reported positive activa-
tions (not deactivations) related to the basal ganglia using
either the Talairach or Montreal Neurological Institute
(MNI) coordinate systems. The data from 204 studies
passed these criteria and were included in the analyses
(Table I).
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Meta-Analyses

ALE is a coordinate-based meta-analytic method [Laird
et al., 2005; Turkeltaub et al., 2002; Eickhoff et al., 2009]
available through BrainMap (http://brainmap.org/ale/;
Research Imaging Center of the University of Texas in San
Antonio). Contrast coordinates (i.e., foci) from different
studies are used to generate 3D maps describing the likeli-
hood of activation within a given voxel in a template MRI
[Laird et al., 2009]. Significant findings are based on
whether the data are more likely to occur compared to a
random spatial distribution.

Coordinates from source datasets were first transformed
into common space. MNI coordinates were transformed
into Talairach space using the best-fit MNI-to-Talairach
transformation [Lancaster et al., 2007]. To maintain data
independence, each meta-analysis contained foci from only
one contrast per study. The 5-category model by
Alexander et al., [1990] was expanded to a 7-category
model. We retained the scheme of Alexander et al. [1990]
for cognitive and motor functions. However, the cognitive
processes we have termed ‘‘working memory’’ and ‘‘execu-
tive functions’’, were created to correspond with the ‘‘dor-
solateral’’ and ‘‘lateral orbitofrontal’’ systems of Alexander
et al. [1990]. Similarly, motor movements were separated
into body and oculomotor (eye movement) categories.
Whereas Alexander et al., [1990] grouped emotion and
reward processes as the ‘‘limbic system’’, we divided these
studies into separate categories. We also added a new cat-
egory of somatosensation.

The criteria for grouping coordinates into the seven cate-
gories were as follows: Motor functions were separated
into body and eye movements. Body movements were
activation foci associated with any movements of the
hands, legs, fingers, etc., whereas eye movements were
mainly evoked by saccade or anti-saccade tasks. Cognitive
functions were categorized separately into working-mem-
ory and executive functions. Although tasks that engage
executive functions often incorporate a component of
working-memory, we chose to categorize executive func-
tion studies separately to be consistent with the model of
Alexander et al. [1990] and to have a reference point for
purposes of comparison. The working memory category
included tasks that required encoding, storing, manipulat-
ing and retrieving information (e.g., n-back tasks, Stern-
berg tasks). Executive functions included tasks that
required strategy planning and strategy formation (e.g.,
judgment and switching tasks). Affective functions were
categorized into emotion and reward processes. Emotional
functions included tasks that required any form of either
eliciting or judging emotion. Reward functions included
tasks that involved receiving positive or negative feedback
and any type of task-related reward. Last, somatosensory
functions included activation evoked by stimuli (noxious
and/or innocuous) applied to the body. In cases where
contrasts involved multiple categories tapping two or
more processes within our categorization scheme (i.e.,

working memory and executive functioning) the original
task description was compared with our criteria to identify
the primary function being assessed. For example, a task
could require working memory processes within the con-
text of decision making. However, if the contrast reflected
encoding, storing, maintaining or retrieving information
then it would be classified as working memory. Table I
provides details on all of the source datasets that were
included in the analyses.

The data were subjected to random-effects analyses
using GingerALE v2.1 [Eickhoff et al., 2009]. Using this
method, activation foci from each study are converted into
three-dimensional Gaussian probability functions. This
process involves smoothing the data using a Gaussian
blurring kernel. The full-width at half maximum (FWHM)
size of the Gaussian blurring kernel is based on the num-
ber of participants used in each contrast. Median FWHM
values across the included studies by category were: body
movements ¼ 9.75, eye movements ¼ 9.57 working-mem-
ory ¼ 9.43, executive ¼ 9.50, emotion ¼ 9.43, reward ¼
9.23, sensory ¼ 9.75. A voxel-wise likelihood of activation
was calculated and was corrected for multiple compari-
sons using the false discovery rate (FDR) q ¼ 0.001. A con-
junction process was employed to display results from the
ALE maps associated with the different functions, using
AFNI [Cox, 1996]. Activation likelihood estimates of func-
tional categories (e.g., affective processes: emotion and
reward) were overlaid and displayed on a template MRI
using the program 3dcalc; spatial overlap was illustrated
by a common color.

To assess hemispheric dominance for activation associ-
ated with the seven categories of interest, laterality indices
were calculated using AFNI. Regions-of-interest were ana-
tomically defined using an AFNI template [MNI N27 brain
in Talairach space (Eickhoff et al., 2007)]. The masks were
applied to the thresholded ALE maps and hemispheric
dominance was calculated in each region. A laterality
index (LI ¼ [Left – Right] / [Left þ Right]) of >0.20 was
deemed left dominant and <�0.20 right dominant; values
in between were considered bilateral.

RESULTS

The data from 204 fMRI datasets were included in the
meta-analyses. Figure 1 shows the number of studies per
year included in the meta-analyses as well as the number
of studies and foci related to each function. A total of
3,518 participants (99% right handed) took part in these
studies; 45.3% were female. The average age ranged
between 19.5 and 51.1 years with most participants being
around 25 (mode ¼ 24, median ¼ 25.51, mean 26.94 � 4.93
years; for more details on the source datasets see Table I).

Peak foci showing concordance across studies are shown
in Table II (corrected for multiple comparisons using the
false discovery rate, q ¼ 0.001). Figure 2 illustrates the
location and spatial extent of significant concordance in
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each category observed across studies. We also illustrate
the overlap for motor, cognitive and affective categories
(Fig. 3). Figure 4 portrays laterality proportions as well as
laterality indices associated with each function by basal
ganglia structure. We highlight four main findings, dis-
cussed in detail below:

a. Motor processes occupied central basal ganglia
structures (putamen and globus pallidus); eye
movements were left lateralized, whereas body
movements were either bilateral or right dominant
in the putamen and globus pallidus;

b. Working-memory processes (encoding, storing,
manipulating, and retrieving information) elicited
the most widespread responses, which were the
least lateralized; executive processes (e.g., planning
and task switching) were anterior and ventral to
those elicited by working-memory processes;

c. Reward processes evoked activity in the anterior
parts of the caudate head and overlapped most
extensively with emotional processes in the left
hemisphere, which suggests differential hemispheric
contributions (Fig. 3).

d. Somatosensory processing, particularly pain, showed
preferential activation in the dorsal putamen.

DISCUSSION

For decades, our knowledge of the basal ganglia has
been largely limited to lesion and animal studies. We used
neuroimaging data from healthy, human participants to
create a new cohesive topographical model of the func-
tions of the basal ganglia. The results provide novel
insight into the role of the basal ganglia in motor, cogni-
tive, affective, and somatosensory processing.

Body movements showed significant concordance across
studies in central areas of the basal ganglia bilaterally with
the highest likelihood of activation in the left putamen.
Eye movements also had a significant likelihood of activat-
ing the putamen, but ventral to the activation evoked by
body movements; indices of hemispheric dominance
showed that eye movements were left lateralized. Previous
reviews on movement disorders proposed that the puta-
men was essential for learning novel, complex, and

Figure 1.

Source datasets. (a) Number of fMRI studies that reported ac-

tivity on basal ganglia and passed selection criteria as a function

of year, (b) the distribution of datasets, and (c) number of foci

that contributed to the analysis of each functional category. A

single contrast from each study was selected for a category; in a

few instances two contrasts were selected and entered in differ-

ent categories (e.g., a contrast for reward and working-memory

categories; see Table I for more details on functional categoriza-

tion of contrast and selection).
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voluntary movements [Bartels and Leenders, 2008; Cebal-
los-Baumann, 2003], but less important for automated,
well learned movements [Ceballos-Baumann, 2003]. In line
with these claims, we showed concordance of activity in
the putamen for body movements and also provided spa-
tially specific coordinates as they were evoked in the
healthy basal ganglia. In addition, we distinguished eye
movements from body movements. Eye movements, a
subdivision of motor movements, were previously related
to basal ganglia activity, whether these were voluntary
saccades [Leigh and Kennard, 2004; Sweeney et al., 2007]
or anti-saccades [Dillon and Pizzagalli, 2007]; the informa-
tion provided by these studies was not spatially specific.
In contrast to our results, Alexander et al., [1990] proposed
that the putamen and the globus pallidus mediated body
movements and that eye movements primarily recruited
the caudate body and the globus pallidus. For eye move-

ments, we found no evidence of peak concordance in the
globus pallidus or in the caudate body, but rather in the
anterior putamen. Thus, the current analytical approach
based on quantitative data, both complements and extends
previous qualitative reviews by providing new informa-
tion on the spatial extent and lateralization of body and
eye movements subserved by specific basal ganglia nuclei.

The model by Alexander et al., [1990] distinguished
between working-memory processes, subserved by the
dorsolateral prefrontal cortex (Brodmann areas 9 and 10),
and executive functioning, processed by the lateral orbito-
frontal cortex (Brodmann area 10). They suggested that
working-memory processes would recruit the dorsolateral
caudate head and continue rostrocaudally to posterior
regions, whereas the executive functions would implicate
the ventromedial sector of the caudate head and extend to
posterior structures just medial to those involved in

TABLE II. Concordant basal ganglia substructures as a function of functional category

Area x y z ALE Value Volume (mm3)

Body motion
L. Putamen �22 �4 14 0.036 5312
L. Putamen �24 �6 4 0.027
R. Lateral Globus Pallidus 22 �6 2 0.033 5224
R. Putamen 22 6 14 0.025
L. Caudate Body �6 8 8 0.016 176
R. Caudate Body 2 16 8 0.014 72

Eye motion
L. Putamen �20 2 6 0.031 936
R. Putamen 20 6 4 0.020 160

Working�memory
L. Putamen �14 6 6 0.070 23768
R. Putamen 16 6 6 0.065
L. Lateral Globus Pallidus �26 �14 �2 0.025

Executive
R. Caudate Head 12 10 2 0.038 2880
L. Putamen �14 8 2 0.036 2512
R. Putamen 24 �6 4 0.022 352
L. Caudate Body �18 �16 22 0.014 16
R. Caudate Body 16 �12 26 0.014 16

Emotion
L. Caudate Body �10 8 6 0.035 5296
L. Caudate Body �16 2 14 0.029
L. Medial Globus Pallidus �14 �2 �2 0.022
L. Putamen �22 16 4 0.017
R. Caudate Body 12 2 18 0.024 2304
R. Caudate Body 10 8 12 0.023
R. Putamen 18 4 6 0.022

Reward
L. Caudate Head �10 6 0 0.063 4240
L. Lateral Globus Pallidus �12 6 �4 0.062
L. Putamen �16 8 �6 0.061
R. Lateral Globus Pallidus 12 6 0 0.062 2832

Sensory
L. Putamen �26 6 �4 0.019 424
R. Caudate Body 10 8 8 0.012 128
L. Caudate Body �10 8 10 0.012 56

Coordinates (x, y, z) are in Talairach space using FDR (q ¼ 0.001); L, Left; R, Right; ALE, activation likelihood estimate.
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working-memory. Our data showed that working-memory
processes (maintaining and manipulating information)
recruited large areas of the basal ganglia primarily cen-
tered over the anterior putamen, while executive functions
(e.g., planning and set-shifting) activated the head of the
caudate nucleus. Additionally, working-memory processes
were either left dominant or bilateral and executive proc-
esses were right lateralized (head and body of the
caudate).

In relation to findings of lateralization of working mem-
ory processes in the cortex, nonhuman primate studies
[Parker and Gaffan, 1998] and some human imaging stud-
ies [Petrides et al., 1993] have noted differential hemi-
spheric processing of verbal and spatial tasks, with the
former type involving the left hemisphere and the latter
right hemisphere processes. In our classification scheme of
working memory tasks, divisions between verbal and spa-
tial tasks were not created. Rather the goal of this study
was to examine broad working memory processing in the
basal ganglia; however, future research could assess the
lateralization of more specific working memory domains.

A more recent hypothesis regarding lateralization of
working memory processes states that hemispheric asym-
metries are not merely domain-specific or material-specific,
but instead vary on two distinct but continuous dimen-

sions of imaginability (right hemisphere) and verbalizabil-
ity [left hemisphere; Casasanto, 2003]. This hypothesis
may extend to include processes that we considered here
as working memory and executive functions of the basal
ganglia. For instance, the current findings show left domi-
nance in the caudate head for working-memory processes,
whereas right dominance was observed for executive func-
tions in the same region. If this hypothesis is assimilated,
then in the caudate head, for example, working-memory
processes may be more verbalizable, while executive func-
tion may require more imaginable processes. In line with
this, we also note that executive-functioning activity was
contained within the region of activity of working-memory
processes in the left, but not the right, hemisphere. As it is
difficult to separate working-memory and executive proc-
esses, these findings are particularly interesting because
they suggest that hemispheric asymmetries may character-
ize these often subtle cognitive differences. The Alexander
et al., [1990] model did not account for hemispheric contri-
butions of basal ganglia structures.

Affective processes elicited a similar hemispheric asym-
metry to that observed for cognitive functions. Emotion
and reward processes overlapped to a greater extent in the
left hemisphere, whereas in the right hemisphere, reward
activities fell toward the caudate head rather than the

Figure 2.

Brain maps demonstrating significant concordance across studies centered over the peak ALE

value for each category. A voxel-wise likelihood of activation was determined using false discov-

ery rate (FDR) q ¼ 0.001 multiple comparison control. Left ¼ Left.
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Figure 3.

Conjunction display of ALE maps showing concordance over basal ganglia nuclei for motor, cog-

nitive, and affective functions. A voxel-wise likelihood of activation was determined using false

discovery rate (FDR) q ¼ 0.001 multiple comparison control. Left ¼ Left.

Figure 4.

Laterality indices for basal ganglia structures. Region of interest masks were applied to the

thresholded ALE maps and hemispheric dominance was calculated for each region. Laterality

index (LI ¼ [Left – Right]/[Left þ Right]) of >0.20 was deemed left dominance and <�0.20 right

dominance, values in between were considered bilateral. Bars represent proportion of activity in

each hemisphere.
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caudate body. Alexander et al., [1990] did not distinguish
between emotion and reward processes, but rather classi-
fied them both as a part of the limbic system. They sug-
gested that the limbic system engaged the most ventral
parts of the caudate; however, in contrast to our results,
they did not consider the putamen and globus pallidus as
nuclei involved in emotion and reward [Alexander et al.,
1990]. Historically, emotional processing has not been
ascribed to the basal ganglia and only reward processing
has recently been specifically associated with the nucleus

accumbens, located in the ventral striatum [Frank and
Claus, 2006; Knutson and Bossaerts, 2007; Knutson and
Greer, 2008; Knutson and Peterson, 2005]. Our results show
key distinctions between reward and emotion processes.
Specifically, our findings suggest that reward processes
occupy more anterior parts of the caudate head (bilateral)
and emotion processes occupy superior structures in cau-
date body (bilateral) and putamen (left lateralized).

Basal ganglia activation in response to somatosensory
stimuli was evoked mainly by studies using noxious

Figure 5.

Topographical model of the functions of the basal ganglia. We illustrate the basal ganglia struc-

tures in a schematic representation. Using color codes we illustrate (a) basal ganglia regions con-

cordant across studies and (b) hemispheric dominance for each functional category; thicker

stripes indicate larger hemispheric contribution. Left ¼ Left.

r Topographical Model of the Basal Ganglia r

r 3045 r



stimuli. Pain is a complex, multifaceted sensation that
involves sensory-discriminative and affective-motivational
processing, and also cognitive appraisal [Duerden and
Duncan, 2009]. A recent qualitative review indicated that
pain and reward pathways were processed similarly by
the dorsal and ventral striatum and the globus pallidus
[Leknes and Tracey, 2008]. However, the current results
indicate that pain-evoked activation was largely distinct
from other forms of reward and punishment, as they
showed the highest concordance in the dorsal parts of the
left putamen, whereas reward processes were mediated by
the anterior caudate nucleus. To date, somatosensory func-
tions are not commonly ascribed to being mediated by the
basal ganglia, nor contrasted to other motor, affective or
cognitive functions.

Animal studies have been key for understanding the
histology [e.g., Carpenter et al., 1972; Kemp et al., 1971]
and cortical connections [Haber, 2003; Bar-Gad and Berg-
man, 2001] of the basal ganglia. Despite the valuable con-
tributions of animal models of basal ganglia function in
relation to behavior [Chudasama, 2011], it is difficult to
compare some studies to human data as tasks must be
adapted for use with either population. For example, tasks
used to assess cognitive abilities in animals or humans
tend to be modified so that the degree of complexity can
be adjusted to avoid floor or ceiling effects. Although
gross similarities in brain structure and function between
animals and humans exist, a major advantage of having a
human model is that no assumptions need to be made to
bridge the gap of performance or structural differences
between species.

The nuclei of the basal ganglia are connected to brain
regions implicated in motor, cognitive, affective and soma-
tosensory functions. Several of the processes were found
to overlap functionally in the nuclei of the basal ganglia
that may be indicative of multimodal neuronal processing.
However, some regions of the nuclei were associated with
activation evoked by unique functions, a finding that
could provide support for the presence of unisensory neu-
rons in these structures.

We propose a new human model that incorporates topo-
graphical and hemispheric contributions of basal ganglia
structures for motor, affective, cognitive and somatosen-
sory functions. Basal ganglia activity is readily observed in
fMRI studies of these functions (Fig. 5). In two schematic
representations we illustrate (a) basal ganglia regions con-
sistently activated across studies by using the peak likeli-
hoods of activation for each functional category (Fig. 5a)
and (b) hemispheric contributions of each nucleus of the
basal ganglia for each functional category (Fig. 5b). The
functional categories studied here were processed by sub-
divisions of the basal ganglia that were consistent with the
afferent and efferent projections to and from cortical
regions, which subserve these functions. For example, the
head of the caudate nucleus was likely to be activated by
rewarding stimuli (in the left hemisphere) and executive
functioning processes (in the right hemisphere); this is

likely reflective of this region’s neuroanatomical connec-
tions with the orbitofrontal and medial prefrontal cortices
– structures involved in these processes, respectively
[Haber et al., 1995]. Additionally, somatosensation showed
concordant activity in dorsolateral parts of the putamen
that may reflect this region’s connections to cortical areas
involved in pain processing, such as the anterior cingulate
cortex and insula [Mufson and Mesulam, 1982]. The basal
ganglia can be considered, at least allegorically, the centre
of the brain, as they are a collection of nuclei responsible
for receiving and transmitting information to and from
major components of the cerebral cortex that contribute to
sensation, perception and behavior; fundamental activities
that include motion, emotion, sensation, cognition, and
reward.

The comprehensive mapping of the functions of the ba-
sal ganglia made possible by meta-analytic techniques pro-
vides valuable information that may translate into
advances in clinical practices and targeted hypothesis test-
ing. In this work, the original five-category model of the
basal ganglia proposed by Alexander et al. [1990] was
assessed with the inclusion of two additional categories,
using functional neuroimaging data collected in healthy
participants. Potentially we could have increased our cate-
gorization scheme to include such processes as motor
planning, goal-directed planning, and motivation [Haber,
2003]. However, to further subcategorize the contrasts
included in our seven-category model would result in a
loss of statistical power. Furthermore, several of these
additional cognitive processes lack unanimity in the litera-
ture to be clearly defined for meta-analytic purposes. Our
classification scheme both confirms and extends previous
work on the functional roles of the basal ganglia and will
serve as a basis for further, more detailed analyses.

Another important consideration is that the results of
this study reflect the statistical concordance across a broad
range of studies classified into categories that included an
array of contrasts. The contrast selection was based on
thoroughly researched predefined criteria. However, the
classification of functions is inherently difficult as some
higher order tasks may recruit several processes and as a
result, this could account for some of the observed over-
lap. Optimally, data of identical contrasts should be ana-
lyzed, as they would be less influenced by methodological
factors; however, such an approach would allow the inclu-
sion of fewer neuroimaging studies and would make
meta-analytic analyses difficult to interpret. An additional
consideration is that methodological approaches selected
by the original sources also varied, such as imaging pa-
rameters and statistical approaches. Nonetheless, we did
take steps to control for aspects of the methodological var-
iance, such as choosing only fMRI studies and selecting
articles that performed whole-brain analyses.

An additional point of interest that could not be
assessed with these data is the issue of age-related func-
tional differences in the basal ganglia. More subtle catego-
rizations of function or age-range selections could not be
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completed as it would significantly reduce the power of
the analyses. Despite these limitations, it is encouraging
that we observed convergence of evidence over a large se-
ries of data, compiled over independent research groups
studying common domains (i.e., motor, cognition, affect,
and somatosensation).

In summary, basal ganglia structures are involved not
only in motor processes but also cognitive, affective, and
somatosensory functions key to a host of human behav-
iors. Our analyses provide functional distinctions of basal
ganglia structures, as well as lateralization information, an
aspect that was previously neglected. This work can serve
as a basis for understanding subcortical/cortical interac-
tions and future work could focus on more specific func-
tions of the basal ganglia. Also, the proposed normative
adult model could be used for a prori region-of-interest
analyses to assess basal ganglia development or examine
dysfunction in relation to neuropsychiatric disease.

ACKNOWLEDGMENTS

The authors would like to thank Samantha Trelle and
Joshua Villafuerte for their exceptional help with the litera-
ture search, data organization, and data extraction.

REFERENCES

Abutalebi J, Annoni JM, Zimine I, Pegna AJ, Seghier ML, Lee-
Jahnke H, Lazeyras F, Cappa SF, Khateb A (2008): Language
control and lexical competition in bilinguals: an event-related
FMRI study. Cereb Cortex 18:1496–1505.

Akine Y, Kato M, Muramatsu T, Umeda S, Mimura M, Asai Y,
Tanada S, Obata T, Ikehira H, Kashima H, Suhara T (2007):
Altered brain activation by a false recognition task in young
abstinent patients with alcohol dependence. Alcohol Clin Exp
Res 31:1589–1597.

Alexander GE, Crutcher MD, DeLong MR (1990): Basal ganglia-
thalamocortical circuits: Parallel substrates for motor, oculomo-
tor, ‘‘prefrontal’’ and ‘‘limbic’’ functions. Prog Brain Res
85:119–146.

Arnow BA, Desmond JE, Banner LL, Glover GH, Solomon A,
Polan ML, Lue TF, Atlas SW (2002): Brain activation and sex-
ual arousal in healthy, heterosexual males. Brain 125(Part
5):1014–1023.

Arnow BA, Millheiser L, Garrett A, Lake Polan M, Glover GH,
Hill KR, Lightbody A, Watson C, Banner L, Smart T, Buchanan
T, Desmond JE (2009): Women with hypoactive sexual desire
disorder compared to normal females: A functional magnetic
resonance imaging study. Neuroscience 158:484–502.

Aron AR, Poldrack RA (2005): The cognitive neuroscience of
response inhibition: Relevance for genetic research in atten-
tion-deficit/hyperactivity disorder. Biol Psychiatry 57:1285–
1292.

Arsalidou M, Barbeau EJ, Bayless SJ, Taylor MJ (2010): Brain
responses differ to faces of mothers and fathers. Brain Cogn
74:47–51.

Assadi SM, Yucel M, Pantelis C (2009): Dopamine modulates neu-
ral networks involved in effort-based decision-making. Neuro-
sci Biobehav Rev 33:383–393.

Bach DR, Grandjean D, Sander D, Herdener M, Strik WK, Seifritz
E (2008): The effect of appraisal level on processing of emo-
tional prosody in meaningless speech. Neuroimage 42:919–927.

Bapi RS, Miyapuram KP, Graydon FX, Doya K (2006): fMRI inves-
tigation of cortical and subcortical networks in the learning of
abstract and effector-specific representations of motor sequen-
ces. Neuroimage 32:714–727.

Bar-Gad I, Bergman H (2001): Stepping out of the box: Informa-
tion processing in the neural networks of the basal ganglia.
Curr Opin Neurobiol 11:689–695.

Bartels A, Zeki S (2000): The neural basis of romantic love. Neuro-
report 11:3829–3834.

Bartels AL, Leenders KL (2008): Brain imaging in patients with
freezing of gait. Mov Disord 23 (Suppl 2):S461–S467.

Baumann O, Chan E, Mattingley JB (2010): Dissociable neural cir-
cuits for encoding and retrieval of object locations during
active navigation in humans. Neuroimage 49:2816–2825.

Baumgartner T, Lutz K, Schmidt CF, Jancke L (2006): The emo-
tional power of music: How music enhances the feeling of
affective pictures. Brain Res 1075:151–164.

Bengtsson SL, Ehrsson HH, Forssberg H, Ullen F (2004): Dissociat-
ing brain regions controlling the temporal and ordinal structure
of learned movement sequences. Eur J Neurosci 19:2591–2602.

Berns GS, McClure SM, Pagnoni G, Montague PR (2001): Predict-
ability modulates human brain response to reward. J Neurosci
21:2793–2798.

Beudel M, Renken R, Leenders KL, de Jong BM (2009): Cerebral
representations of space and time. Neuroimage 44:1032–1040.

Boehler CN, Appelbaum LG, Krebs RM, Hopf JM, Woldorff MG
(2010): Pinning down response inhibition in the brain—Con-
junction analyses of the Stop-signal task. Neuroimage 52:1621–
1632.

Bohanna I, Georgiou-Karistianis N, Hannan AJ, Egan GF (2008):
Magnetic resonance imaging as an approach towards identify-
ing neuropathological biomarkers for Huntington’s disease.
Brain Res Rev 58:209–225.

Bray S, Rangel A, Shimojo S, Balleine B, O’Doherty JP (2008): The
neural mechanisms underlying the influence of pavlovian cues
on human decision making. J Neurosci 28:5861–5866.

Brovelli A, Laksiri N, Nazarian B, Meunier M, Boussaoud D
(2008): Understanding the neural computations of arbitrary
visuomotor learning through fMRI and associative learning
theory. Cereb Cortex 18:1485–1495.

Bueti D, Walsh V, Frith C, Rees G (2008): Different brain circuits
underlie motor and perceptual representations of temporal
intervals. J Cogn Neurosci 20:204–214.

Bullock D, Tan CO, John YJ (2009): Computational perspectives
on forebrain microcircuits implicated in reinforcement learn-
ing, action selection, and cognitive control. Neural Netw 22(5–
6):757–765.

Bush G, Valera EM, Seidman LJ (2005): Functional neuroimaging
of attention-deficit/hyperactivity disorder: A review and sug-
gested future directions. Biol Psychiatry 57:1273–1284.

Butler T, Pan H, Tuescher O, Engelien A, Goldstein M, Epstein J,
Weisholtz D, Root JC, Protopopescu X, Cunningham-Bussel
AC, Chang L, Xie XH, Chen Q, Phelps EA, Ledoux JE, Stern E,
Silbersweig DA (2007): Human fear-related motor neurocircui-
try. Neuroscience 150:1–7.

Cabeza R, Nyberg L (2000): Imaging cognition II: An empirical
review of 275 PET and fMRI studies. J Cogn Neurosci 12:1–47.

Camara E, Rodriguez-Fornells A, Munte TF (2010): Microstruc-
tural brain differences predict functional hemodynamic

r Topographical Model of the Basal Ganglia r

r 3047 r



responses in a reward processing task. J Neurosci 30:11398–
113402.

Campbell LE, Hughes M, Budd TW, Cooper G, Fulham WR, Kar-
ayanidis F, Hanlon MC, Stojanov W, Johnston P, Case V, Schall
U (2007): Primary and secondary neural networks of auditory
prepulse inhibition: A functional magnetic resonance imaging
study of sensorimotor gating of the human acoustic startle
response. Eur J Neurosci 26:2327–2333.

Canessa N, Gorini A, Cappa SF, Piattelli-Palmarini M, Danna M,
Fazio F, Perani D (2005): The effect of social content on deduc-
tive reasoning: An fMRI study. Hum Brain Mapp 26:30–43.

Caramia F, Mainero C, Gragnani F, Tinelli E, Fiorelli M, Ceschin
V, Pantano P, Bucci E, Barra V, Bozzao L, Antonini G (2010):
Functional MRI changes in the central motor system in myo-
tonic dystrophy type 1. Magn Reson Imaging 28:226–234.

Carpenter MB, Peter P (1972): Nigrostriatal and nigrothalamic
fibers in the rhesus monkey. J Comparative Neurol 144:93–115.

Casasanto D (2003): Hemispheric specialization in prefrontal cor-
tex: Effects of verbalizability, imageability and meaning. Jour-
nal of Neurolinguistics 16:361–382.

Ceballos-Baumann AO (2003): Functional imaging in Parkinson’s
disease: Activation studies with PET, fMRI and SPECT. J Neu-
rol 250 (Suppl 1):I15–I23.

Cerasa A, Hagberg GE, Bianciardi M, Sabatini U (2005): Visually
cued motor synchronization: Modulation of fMRI activation
patterns by baseline condition. Neurosci Lett 373:32–37.

Chan AH, Luke KK, Li P, Yip V, Li G, Weekes B, Tan LH (2008):
Neural correlates of nouns and verbs in early bilinguals. Ann
NY Acad Sci 1145:30–40.

Chan ST, Tang SW, Lee WK, Tang KW, Lo SS, Kwong KK (2009):
Can Cantonese rhymes be used in the assessment of hemi-
spheric dominance for language? Neurosci Lett 463:103–107.

Chao HH, Luo X, Chang JL, Li CS (2009): Activation of the pre-
supplementary motor area but not inferior prefrontal cortex in
association with short stop signal reaction time—An intra-sub-
ject analysis. BMC Neurosci 10:75.

Chen SH, Desmond JE (2005): Temporal dynamics of cerebro-cere-
bellar network recruitment during a cognitive task. Neuropsy-
chologia 43:1227–1237.

Chenery HJ, Angwin AJ, Copland DA (2008): The basal ganglia
circuits, dopamine, and ambiguous word processing: A neuro-
biological account of priming studies in Parkinson’s disease. J
Int Neuropsychol Soc 14:351–364.

Chevrier AD, Noseworthy MD, Schachar R (2007): Dissociation of
response inhibition and performance monitoring in the stop signal
task using event-related fMRI. Hum Brain Mapp 28:1347–1358.

Choi SH, Na DL, Kang E, Lee KM, Lee SW, Na DG (2001): Func-
tional magnetic resonance imaging during pantomiming tool-
use gestures. Exp Brain Res 139:311–317.

Christensen MS, Ramsoy TZ, Lund TE, Madsen KH, Rowe JB
(2006): An fMRI study of the neural correlates of graded visual
perception. Neuroimage 31:1711–1725.

Chua HF, Gonzalez R, Taylor SF, Welsh RC, Liberzon I (2009): De-
cision-related loss: Regret and disappointment. Neuroimage
47:2031–2040.

Chudasama Y (2011): Animal models of prefrontal-executive func-
tion. Behav Neurosci 125:327–343.

Ciesielski KT, Lesnik PG, Savoy RL, Grant EP, Ahlfors SP (2006):
Developmental neural networks in children performing a Cate-
gorical N-Back Task. Neuroimage 33:980–990.

Colibazzi T, Posner J, Wang Z, Gorman D, Gerber A, Yu S, Zhu
H, Kangarlu A, Duan Y, Russell JA, Peterson BS (2010): Neural

systems subserving valence and arousal during the experience
of induced emotions. Emotion 10:377–389.

Cox RW (1996): AFNI: Software for analysis and visualization of
functional magnetic resonance neuroimages. Comput Biomed
Res 29:162–173.

Cox SM, Andrade A, Johnsrude IS (2005): Learning to like: A role
for human orbitofrontal cortex in conditioned reward. J Neuro-
sci 25:2733–2740.

Crescentini C, Shallice T, Macaluso E (2010): Item retrieval and
competition in noun and verb generation: An FMRI study. J
Cogn Neurosci 22:1140–1157.

Dagher A, Nagano-Saito A (2007): Functional and anatomical
magnetic resonance imaging in Parkinson’s disease. Mol Imag-
ing Biol 9:234–242.

Dahlin E, Backman L, Neely AS, Nyberg L (2009): Training of the
executive component of working memory: Subcortical areas
mediate transfer effects. Restor Neurol Neurosci 27:405–419.

Daselaar SM, Rombouts SA, Veltman DJ, Raaijmakers JG, Jonker
C (2003): Similar network activated by young and old adults
during the acquisition of a motor sequence. Neurobiol Aging
24:1013–1019.

de Rover M, Petersson KM, van der Werf SP, Cools AR, Berger
HJ, Fernandez G (2008): Neural correlates of strategic memory
retrieval: Differentiating between spatial-associative and tem-
poral-associative strategies. Hum Brain Mapp 29:1068–1079.

Debaere F, Wenderoth N, Sunaert S, Van Hecke P, Swinnen SP
(2004): Cerebellar and premotor function in bimanual coordi-
nation: Parametric neural responses to spatiotemporal com-
plexity and cycling frequency. Neuroimage 21:1416–1427.

Delgado MR (2007): Reward-related responses in the human stria-
tum. Ann NY Acad Sci 1104:70–88.

den Ouden HE, Friston KJ, Daw ND, McIntosh AR, Stephan KE
(2009): A dual role for prediction error in associative learning.
Cereb Cortex 19:1175–1185.

Diekhof EK, Biedermann F, Ruebsamen R, Gruber O (2009): Top-
down and bottom-up modulation of brain structures involved
in auditory discrimination. Brain Res 1297:118–123.

Dillon DG, Pizzagalli DA (2007): Inhibition of action, thought, and
emotion: A selective neurobiological review. Appl Prev Psy-
chol 12:99–114.

Dong Y, Fukuyama H, Honda M, Okada T, Hanakawa T, Naka-
mura K, Nagahama Y, Nagamine T, Konishi J, Shibasaki H
(2000): Essential role of the right superior parietal cortex in
Japanese kana mirror reading: An fMRI study. Brain 123 (Part
4):790–799.

Dreher JC, Meyer-Lindenberg A, Kohn P, Berman KF (2008): Age-
related changes in midbrain dopaminergic regulation of the
human reward system. Proc Natl Acad Sci USA 105:15106–15111.

Duerden EG, Duncan GH (2009): fMRI of Pain. In: Filippi M, edi-
tor. fMRI Techniques and Protocols. Springer-Velrag, New
York, LLC.

Eickhoff SB, Paus T, Caspers S, Grosbras MH, Evans AC, Zilles K,
Amunts K (2007): Assignment of functional activations to proba-
bilistic cytoarchitectonic areas revisited. Neuroimage 36:511–521.

Eickhoff SB, Laird AR, Grefkes C, Wang LE, Zilles K, Fox PT
(2009): Coordinate-based activation likelihood estimation meta-
analysis of neuroimaging data: A random-effects approach
based on empirical estimates of spatial uncertainty. Hum Brain
Mapp 30:2907–2926.

Epstein RA, Higgins JS, Thompson-Schill SL (2005): Learning pla-
ces from views: Variation in scene processing as a function of
experience and navigational ability. J Cogn Neurosci 17:73–83.

r Arsalidou et al. r

r 3048 r



Erk S, Spitzer M, Wunderlich AP, Galley L, Walter H (2002): Cul-
tural objects modulate reward circuitry. Neuroreport 13:2499–
2503.

Erk S, Martin S, Walter H (2005): Emotional context during encod-
ing of neutral items modulates brain activation not only dur-
ing encoding but also during recognition. Neuroimage 26:829–
838.

Erk S, von Kalckreuth A, Walter H (2010): Neural long-term
effects of emotion regulation on episodic memory processes.
Neuropsychologia 48:989–996.

Ernst M, Nelson EE, McClure EB, Monk CS, Munson S, Eshel N,
Zarahn E, Leibenluft E, Zametkin A, Towbin K, Blair J, Char-
ney D, Pine DS (2004): Choice selection and reward anticipa-
tion: An fMRI study. Neuropsychologia 42:1585–1597.

Ettlin DA, Brugger M, Keller T, Luechinger R, Jancke L, Palla S,
Barlow A, Gallo LM, Lutz K (2009): Interindividual differences
in the perception of dental stimulation and related brain activ-
ity. Eur J Oral Sci 117:27–33.

Fiddick L, Spampinato MV, Grafman J (2005): Social contracts and
precautions activate different neurological systems: An fMRI
investigation of deontic reasoning. Neuroimage 28:778–786.

Fink GR, Marshall JC, Weiss PH, Toni I, Zilles K (2002): Task
instructions influence the cognitive strategies involved in line
bisection judgements: Evidence from modulated neural mecha-
nisms revealed by fMRI. Neuropsychologia 40:119–130.

Forstmann BU, Brown S, Dutilh G, Neumann J, Wagenmakers EJ
(2010): The neural substrate of prior information in perceptual de-
cision making: A model-based analysis. Front Hum Neurosci 4:40.

Francis S, Lin X, Aboushoushah S, White TP, Phillips M, Bowtell R,
Constantinescu CS (2009): fMRI analysis of active, passive and
electrically stimulated ankle dorsiflexion. Neuroimage 44:469–479.

Francois-Brosseau FE, Martinu K, Strafella AP, Petrides M, Simard
F, Monchi O (2009): Basal ganglia and frontal involvement in
self-generated and externally-triggered finger movements in
the dominant and non-dominant hand. Eur J Neurosci
29:1277–1286.

Frank MJ, Claus ED (2006): Anatomy of a decision: Striato-orbito-
frontal interactions in reinforcement learning, decision making,
and reversal. Psychol Rev 113:300–326.

Gandini D, Lemaire P, Anton JL, Nazarian B (2008): Neural corre-
lates of approximate quantification strategies in young and
older adults: An fMRI study. Brain Res 1246:144–157.

Gheysen F, Van Opstal F, Roggeman C, Van Waelvelde H, Fias W
(2010): Hippocampal contribution to early and later stages of
implicit motor sequence learning. Exp Brain Res 202:795–807.

Goel V, Buchel C, Frith C, Dolan RJ (2000): Dissociation of mecha-
nisms underlying syllogistic reasoning. Neuroimage 12:504–
514.

Grahn JA, Parkinson JA, Owen AM (2008): The cognitive func-
tions of the caudate nucleus. Prog Neurobiol 86:141–155.

Gur RC, Turetsky BI, Loughead J, Waxman J, Snyder W, Ragland
JD, Elliott MA, Bilker WB, Arnold SE, Gur RE (2007): Hemody-
namic responses in neural circuitries for detection of visual tar-
get and novelty: An event-related fMRI study. Hum Brain
Mapp 28:263–274.

Guroglu B, Haselager GJ, van Lieshout CF, Takashima A, Rijp-
kema M, Fernandez G (2008): Why are friends special? Imple-
menting a social interaction simulation task to probe the
neural correlates of friendship. Neuroimage 39:903–910.

Habas C, Cabanis EA (2007): The neural network involved in a
bimanual tactile-tactile matching discrimination task: A func-
tional imaging study at 3 T. Neuroradiology 49:681–688.

Habas C, Cabanis EA (2008): Neural correlates of simple unima-
nual discrete and continuous movements: A functional imag-
ing study at 3 T. Neuroradiology 50:367–375.

Haber SN (2003): The primate basal ganglia: Parallel and integra-
tive networks. J Chem Neuroanatomy 26:317–330.

Haber SN, Kunishio K, Mizobuchi M, Lynd-Balta E (1995): The or-
bital and medial prefrontal circuit through the primate basal
ganglia. J Neurosci 15(Part 1):4851–4867.

Hall GB, Kamath MV, Collins S, Ganguli S, Spaziani R, Miranda
KL, Bayati A, Bienenstock J (2010): Heightened central affective
response to visceral sensations of pain and discomfort in IBS.
Neurogastroenterol Motil 22:276–e80.

Hardin MG, Pine DS, Ernst M (2009): The influence of context va-
lence in the neural coding of monetary outcomes. Neuroimage
48:249–257.

Haslinger B, Erhard P, Weilke F, Ceballos-Baumann AO, Barten-
stein P, Grafin von Einsiedel H, Schwaiger M, Conrad B,
Boecker H (2002): The role of lateral premotor-cerebellar-parie-
tal circuits in motor sequence control: a parametric fMRI
study. Brain Res Cogn Brain Res 13:159–168.

Herwig U, Abler B, Walter H, Erk S (2007): Expecting unpleasant
stimuli—An fMRI study. Psychiatry Res 154:1–12.

Hofer A, Siedentopf CM, Ischebeck A, Rettenbacher MA, Widsch-
wendter CG, Verius M, Golaszewski SM, Koppelstaetter F,
Felber S, Wolfgang Fleischhacker W (2007): The neural regions
sustaining episodic encoding and recognition of objects. Brain
Cogn 63:159–166.

Hsu M, Krajbich I, Zhao C, Camerer CF (2009): Neural response
to reward anticipation under risk is nonlinear in probabilities.
J Neurosci 29:2231–2237.

Huettel SA, Misiurek J (2004): Modulation of prefrontal cortex ac-
tivity by information toward a decision rule. Neuroreport
15:1883–1886.

Huettel SA, Misiurek J, Jurkowski AJ, McCarthy G (2004):
Dynamic and strategic aspects of executive processing. Brain
Res 1000(1–2):78–84.

Huyser C, Veltman DJ, de Haan E, Boer F (2009): Paediatric obses-
sive-compulsive disorder, a neurodevelopmental disorder?
Evidence from neuroimaging. Neurosci Biobehav Rev 33:818–
830.

Iyer A, Lindner A, Kagan I, Andersen RA (2010): Motor prepara-
tory activity in posterior parietal cortex is modulated by sub-
jective absolute value. PLoS Biol 8:e1000444.

Izuma K, Saito DN, Sadato N (2008): Processing of social
and monetary rewards in the human striatum. Neuron 58:284–
294.

Jahn K, Deutschlander A, Stephan T, Strupp M, Wiesmann M,
Brandt T (2004): Brain activation patterns during imagined
stance and locomotion in functional magnetic resonance imag-
ing. Neuroimage 22:1722–1731.

Jamadar S, Hughes M, Fulham WR, Michie PT, Karayanidis F
(2010): The spatial and temporal dynamics of anticipatory
preparation and response inhibition in task-switching. Neuro-
image 51:432–449.

Janzen G, Weststeijn CG (2007): Neural representation of object
location and route direction: An event-related fMRI study.
Brain Res 1165:116–125.

Kaffenberger T, Bruhl AB, Baumgartner T, Jancke L, Herwig U
(2010): Negative bias of processing ambiguously cued emo-
tional stimuli. Neuroreport 21:601–605.

Kang MJ, Hsu M, Krajbich IM, Loewenstein G, McClure SM,
Wang JT, Camerer CF (2009): The wick in the candle of

r Topographical Model of the Basal Ganglia r

r 3049 r



learning: Epistemic curiosity activates reward circuitry and
enhances memory. Psychol Sci 20:963–973.

Kemp JM, Powell TP (1971): The connexions of the striatum and
globus pallidus: Synthesis and speculation. Philosophical trans-
actions of the Royal Society of London. Series B, Biological Sci
262:441–457.

Kikyo H, Miyashita Y (2004): Temporal lobe activations of ‘‘feel-
ing-of-knowing’’ induced by face-name associations. Neuro-
image 23:1348–1357.

Kim TH, Jeong GW, Baek HS, Kim GW, Sundaram T, Kang HK,
Lee SW, Kim HJ, Song JK (2010): Human brain activation in
response to visual stimulation with rural and urban scenery
pictures: A functional magnetic resonance imaging study. Sci
Total Environ 408:2600–2607.

Kimmig H, Ohlendorf S, Speck O, Sprenger A, Rutschmann RM,
Haller S, Greenlee MW (2008): fMRI evidence for sensorimotor
transformations in human cortex during smooth pursuit eye
movements. Neuropsychologia 46:2203–2213.

Kirsch P, Schienle A, Stark R, Sammer G, Blecker C, Walter B, Ott U,
Burkart J, Vaitl D (2003): Anticipation of reward in a nonaversive
differential conditioning paradigm and the brain reward system:
An event-related fMRI study. Neuroimage 20:1086–1095.

Knutson B, Bossaerts P (2007): Neural antecedents of financial
decisions. J Neurosci 27:8174–8177.

Knutson B, Gibbs SE (2007): Linking nucleus accumbens dopa-
mine and blood oxygenation. Psychopharmacology (Berl)
191:813–822.

Knutson B, Greer SM (2008): Anticipatory affect: Neural correlates
and consequences for choice. Philos Trans R Soc Lond B Biol
Sci 363:3771–3786.

Knutson B, Peterson R (2005): Neurally reconstructing expected
utility. Games Econ Behav 52:305–315.

Koch K, Schachtzabel C, Wagner G, Reichenbach JR, Sauer H,
Schlosser R (2008): The neural correlates of reward-related
trial-and-error learning: An fMRI study with a probabilistic
learning task. Learn Mem 15:728–732.

Konrad C, Engelien A, Schoning S, Zwitserlood P, Jansen A, Plet-
ziger E, Beizai P, Kersting A, Ohrmann P, Luders E, Greb RR,
Heindel W, Arolt V, Kugel H (2008): The functional anatomy
of semantic retrieval is influenced by gender, menstrual cycle,
and sex hormones. J Neural Transm 115:1327–1337.

Kosson DS, Budhani S, Nakic M, Chen G, Saad ZS, Vythilingam
M, Pine DS, Blair RJ (2006): The role of the amygdala and ros-
tral anterior cingulate in encoding expected outcomes during
learning. Neuroimage 29:1161–1172.

Koylu B, Trinka E, Ischebeck A, Visani P, Trieb T, Kremser C, Bar-
tha L, Schocke M, Benke T (2006): Neural correlates of verbal
semantic memory in patients with temporal lobe epilepsy. Epi-
lepsy Res 72(2–3):178–191.

Kuhn S, Brass M (2009): When doing nothing is an option: The
neural correlates of deciding whether to act or not. Neuro-
image 46:1187–1193.

Kumar U, Das T, Bapi RS, Padakannaya P, Joshi RM, Singh NC
(2010): Reading different orthographies: An fMRI study of phrase
reading in Hindu-English bilinguals. Reading Writing 23:239–255.

Kumari V, Antonova E, Geyer MA, Ffytche D, Williams SC,
Sharma T (2007a) A fMRI investigation of startle gating deficits
in schizophrenia patients treated with typical or atypical anti-
psychotics. Int J Neuropsychopharmacol 10:463–477.

Kumari V, ffytche DH, Das M, Wilson GD, Goswami S, Sharma T
(2007b) Neuroticism and brain responses to anticipatory fear.
Behav Neurosci 121:643–652.

Kuperberg GR, Sitnikova T, Lakshmanan BM (2008): Neuroana-
tomical distinctions within the semantic system during sen-
tence comprehension: Evidence from functional magnetic
resonance imaging. Neuroimage 40:367–388.

Laird AR, Fox PM, Price CJ, Glahn DC, Uecker AM, Lancaster JL,
Turkeltaub PE, Kochunov P, Fox PT (2005): ALE meta-analysis:
Controlling the false discovery rate and performing statistical
contrasts. Hum Brain Mapp 25:155–164.

Laird AR, Lancaster JL, Fox PT (2009): Lost in localization? The
focus is meta-analysis. Neuroimage 48:18–20.

Lancaster JL, Tordesillas-Gutierrez D, Martinez M, Salinas F,
Evans A, Zilles K, Mazziotta JC, Fox PT (2007): Bias between
MNI and Talairach coordinates analyzed using the ICBM-152
brain template. Hum Brain Mapp 28:1194–1205.

Landmann C, Dehaene S, Pappata S, Jobert A, Bottlaender M,
Roumenov D, Le Bihan D (2007): Dynamics of prefrontal and
cingulate activity during a reward-based logical deduction
task. Cereb Cortex 17:749–759.

Lee AC, Bandelow S, Schwarzbauer C, Henson RN, Graham KS
(2006): Perirhinal cortex activity during visual object discrimi-
nation: An event-related fMRI study. Neuroimage 33:362–373.

Lehericy S, Gerardin E (2002): Normal functional imaging of the
basal ganglia. Epileptic Disord 4 (Suppl 3):S23–S30.

Leigh RJ, Kennard C (2004): Using saccades as a research tool in
the clinical neurosciences. Brain 127(Part 3):460–477.

Leknes S, Tracey I (2008): A common neurobiology for pain and
pleasure. Nat Rev Neurosci 9:314–320.

Liddle PF, Laurens KR, Kiehl KA, Ngan ET (2006): Abnormal
function of the brain system supporting motivated attention in
medicated patients with schizophrenia: An fMRI study. Psy-
chol Med 36:1097–1108.

Lie CH, Specht K, Marshall JC, Fink GR (2006): Using fMRI to
decompose the neural processes underlying the Wisconsin
Card Sorting Test. Neuroimage 30:1038–1049.

Lieberman MD, Chang GY, Chiao J, Bookheimer SY, Knowlton BJ
(2004): An event-related fMRI study of artificial grammar learning
in a balanced chunk strength design. J Cogn Neurosci 16:427–438.

Lin CH, Chiu YC, Cheng CM, Hsieh JC (2008): Brain maps of
Iowa gambling task. BMC Neurosci 9:72.

Linke J, Kirsch P, King AV, Gass A, Hennerici MG, Bongers A,
Wessa M (2010): Motivational orientation modulates the neural
response to reward. Neuroimage 49:2618–2625.

Liu H, Hu Z, Guo T, Peng D (2010): Speaking words in two lan-
guages with one brain: Neural overlap and dissociation. Brain
Res 1316:75–82.

Longe O, Maratos FA, Gilbert P, Evans G, Volker F, Rockliff H, Rip-
pon G (2010): Having a word with yourself: neural correlates of
self-criticism and self-reassurance. Neuroimage 49:1849–1856.

Macar F, Anton JL, Bonnet M, Vidal F (2004): Timing functions of
the supplementary motor area: An event-related fMRI study.
Brain Res Cogn Brain Res 21:206–215.

Mainero C, Caramia F, Pozzilli C, Pisani A, Pestalozza I, Borriello
G, Bozzao L, Pantano P (2004): fMRI evidence of brain reor-
ganization during attention and memory tasks in multiple scle-
rosis. Neuroimage 21:858–867.

Manoach DS, Greve DN, Lindgren KA, Dale AM (2003): Identify-
ing regional activity associated with temporally separated
components of working memory using event-related functional
MRI. Neuroimage 20:1670–1684.

Marchand WR, Lee JN, Thatcher JW, Thatcher GW, Jensen C,
Starr J (2007): Motor deactivation in the human cortex and ba-
sal ganglia. Neuroimage 38:538–548.

r Arsalidou et al. r

r 3050 r



Marco-Pallares J, Muller SV, Munte TF (2007): Learning by doing:
an fMRI study of feedback-related brain activations. Neurore-
port 18:1423–1426.

Marklund P, Fransson P, Cabeza R, Larsson A, Ingvar M, Nyberg
L (2007): Unity and diversity of tonic and phasic executive
control components in episodic and working memory. Neuro-
image 36:1361–1373.

Marques JF, Canessa N, Cappa S (2009): Neural differences in the
processing of true and false sentences: Insights into the nature
of ‘truth’ in language comprehension. Cortex 45:759–768.

Martin JH (2003): Neuroanatomy: Text and Atlas. McGraw-Hill
Medical, New York.

Marvel CL, Desmond JE (2010): The contributions of cerebro-cere-
bellar circuitry to executive verbal working memory. Cortex
46:880–895.

Marx E, Deutschlander A, Stephan T, Dieterich M, Wiesmann M,
Brandt T (2004): Eyes open and eyes closed as rest conditions:
Impact on brain activation patterns. Neuroimage 21:1818–
1824.

Matsuda T, Matsuura M, Ohkubo T, Ohkubo H, Matsushima E,
Inoue K, Taira M, Kojima T (2004): Functional MRI mapping of
brain activation during visually guided saccades and antisaccades:
Cortical and subcortical networks. Psychiatry Res 131:147–155.

Mattay VS, Weinberger DR (1999): Organization of the human
motor system as studied by functional magnetic resonance
imaging. Eur J Radiol 30:105–114.

Mayer AR, Mannell MV, Ling J, Elgie R, Gasparovic C, Phillips
JP, Doezema D, Yeo RA (2009): Auditory orienting and inhibi-
tion of return in mild traumatic brain injury: A FMRI study.
Hum Brain Mapp 30:4152–4166.

Mazzoni P, Bracewell M (2010): The persistent mystery of the ba-
sal ganglia’s contribution to motor control. Adv Clin Neurosci
Rehabil 10:5.

Melcher T, Gruber O (2006): Oddball and incongruity effects dur-
ing Stroop task performance: A comparative fMRI study on
selective attention. Brain Res 1121:136–149.

Menon V, Rivera SM, White CD, Glover GH, Reiss AL (2000): Dis-
sociating prefrontal and parietal cortex activation during arith-
metic processing. Neuroimage 12:357–365.

Menon V, Adleman NE, White CD, Glover GH, Reiss AL (2001):
Error-related brain activation during a Go/NoGo response in-
hibition task. Hum Brain Mapp 12:131–143.

Meschyan G, Hernandez AE (2006): Impact of language profi-
ciency and orthographic transparency on bilingual word read-
ing: An fMRI investigation. Neuroimage 29:1135–1140.

Meseguer V, Romero MJ, Barros-Loscertales A, Belloch V, Bosch-
Morell F, Romero J, Avila C (2007): Mapping the apetitive and
aversive systems with emotional pictures using a block-design
fMRI procedure. Psicothema 19:483–488.

Mestres-Misse A, Rodriguez-Fornells A, Munte TF (2010): Neural
differences in the mapping of verb and noun concepts onto
novel words. Neuroimage 49:2826–2835.

Michels L, Bucher K, Luchinger R, Klaver P, Martin E, Jeanmonod
D, Brandeis D (2010a): Simultaneous EEG-fMRI during a work-
ing memory task: Modulations in low and high frequency
bands. PLoS One 5:e10298.

Michels L, Mehnert U, Boy S, Schurch B, Kollias S (2010b) The
somatosensory representation of the human clitoris: An fMRI
study. Neuroimage 49:177–184.

Mobbs D, Greicius MD, Abdel-Azim E, Menon V, Reiss AL
(2003): Humor modulates the mesolimbic reward centers. Neu-
ron 40:1041–1048.

Monchi O, Petrides M, Mejia-Constain B, Strafella AP (2007): Cort-
ical activity in Parkinson’s disease during executive processing
depends on striatal involvement. Brain 130(Part 1):233–244.

Monchi O, Petrides M, Petre V, Worsley K, Dagher A (2001): Wis-
consin Card Sorting revisited: Distinct neural circuits participat-
ing in different stages of the task identified by event-related
functional magnetic resonance imaging. J Neurosci 21:7733–7741.

Mufson EJ, Mesulam MM (1982): Insula of the old world monkey.
II. Afferent cortical input and comments on the claustrum. J
Comp Neurol 212:23–37.

Munzert J, Zentgraf K, Stark R, Vaitl D (2008): Neural activation in
cognitive motor processes: Comparing motor imagery and ob-
servation of gymnastic movements. Exp Brain Res 188:437–444.

Murray GK, Corlett PR, Clark L, Pessiglione M, Blackwell AD,
Honey G, Jones PB, Bullmore ET, Robbins TW, Fletcher PC
(2008): Substantia nigra/ventral tegmental reward prediction
error disruption in psychosis. Mol Psychiatry 13:239, 267–276.

Na BJ, Jahng GH, Park SU, Jung WS, Moon SK, Park JM, Bae HS
(2009): An fMRI study of neuronal specificity of an acupoint:
Electroacupuncture stimulation of Yanglingquan (GB34) and
its sham point. Neurosci Lett 464:1–5.

Nagel M, Sprenger A, Hohagen F, Binkofski F, Lencer R (2008): Cort-
ical mechanisms of retinal and extraretinal smooth pursuit eye
movements to different target velocities. Neuroimage 41:483–492.

Nakai T, Kato C, Glover GH, Toma K, Moriya T, Matsuo K (2003):
A functional magnetic resonance imaging study of internal
modulation of an external visual cue for motor execution.
Brain Res 968:238–247.

Nieuwenhuis S, Heslenfeld DJ, von Geusau NJ, Mars RB, Hol-
royd CB, Yeung N (2005a) Activity in human reward-sensi-
tive brain areas is strongly context dependent. Neuroimage
25:1302–1309.

Nieuwenhuis S, Slagter HA, von Geusau NJ, Heslenfeld DJ, Hol-
royd CB (2005b) Knowing good from bad: Differential activa-
tion of human cortical areas by positive and negative
outcomes. Eur J Neurosci 21:3161–3168.

Nishimura M, Yoshii Y, Watanabe J, Ishiuchi S (2009): Paralimbic
system and striatum are involved in motivational behavior.
Neuroreport 20:1407–1413.

Nomura EM, Maddox WT, Filoteo JV, Ing AD, Gitelman DR, Par-
rish TB, Mesulam MM, Reber PJ (2007): Neural correlates of
rule-based and information-integration visual category learn-
ing. Cereb Cortex 17:37–43.

Nomura EM, Reber PJ (2008): A review of medial temporal lobe
and caudate contributions to visual category learning. Neuro-
sci Biobehav Rev 32:279–291.

Numminen J, Schurmann M, Hiltunen J, Joensuu R, Jousmaki V,
Koskinen SK, Salmelin R, Hari R (2004): Cortical activation
during a spatiotemporal tactile comparison task. Neuroimage
22:815–821.

Ogg RJ, Zou P, Allen DN, Hutchins SB, Dutkiewicz RM, Mulhern
RK (2008): Neural correlates of a clinical continuous perform-
ance test. Magn Reson Imaging 26:504–512.

Oh H, Leung HC (2010): Specific and nonspecific neural activity
during selective processing of visual representations in work-
ing memory. J Cogn Neurosci 22:292–306.

Parker A, Gaffan D (1998): Memory after frontal/temporal discon-
nection in monkeys: Conditional and non-conditional tasks,
unilateral and bilateral frontal lesions. Neuropsychologia
36:259–271.

Parkinson A, McDonagh M, Vidyasagar R (2009): Brain activation
in an involuntary human action. Brain Res 1304:57–65.

r 3051 r

r Topographical Model of the Basal Ganglia r



Parris BA, Thai NJ, Benattayallah A, Summers IR, Hodgson TL
(2007): The role of the lateral prefrontal cortex and anterior
cingulate in stimulus-response association reversals. J Cogn
Neurosci 19:13–24.

Pastor MA, Day BL, Macaluso E, Friston KJ, Frackowiak RS
(2004): The functional neuroanatomy of temporal discrimina-
tion. J Neurosci 24:2585–2591.

Paulsen JS (2009): Functional imaging in Huntington’s disease.
Exp Neurol 216:272–277.

Petit L, Zago L, Vigneau M, Andersson F, Crivello F, Mazoyer B,
Mellet E, Tzourio-Mazoyer N (2009): Functional asymmetries
revealed in visually guided saccades: An FMRI study. J Neuro-
physiol 102:2994–3003.

Petrides M, Alivisatos B, Meyer E, Evans AC (1993): Functional activa-
tion of the human frontal cortex during the performance of verbal
working memory tasks. Proc Natl Acad Sci USA 90:878–882.

Phan KL, Sripada CS, Angstadt M, McCabe K (2010): Reputation
for reciprocity engages the brain reward center. Proc Natl
Acad Sci USA 107:13099–13104.

Provost JS, Petrides M, Monchi O (2010): Dissociating the role of
the caudate nucleus and dorsolateral prefrontal cortex in the
monitoring of events within human working memory. Eur J
Neurosci 32:873–880.

Qin S, Piekema C, Petersson KM, Han B, Luo J, Fernandez G
(2007): Probing the transformation of discontinuous associa-
tions into episodic memory: An event-related fMRI study.
Neuroimage 38:212–222.

Rameson LT, Satpute AB, Lieberman MD (2010): The neural corre-
lates of implicit and explicit self-relevant processing. Neuro-
image 50:701–708.

Rao H, Korczykowski M, Pluta J, Hoang A, Detre JA (2008): Neu-
ral correlates of voluntary and involuntary risk taking in the
human brain: An fMRI study of the balloon analog risk task
(BART). Neuroimage 42:902–910.

Rauchs G, Orban P, Balteau E, Schmidt C, Degueldre C, Luxen A,
Maquet P, Peigneux P (2008): Partially segregated neural net-
works for spatial and contextual memory in virtual navigation.
Hippocampus 18:503–518.

Reiss AL, Hoeft F, Tenforde AS, Chen W, Mobbs D, Mignot EJ
(2008): Anomalous hypothalamic responses to humor in cata-
plexy. PLoS One 3:e2225.

Remijnse PL, Nielen MM, Uylings HB, Veltman DJ (2005): Neural
correlates of a reversal learning task with an affectively neutral
baseline: An event-related fMRI study. Neuroimage 26:609–618.

Remy F, Wenderoth N, Lipkens K, Swinnen SP (2008): Acquisition
of a new bimanual coordination pattern modulates the cerebral
activations elicited by an intrinsic pattern: An fMRI study.
Cortex 44:482–493.

Reske M, Kellermann T, Shah NJ, Schneider F, Habel U (2010):
Impact of valence and age on olfactory induced brain activa-
tion in healthy women. Behav Neurosci 124:414–422.

Reverberi C, Cherubini P, Frackowiak RS, Caltagirone C, Paulesu
E, Macaluso E (2010): Conditional and syllogistic deductive
tasks dissociate functionally during premise integration. Hum
Brain Mapp 31:1430–1445.

Rissman J, Eliassen JC, Blumstein SE (2003): An event-related
FMRI investigation of implicit semantic priming. J Cogn Neu-
rosci 15:1160–1175.

Rocca MA, Gatti R, Agosta F, Tortorella P, Riboldi E, Broglia P,
Filippi M (2007): Influence of body segment position during
in-phase and antiphase hand and foot movements: A kine-
matic and functional MRI study. Hum Brain Mapp 28:218–227.

Rodriguez-Moreno D, Hirsch J (2009): The dynamics of deductive
reasoning: An fMRI investigation. Neuropsychologia 47:949–
961.

Sakamoto K, Nakata H, Perrucci MG, Del Gratta C, Kakigi R,
Romani GL (2009): Negative BOLD during tongue movement:
A functional magnetic resonance imaging study. Neurosci Lett
466:120–123.

Sambataro F, Dimalta S, Di Giorgio A, Taurisano P, Blasi G, Scara-
bino T, Giannatempo G, Nardini M, Bertolino A (2006): Prefer-
ential responses in amygdala and insula during presentation
of facial contempt and disgust. Eur J Neurosci 24:2355–2362.

Schilbach L, Wilms M, Eickhoff SB, Romanzetti S, Tepest R, Bente
G, Shah NJ, Fink GR, Vogeley K (2010): Minds made for shar-
ing: initiating joint attention recruits reward-related neurocir-
cuitry. J Cogn Neurosci 22:2702–2715.

Schneider F, Bermpohl F, Heinzel A, Rotte M, Walter M, Tempel-
mann C, Wiebking C, Dobrowolny H, Heinze HJ, Northoff G
(2008): The resting brain and our self: Self-relatedness modu-
lates resting state neural activity in cortical midline structures.
Neuroscience 157:120–131.

Schulz-Stubner S, Krings T, Meister IG, Rex S, Thron A, Rossaint
R (2004): Clinical hypnosis modulates functional magnetic res-
onance imaging signal intensities and pain perception in a
thermal stimulation paradigm. Reg Anesth Pain Med 29:549–
556.

Seidler RD, Noll DC, Thiers G (2004): Feedforward and feedback
processes in motor control. Neuroimage 22:1775–1783.

Seidler RD, Noll DC, Chintalapati P (2006): Bilateral basal ganglia
activation associated with sensorimotor adaptation. Exp Brain
Res 175:544–555.

Seseke S, Baudewig J, Kallenberg K, Ringert RH, Seseke F,
Dechent P (2006): Voluntary pelvic floor muscle control—An
fMRI study. Neuroimage 31:1399–1407.

Shibata M, Toyomura A, Itoh H, Abe J (2010): Neural substrates
of irony comprehension: A functional MRI study. Brain Res
1308:114–123.

Shih LY, Kuo WJ, Yeh TC, Tzeng OJ, Hsieh JC (2009): Common
neural mechanisms for explicit timing in the sub-second range.
Neuroreport 20:897–901.

Shohamy D, Myers CE, Kalanithi J, Gluck MA (2008): Basal gan-
glia and dopamine contributions to probabilistic category
learning. Neurosci Biobehav Rev 32:219–236.

Simon JJ, Walther S, Fiebach CJ, Friederich HC, Stippich C, Weis-
brod M, Kaiser S (2010): Neural reward processing is modu-
lated by approach- and avoidance-related personality traits.
Neuroimage 49:1868–1874.

Sinke CB, Sorger B, Goebel R, de Gelder B (2010): Tease or threat?
Judging social interactions from bodily expressions. Neuro-
image 49:1717–1727.

Smith BW, Mitchell DG, Hardin MG, Jazbec S, Fridberg D, Blair
RJ, Ernst M (2009): Neural substrates of reward magnitude,
probability, and risk during a wheel of fortune decision-mak-
ing task. Neuroimage 44:600–609.

Snijders TM, Vosse T, Kempen G, Van Berkum JJ, Petersson KM,
Hagoort P (2009): Retrieval and unification of syntactic struc-
ture in sentence comprehension: An FMRI study using word-
category ambiguity. Cereb Cortex 19:1493–1503.

Stevenson RA, Kim S, James TW (2009): An additive-factors
design to disambiguate neuronal and areal convergence: Meas-
uring multisensory interactions between audio, visual, and
haptic sensory streams using fMRI. Exp Brain Res 198(2–
3):183–194.

r 3052 r

r Arsalidou et al. r



Straube B, Chatterjee A (2010): Space and time in perceptual cau-
sality. Front Hum Neurosci 4:28.

Sung EJ, Yoo SS, Yoon HW, Oh SS, Han Y, Park HW (2007): Brain
activation related to affective dimension during thermal stimu-
lation in humans: A functional magnetic resonance imaging
study. Int J Neurosci 117:1011–1027.

Sweeney JA, Luna B, Keedy SK, McDowell JE, Clementz BA
(2007): fMRI studies of eye movement control: Investigating
the interaction of cognitive and sensorimotor brain systems.
Neuroimage 36 (Suppl 2):T54–T60.

Szameitat AJ, Shen S, Sterr A (2007): Motor imagery of complex
everyday movements. An fMRI study. Neuroimage 34:702–713.

Takahashi H, Koeda M, Oda K, Matsuda T, Matsushima E, Mat-
suura M, Asai K, Okubo Y (2004): An fMRI study of differen-
tial neural response to affective pictures in schizophrenia.
Neuroimage 22:1247–1254.

Takashima A, Nieuwenhuis IL, Rijpkema M, Petersson KM, Jen-
sen O, Fernandez G (2007): Memory trace stabilization leads to
large-scale changes in the retrieval network: A functional MRI
study on associative memory. Learn Mem 14:472–479.

Takeichi H, Koyama S, Terao A, Takeuchi F, Toyosawa Y, Muro-
hashi H (2010): Comprehension of degraded speech sounds
with m-sequence modulation: An fMRI study. Neuroimage
49:2697–2706.

Tanaka SC, Samejima K, Okada G, Ueda K, Okamoto Y, Yama-
waki S, Doya K (2006): Brain mechanism of reward prediction
under predictable and unpredictable environmental dynamics.
Neural Netw 19:1233–1241.

Tinaz S, Schendan HE, Schon K, Stern CE (2006): Evidence for the
importance of basal ganglia output nuclei in semantic event
sequencing: An fMRI study. Brain Res 1067:239–249.

Tobler PN, O’Doherty JP, Dolan RJ, Schultz W (2007): Reward
value coding distinct from risk attitude-related uncertainty
coding in human reward systems. J Neurophysiol 97:1621–
1632.

Tomasi D, Caparelli EC, Chang L, Ernst T (2005): fMRI-acoustic
noise alters brain activation during working memory tasks.
Neuroimage 27:377–386.

Tunik E, Houk JC, Grafton ST (2009): Basal ganglia contribution
to the initiation of corrective submovements. Neuroimage
47:1757–1766.

Turkeltaub PE, Eden GF, Jones KM, Zeffiro TA (2002): Meta-anal-
ysis of the functional neuroanatomy of single-word reading:
Method and validation. Neuroimage 16(Part 1):765–780.

Ungerleider LG, Doyon J, Karni A (2002): Imaging brain plasticity
during motor skill learning. Neurobiol Learn Mem 78:553–564.

van den Heuvel OA, Veltman DJ, Groenewegen HJ, Cath DC, van
Balkom AJ, van Hartskamp J, Barkhof F, van Dyck R (2005):
Frontal-striatal dysfunction during planning in obsessive-com-
pulsive disorder. Arch Gen Psychiatry 62:301–309.

Vanhaudenhuyse A, Boly M, Balteau E, Schnakers C, Moonen G,
Luxen A, Lamy M, Degueldre C, Brichant JF, Maquet P, Lau-
reys S, Faymonville ME (2009): Pain and non-pain processing
during hypnosis: A thulium-YAG event-related fMRI study.
Neuroimage 47:1047–1054.

von Zerssen GC, Mecklinger A, Opitz B, von Cramon DY (2001):
Conscious recollection and illusory recognition: An event-
related fMRI study. Eur J Neurosci 13:2148–2156.

Vrticka P, Andersson F, Grandjean D, Sander D, Vuilleumier P
(2008): Individual attachment style modulates human amyg-
dala and striatum activation during social appraisal. PLoS One
3:e2868.

Wagner J, Stephan T, Kalla R, Bruckmann H, Strupp M, Brandt T,
Jahn K (2008): Mind the bend: Cerebral activations associated
with mental imagery of walking along a curved path. Exp
Brain Res 191:247–255.

Walsh ND, Phillips ML (2010): Interacting outcome retrieval,
anticipation, and feedback processes in the human brain.
Cereb Cortex 20:271–281.

Walter M, Bermpohl F, Mouras H, Schiltz K, Tempelmann C,
Rotte M, Heinze HJ, Bogerts B, Northoff G (2008): Distinguish-
ing specific sexual and general emotional effects in fMRI-sub-
cortical and cortical arousal during erotic picture viewing.
Neuroimage 40:1482–1494.

Wang Y, Xue G, Chen C, Xue F, Dong Q (2007): Neural bases of
asymmetric language switching in second-language learners:
an ER-fMRI study. Neuroimage 35:862–870.

Wang C, Wai Y, Kuo B, Yeh YY, Wang J (2008): Cortical control of
gait in healthy humans: An fMRI study. J Neural Transm
115:1149–1158.

Weber BJ, Huettel SA (2008): The neural substrates of probabilistic
and intertemporal decision making. Brain Res 1234:104–115.

Welander-Vatn AS, Jensen J, Lycke C, Agartz I, Server A, Gadmar
OB, Melle I, Nakstad PH, Andreassen OA (2009): No altered dor-
sal anterior cingulate activation in bipolar II disorder patients dur-
ing a Go/No-go task: An fMRI study. Bipolar Disord 11:270–279.

Westen D, Blagov PS, Harenski K, Kilts C, Hamann S (2006): Neu-
ral bases of motivated reasoning: An FMRI study of emotional
constraints on partisan political judgment in the 2004 U.S.
Presidential election. J Cogn Neurosci 18:1947–1958.

Wiese H, Stude P, Nebel K, de Greiff A, Forsting M, Diener HC,
Keidel M (2004): Movement preparation in self-initiated versus
externally triggered movements: An event-related fMRI-study.
Neurosci Lett 371(2–3):220–225.

Wilkinson DT, Halligan PW, Marshall JC, Buchel C, Dolan RJ
(2001): Switching between the forest and the trees: Brain sys-
tems involved in local/global changed-level judgments. Neu-
roimage 13:56–67.

Williams JH, Waiter GD, Perra O, Perrett DI, Whiten A (2005): An
fMRI study of joint attention experience. Neuroimage 25:133–140.

Wittfoth M, Schroder C, Schardt DM, Dengler R, Heinze HJ, Kotz
SA (2010): On emotional conflict: Interference resolution of
happy and angry prosody reveals valence-specific effects.
Cereb Cortex 20:383–392.

Wittmann BC, Schiltz K, Boehler CN, Duzel E (2008): Mesolimbic
interaction of emotional valence and reward improves memory
formation. Neuropsychologia 46:1000–1008.

Wolbers T, Schoell ED, Verleger R, Kraft S, McNamara A, Jaskow-
ski P, Buchel C (2006): Changes in connectivity profiles as a
mechanism for strategic control over interfering subliminal in-
formation. Cereb Cortex 16:857–864.

Wolf RC, Walter H (2005): Evaluation of a novel event-related
parametric fMRI paradigm investigating prefrontal function.
Psychiatry Res 140:73–83.

Wolf DH, Turetsky BI, Loughead J, Elliott MA, Pratiwadi R, Gur
RE, Gur RC (2008): Auditory Oddball fMRI in Schizophrenia:
Association of negative symptoms with regional hypoactiva-
tion to novel distractors. Brain Imaging Behav 2:132–145.

Woodward TS, Ruff CC, Ngan ET (2006): Short- and long-term
changes in anterior cingulate activation during resolution of
task-set competition. Brain Res 1068:161–169.

Wu T, Kansaku K, Hallett M (2004): How self-initiated memorized
movements become automatic: A functional MRI study. J Neu-
rophysiol 91:1690–1698.

r 3053 r

r Topographical Model of the Basal Ganglia r



Xue G, Lu Z, Levin IP, Weller JA, Li X, Bechara A (2009): Func-
tional dissociations of risk and reward processing in the
medial prefrontal cortex. Cereb Cortex 19:1019–1027.

Yoo SS, Freeman DK, McCarthy JJ III, Jolesz FA (2003): Neural
substrates of tactile imagery: A functional MRI study. Neurore-
port 14:581–585.

Zago L, Petit L, Turbelin MR, Andersson F, Vigneau M, Tzourio-
Mazoyer N (2008): How verbal and spatial manipulation net-
works contribute to calculation: an fMRI study. Neuropsycho-
logia 46:2403–2414.

Zeki S, Romaya JP (2008): Neural correlates of hate. PLoS One
3:e3556.

Zijlstra F, Veltman DJ, Booij J, van den Brink W,
Franken IH (2009): Neurobiological substrates of cue-
elicited craving and anhedonia in recently abstinent
opioid-dependent males. Drug Alcohol Depend 99(1–3):
183–192.

Zink CF, Pagnoni G, Martin-Skurski ME, Chappelow JC, Berns GS
(2004): Human striatal responses to monetary reward depend
on saliency. Neuron 42:509–517.

Zysset S, Wendt CS, Volz KG, Neumann J, Huber O, von Cramon
DY (2006): The neural implementation of multi-attribute deci-
sion making: a parametric fMRI study with human subjects.
Neuroimage 31:1380–1388.

r Arsalidou et al. r

r 3054 r


	The centre of the brain: Topographical model of motor, cognitive, affective, and somatosensory functions of the basal ganglia
	Citation of this paper:

	The centre of the brain: Topographical model of motor, cognitive, affective, and somatosensory functions of the basal ganglia

