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ABSTRACT
Humans have unique abilities to perform certain types of skilled voluntary movements.
In this thesis we examine the neural substrates of: (i) fine digit actions, in particular the
control of fingertip forces during manipulation, and (ii) the coordination of voluntary
movements of different limbs. In addition, (iii) we investigate the neural correlates of
the kinesthetic perception and imagery of limb movement. Functional magnetic
resonance imaging (fMRI) and positron emission tomography were used to measure the
blood oxygenation level dependent contrast and regional cerebral blood flow as indexes
of neuronal activity.
(i) In a serie of fMRI experiments, we investigated the active cortical areas
associated with the control of fingertip forces and production of hand postures with
independent movements of the digits. In the fingertip force experiments the subjects
used the right index finger and thumb to apply forces to a fixed object. These precision
grip tasks consistently activated a set of bilateral fronto-parietal areas including the
primary motor cortex (M1), the non-primary motor areas and the posterior parietal
cortex (PPC). It was found that the control of small grip forces during precision grips is
more dependent on non-primary fronto-parietal areas than when the force is excessively
large or when a power grip is used between all digits and the palm. Specifically, we
show that the bilateral ventral premotor cortex, area 44, supramarginal cortex and the
right intraparietal cortex (IPS) are involved in the control of small precision grip forces.
Furthermore, areas in the left PPC are involved in the control of lift forces for object
displacement whereas the right posterior IPS might support the coordination of grip-lift
forces during precision grips. Further, we show that M1 is particularly active during
forceful gripping, but also so when holding an object close to the slip point requiring
very precise force control. The SMA, CMA and left supramarginal cortex are also
active in this latter task. We also demonstrate that the control of independent
movements of the digits during the production of hand postures involves the SMA, the
bilateral dorsal premotor cortex, postcentral cortex, cerebellum, and the left anterior
IPS. In summary, we conclude that fine digit actions in humans depend on a network of
bilateral fronto-parietal areas that are active in a task-dependent manner.
(ii) The brain regions controlling coordinated movements of limbs were
examined. A main conclusion is that coordinated movements of two limbs are
controlled by the areas that control isolated movements of the same limbs. In addition,
we show that two natural patterns of bimanual temporal coordination are supported by
distinct regions: the left anterior cerebellar lobe (and caudal CMA and precuneus) is
associated with synchronous finger tapping, whilst alternating finger tapping strongly
engages bilateral fronto-parieto-temporal areas. Furthermore, the medial cerebellum is
strongly activated in polyrhythmic tasks. These results are discussed in relation to the
hypothesis that different brain regions support temporal and spatial inter-limb
coordination.
(iii) The neural correlates of the kinesthetic perception and imagery of limb
movement were examined. We show that when subjects experience an illusory limb
movement elicited by vibration stimuli (~80 Hz) applied to the skin over the tendon of a
muscle, the contralateral M1, S1, SMA, and CMA are active. Likewise, when subjects
imagine that they are executing movements of their fingers, toes and tongue, some of
the corresponding gross somatotopical zones of the frontal motor areas are recruited.
Thus the frontal motor areas are involved in the kinesthetic perception and imagery of
limb movement, in addition to the execution of action.
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GENERAL BACKGROUND

1 GENERAL BACKGROUND
1.1

GENERAL INTRODUCTION AND OVERALL AIM OF THE THESIS

In the animal kingdom, we humans have developed unique abilities to perform
certain types of skilled goal-directed movements. For example, we use our hands to
manipulate and handle objects, to craft tools, to write, and to play musical
instruments and we can generate coordinated movements of our body parts in dance
and on the athletic field. The remarkable human motor skills are neither the result of
sheer speed of sensory and motor processing, nor fast, powerful and flexible effector
mechanisms; there are many animals that are superior to us in this respect. Rather,
the secret can be found in the way these skilled movements are organized and
represented by the central nervous system (CNS). Early in the last century the
famous surgeon Frederick Wood Jones (1920) concluded ‘The difference between
the hand of man and the hand of monkey lies not so much in the movements which
the arrangement of muscle, bone, and joints make possible for either animal to
perform, but in the purposive volitional movements which under ordinary
circumstances the animal habitually exercises’. Today researchers agree that the
highly skilled motor behavior in humans is the result of the cooperation of many
cortical areas and subcortical regions (Passingham 1993; Jeannerod 1997;
Wiesendanger 1999; Lemon 1999; Krakauer and Ghez 2000).
The overall aim of this thesis is to investigate the neural substrates at the supraspinal level for two sophisticated types of movement associated with human
behavior. The brain regions involved in the kinesthetic perception and imagery of
limb movement are also examined. Firstly, we examine the cortical substrates for
dexterous manipulation of objects, in particular the cortical control of fingertip forces
and the production of hand postures. Human hand dexterity is superior to that of
other primates, but relatively little is known about its neurophysiological
underpinnings. Secondly, we explore the functional organization of the neural
systems controlling coordinated movements of different limbs. In sport and dance
and everyday tasks such as tying once shoes, humans must produce learned patterns
of well-coordinated movements. Exactly which brain regions facilitate the
coordination of the limbs during such skilled movements is not known. Finally, the
third aim of the thesis is to provide a better understanding of how the human brain
generates mental images of actions and represents the perception of one’s own limb
movements. We humans can imagine that we produce movements without actually
moving the limbs; this allows us to plan and mentally rehearse actions before their
execution. Likewise, we can sense the positions and movements of the limbs
(kinesthesia) which is necessary for the control of action.
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As out-lined in the text above, we anticipate that we would find that these different
sensorimotor related functions would be subserved by neural populations in the
human cerebral cortex. Thus, the obvious methods with to address these issues
experimentally are functional neuro-imaging techniques that allow the cortical
activity in the whole brain to be measured in healthy subjects. We have used positron
emission tomography (PET) and functional magnetic resonance imaging (fMRI) to
study the neural correlates of fine digit actions with a special reference to the control
of fingertip forces during manipulation (Chapter 3), inter-limb coordination (Chapter
4), and the imagination and kinesthetic perception of movement (Chapter 5). Before
discussing the results of these experiments, a brief introduction to the functional
organization of the motor system (the following two sections of this chapter), and
comments on brain imaging methods are provided (Chapter 2).

1.2 THE CENTRAL NERVOUS SYSTEM AND THE CONTROL
VOLUNTARY MOVEMENT
Animals generate muscular contractions – for breathing, feeding, and transporting
the body and for producing movements of limbs and body segments. Reflexive and
rhythmical movements are phylogenetically old types of behavior that are present
in most animals. Reflexes are involuntary coordinated patterns of muscular activity
elicited by peripheral stimulation, e.g. the gill-withdrawal reflex in the marine snail
Aplysia, or the Achilles tendon stretch reflex in man. Repetitive rhythmic motor
patterns include breathing, swallowing and the alternating contractions of flexor
and extensor muscles in quadrupedal locomotion. The neural circuits for reflexive
and rhythmical motor patterns are mainly located in the spinal cord and the brain
stem. In contrast to these innate elementary classes of movement, voluntary
movements are initiated to accomplish specific goals, e.g., to grasp a piece of food.
Voluntary goal-directed movements are observed in all mammals (Passingham
1993; Iwaniuk and Whishaw 2000), but the diversity of the repertoire and the
complexity of these actions are greatest in higher primates and humans (Evarts
1973; Porter and Lemon 1993). The influence from the cerebral cortex is the most
important for the execution of voluntary actions in primates (Evarts 1966;
Passingham 1993; Porter and Lemon 1993; Roland 1993a). The neuronal signals
from the cortex reach the spinal motor neurons and neuronal networks via the axon
fibers of the anatomical pathway called the ‘pyramidal tract’. The pyramidal tract
originates from many cortical areas in the frontal and parietal lobes including the
primary motor cortex (M1), the supplementary motor area (SMA), the cingulate
motor area (CMA) the premotor cortex (PM) and the parietal cortex (see Dum and
Strick 1991; He et al. 1993; Galea and Darian-Smith 1994; He et al. 1995). The
importance of the pyramidal tract is demonstrated in experiments in monkeys
where this anatomical connection has been surgically cut. As a result, the motor
behavior in these animals becomes stereotype and fine finger movements such as
2
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grasping objects between the fingertips is severely impaired (Lawrence and
Kuypers 1968). In the rare cases where humans have lesions restricted to the
pyramidal tract (caused by neurological disorders or mistakes during surgical
procedures), the impairments to the ability to perform independent movements of
the digits are the most notable (Bucy et al. 1964). It is the traditional view that the
cortico-spinal projections originating from the primary motor cortex (M1) are of
the greatest importance for the execution of voluntary actions, especially those
actions that involve independent movements of contiguous body parts (Kuypers
1981; Wiesendanger 1981; Schieber 1990; Lemon et al. 1998). This view is
supported by the fact that many of the cortico-spinal motor neurons located in M1
have direct mono-synaptic connections with the spinal motor neurons (it has not yet
been proven that such mono-synaptic connections exist from the other cortical
areas; Dum and Strick 1996; Lemon et al. 1998). This anatomical system is referred
to as the ‘cortico-motor-neuronal system’ and it allows M1 to have a strong control
over the muscular contractions. The importance of M1 for the generation of
movement is further demonstrated by the effects of lesions restricted to the primary
motor cortex in man (Brodal 1973; Colebatch and Gandevia 1989; Schieber 1999)
and monkeys (Passingham et al. 1983), which result in paralysis or severely
impaired movement of the contralateral limbs. In addition, a larger number of
pyramidal tract fibers originate from M1 than from any other brain area (Dum and
Strick 1991; Porter and Lemon 1993; Galea and Darian-Smith 1994). However, M1
is not the only cortical area controlling voluntary actions. As will be described in
the next paragraph, a number of non-primary frontal motor areas and areas in the
parietal lobe support M1 in the control of movement (Passingham 1993; Porter and
Lemon 1993; Roland 1993b; Jeannerod 1997; Passingham 1997).
1.3 THE CORTICAL MOTOR SYSTEM
Exactly which areas of the cerebral cortex are the motor areas? Classically, the motor
cortex has been delineated into three main regions: the primary motor zone, the
supplementary motor zone and the premotor zone (e.g., Penfield and Rasmussen
1952; Woolsey et al. 1952a; Freund 1987; Passingham 1993; Roland and Zilles
1996a). Subdivision of these zones into a number of motor areas has been prompted
by anatomic and physiological studies in monkeys and man (Roland and Zilles
1996a; Passingham 1997). The premotor zone (premotor cortex, PM) is now
commonly subdivided into two areas, a dorsal premotor area (PMD) and a ventral
premotor area (PMV) (Barbas and Pandya 1987; Gentilucci et al. 1988; Matelli and
Luppino 1992; Crammond and Kalaska 1994; Kurata and Hoffman 1994). In nonhuman primates these areas have been further sub-divided into rostral and caudal
fields (e.g., the PMD has been sub-divided into F7 and F2, and the PMV into F5 and
F4), but it is unclear whether similar sub-divisions exist in humans. Nevertheless,
some researchers have suggested that human area 44 (just rostral to the ventral part
of area 6) corresponds to a rostral part of the monkey PMV (Petrides and Pandya
3
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1994; Rizzolatti et al. 1998; Pandya and Yeterian 1998). In humans a preliminary
subdivision into two areas has been made of the supplementary motor zone: the
SMA-proper (the mesial superior frontal gyrus) and the pre-SMA which is located
just rostral to the SMA-proper (Luppino et al. 1991; Matsuzaka et al. 1992; Zilles et
al. 1995; Marsden et al. 1996a). The exact location of the border between these two
tentative SMA areas is still not known and is a matter of continuous debate (but y = 0
in the standard anatomical space has been suggested; Buser and Bancaud 1967; Fried
et al. 1991; Luders et al. 1992; Picard and Strick 1996; Vorobiev et al. 1998). In
addition to these three classical motor zones, several motor areas are now considered
to be located in the cortex lining the cingulate sulcus (just ventral to the SMA).
Currently, at least two areas are commonly recognized, a caudal cingulate motor area
(CMAc) and a rostral cingulate motor area (CMAr) (Dum and Strick 1991; Luppino
et al. 1991; Shima et al. 1991; He et al. 1995; Picard and Strick 1996; Roland and
Zilles 1996a; Shima and Tanji 2000; Dum and Strick 1991). Common features
shared by the motor areas are that: (i) electrical simulation of the cortex in these
areas generates muscular contractions of the limbs (Penfield and Rasmussen 1952;
Woolsey et al. 1952; Kurata et al. 1985; Gentilucci et al. 1988; Fried et al. 1991;
Shima and Tanji 2000), (ii) cortico-spinal projections originate from these areas
(Dum and Strick 1991; He et al. 1993; Galea and Darian-Smith 1994; He et al. 1995;
Dum and Strick 1996), (iii) neuronal activity in these areas increases during
voluntary movement of different body parts (Gentilucci et al. 1988; Rizzolatti et al.
1988; Kurata 1989; Aizawa et al. 1991; Tanji and Mushiake 1996), and (iv) modern
functional imaging techniques consistently show activity in these regions during
voluntary movement in man (Roland and Zilles 1996a; Passingham 1997). However,
one should bear in mind that the current parcellations of the cortical motor systems
are preliminary (Roland and Zilles 1996a). It is likely that these areas will be further
subdivided in the future, which is suggested by studies in non-human primates (He et
al. 1993; Dum and Strick 1996; Rizzolatti et al. 1998; Geyer et al. 2000a) and man
(Geyer et al. 1996; Vorobiev et al. 1998). For example, anatomical data have been
obtained that indicate that the primary motor cortex can be subdivided into two subfields: areas 4a and 4p (Geyer et al. 1996). In this thesis I will use the anatomical
definitions introduced in this paragraph when referring to the ‘classical motor areas’
(adopted from Roland and Zilles 1996; see Figure 1).
A distinction needs to be made between the motor areas and the areas that are
involved in the sensorimotor control of movement. The classical motor zones
described in the text above can not control all skilled movements in isolation. Indeed,
it is clear that a number of frontal and parietal areas outside the primary and nonprimary motor areas are important for specific aspects of the sensorimotor
integration in performing goal-directed movements (Jeannerod 1997; Passingham
1997; Rizzolatti et al. 1998). For example, the posterior parietal cortex is involved in
sensorimotor transformations during visually guided reach-to-grasp actions (Taira et
al. 1990; Jeannerod et al. 1995; Milner and Goodale 1995; Sakata et al. 1995;
Grafton et al. 1996; Jeannerod 1997; Binkofski et al. 1998; Murata et al. 2000;
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Pisella et al. 2000). Similarly, the somatosensory areas in the parietal lobe are needed
for the somatosensory guidance of movement (Hikosaka et al. 1985; Roland 1987).
Likewise, the prefrontal cortex is participates in the planning of, and attention to,
actions (Passingham 1993; Fuster 1995; Passingham 1997; Spence and Frith 1999).
Finally, it should be emphasized that the cortical areas are critically supported by the
subcortical motor centers such as the cerebellum, the putamen and the thalamus for
the control of voluntary actions (DeLong et al. 1984; Alexander et al. 1986; Thach et
al. 1992).

Figure 1. The human brain. Key anatomical structures active during
fine motor tasks. Abbreviations: CS, central sulcus; Post-CG,
postcentral gyurs; Post-CS, post central sulcus; Pre-CG, precentral
gyrus; Inf. Pre-CS, inferior part of precentral suclus; IFG, inferior
frontal gyurs; IPS, intraparietal sulcus; SMG, supramarginal gyrus;
SFG, superior frontal gyrus; Cing.S, cingulate sulcus; PCL,
paracentral lobe.
5
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Figure 2. The functional areas of the cortical motor system as defined by Roland and Zilles
(1996). See the text for details. (Reproduced with permission, Roland and Zilles, 1996).
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METHODOLOGICAL CONSIDERATIONS

PET and fMRI are well established techniques and therefore an in-depth description
of these methods is not given here (see instead the many reviews published e.g.,
Roland 1993a; Toga and Mazziotta 1996; Frackowiak et al. 1997). We have used
well established and commonly used methods for the analysis of the functional
images (see the text below). Detailed descriptions about the scanning protocols, the
image processing steps and the statistical analyses can be found in the Methods
sections of the Papers (I-X). The following sections provide a brief summary of a
few of the basic concepts, advantages and disadvantages of the imaging techniques
and data analysis methods used.

2.1 Subjects
Healthy male subjects with no history of neurological disease participated in the
studies. All subjects were strongly right-handed (Oldfield 1971). They were recruited
through advertisements posted on the campus of the University of Stockholm. The
subjects had given their written or informed consent and the Ethical Committee
approved the studies, all of which were performed in accordance with the guidelines
of the Declaration of Helsinki 1975. The Radiation Safety Committee of the
Karolinska Institute approved the PET studies.

2.2 Experimental design
The most important aspect of a successful functional brain imaging study is the
experimental design. In the classical ‘subtraction design’ (also often referred to as a
categorical design) two tasks are designed so that the difference between them
reveals the brain activity that corresponds to a specific sensorimotor or cognitive
process. This design is also useful when one wants to compare the brain activity in
two principally important tasks, such as precision grips and power grips (see Paper
I). The subtraction design was used in all of our papers. In addition, we have used a
factorial design (Paper VI) and conjunction analyses (Papers VI and X). In a
factorial design, one can examine the interaction term between two factors that are
combined in the same study (Friston et al. 1997). In our case we wanted to examine
the interaction effect when hand movements and foot movements were performed
simultaneously in contrast to when these movements were executed in isolation (see
Paper VI for details). In a conjunction analysis tests for the common effect of two
pair-wise comparisons of conditions. In other words, it reveals brain regions that
7

H. H. EHRSSON

show significantly stronger activity when one considers the two contrasts (task A –
task B) and (task C – task D) in conjunction. In Paper VI we used the conjunction
analysis as implemented in SPM96 (Price and Friston 1997) and in Paper X we used
the SPM99 version (Worsley and Friston 2000).

2.3 Movement recording during the brain scans
A weakness in many of the earlier functional imaging studies on motor control is that
no registration of the movements were conducted. We obtained movement and force
recordings when the subjects performed the tasks during the brain scans (Papers I, II,
III, IV and VI). When this was not possible because of practical limitations, we
conducted movement recordings outside of the MR scanner with the subjects
performing the tasks just as they had in the scanner (and in the same position; Paper
V). To allow force recordings in the MR environment we used a specially designed
non-magnetic instrumented handle (Papers I, II, III and IV; designed and built by
Dr. Göran Westling, Dept. Physiology, Umeå University).

2.4 BOLD contrast and rCBF as indexes of regional brain activity
PET measures the regional cerebral blood flow (rCBF) whereas fMRI registers the
Blood Oxygenation Level Dependent contrast (BOLD) as indexes of brain activity.
The regional cerebral blood flow (rCBF), increases monotonically with increasing
cerebral metabolism (Raichle et al. 1976; Roland et al. 1987; Roland 1993a). The
cerebral metabolism (glucose consumption) mainly reflects the energy used to
reestablish metabolic ionic gradients across the membranes that have fired through
the Na+-K+ ATPase (Na+ pumps). These Na+ pumps are mainly located synaptically,
so increases in cerebral metabolism (and rCBF) correspond to increases in the overall
synaptic activity in an area. The BOLD signal is a widely used index of cerebral
metabolism that corresponds to changes in several variables (Cohen 1996; Turner et
al. 1997; Zarahn 2001); it reflects changes in the ratio of oxyhemoglobin to
deoxyhemoglobin, which is thought to result from changes in oxygen extraction,
blood flow and blood volume.
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2.5 Brain scans: PET and fMRI
In the PET experiments (Papers VI, VIII and IX) we measured the rCBF as an index
of the brain activity. We used a CTI-Siemens ECAT EXACT HR scanner operating
in 3D-mode. The radioactive tracer used was 15O-butanol. In Paper VIII we
calculated the absolute rCBF using an autoradiographic method (Meyer 1989). In
Papers VIII and IX, we generated images of relative rCBF corresponding to the
integrated radioactivity during each scan. The fMRI experiments were conducted on
a 1.5 T GE Signa Echospeed MR scanner with a standard circular head-coil. A bitebar helped the subjects prevent head-movements. T2*-weighted functional images
were acquired with a gradient echo echo-planar imaging (EPI) sequence. In this
sequence, the BOLD contrast signal corresponds to changes in the transverse
magnetization relaxation times T2*.
We used fMRI for the majority of the studies and the reason for this is that fMRI
has several advantages over PET scanning. For our purposes, the greatest advantages
of fMRI was that it requires no injection of foreign contrast material into the
bloodstream (the endogenous hemoglobin is the marker), it is less expensive, it
allows greater sensitivity since more scans can be obtained in each subject which
increases the statistical power of the analysis (which allows single subject studies).
fMRI also has better temporal and spatial resolution than PET.
2.6 Analysis of functional imaging data: the essential steps
The analysis of the PET and fMRI images includes a number of stages which are
briefly summarized in this section. In the fMRI studies (Papers I, II, III, IV, V, VII
and X) we used the statistical parametric mapping software for the data analysis
(SPM; versions 96, 97 and 99; http//:www.fil.ion.ucl.ac.uk/spm Welcome Dept.
Cognitive Neurology, London). For the PET studies (Papers VI, VIII and IX) we
used the Cluster-simulation method for the statistical anlysis and the Human Brain
Atlas program for image transformations (Roland et al. 1994; Ledberg et al. 1998;
Ledberg 2000; Div. Human Brain Research, Department of Neuroscience,
Karolinska Institutet), in conjunction with SPM. In all papers, the analysis involved
the following steps: (i) realignment, (ii) normalization, (iii) spatial smoothing, (iv)
voxel-wise statistical analysis using the general linear model (GLM) and (v)
statistical inference (or Monte Carlo simulations) to determine the significant
activations. The realignment step involved a linear transformation of all functional
images into the same space (using one of the images as a template) to correct for
eventual head-movements during the scanning sessions. The normalization step
involved transforming the images of each subject to the shape of a reference brain in
the standard anatomical format (Talaraich and Tournoux 1988) using linear and nonlinear functions. This step permits inter-subject analysis of the data and the reporting
9
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of the locations of the activation in the conventional way (in the standard space).
Subsequently, the functional images were spatially smoothed (convoluted with a
Gaussian smoothing kernel) to (i) increase the signal to noise, (ii) make the data
conform more closely to the Gaussian field model (for SPM) and (iii) facilitate intersubject averaging (group analysis) by increasing the overlap in the functional
anatomy between the individual subjects. The latter point is important since it is
known that the variability in the locations of functional and cytoarchitectural areas
across individuals is considerable even after the brain has been normalized into the
standard space (see e.g., Roland et al. 1997). To generate the ‘activation maps’, a
general linear model was fitted to the functional data on a voxel-wise basis. The
linear contrasts of the parameter estimates generated statistical parametric maps of tstatistics. In other words, one obtains an image where a t-value is attributed to each
voxel. Regions with strong activity correspond to clusters with many active voxels
with high t values. A voxel-wise threshold (typically corresponding to p=0.001) is
then applied to the statistical images. The final step involves determining which
activations are significant, i.e. which clusters of active voxels correspond to a p value
of 0.05 or less after a correction has been performed for the number of multiple
comparisons in the whole brain space. In SPM this ‘corrected p-value’ is computed
using the theory of Gaussian fields. Thus, this procedure gives corrected p values at
the voxel-level (peak-height) and cluster-level (number of activated voxels in a
cluster). In Papers VI, VIII and IX we used Monte Carlo simulations to determine the
critical size of the significant clusters (corresponding to a corrected p < 0.05 based on
the extent of the activation; Ledberg et al. 1998; Ledberg 2000).

2.7 Anatomical localizations of the activations
To describe the anatomical location of the activations we compared the location of
the peaks (and sometimes the extent of the clusters) with the anatomical structures
visible on a mean MRI. We generated this mean MRI image by averaging the
normalized high-resolution MRI from all subjects (in each study separately). In these
mean MRIs the major gyri and sulci were clearly identifiable. Many neuro-imaging
scientists relate the location of the activations to the Brodmann areas described in the
2D-atlas of Talaraich and Tournoux (1988). We have not used this atlas because of
its many shortcomings. The main problem with the cytoarchitectural data presented
in the Talaraich atlas is that it is based on comparisons of macroscopic features in the
Talaraich brain and Brodmann’s drawings based on one brain only, (for a discussion
of the problems associated with this atlas, see Roland et al. 1997; Roland and Zilles
1998; Geyer et al. 2000b). And as we know, the location and extent of
cytoarchitectural areas differs quite significantly between brains (Sarkisov 1960;
Roland et al. 1997; Amunts et al. 1999; Amunts et al. 2000).
In certain studies (Papers II, VI, VIII, and IX) we compared the locations of some of
the activations to the cytoarchitectural data available in standard format from the
10
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European Computerized Human Brain Database (ECHBD; Roland and Zilles 1996b;
Roland et al. 1997). Thus, we compared the locations of the peaks and the extent of
the clusters to the microstructurally defined areas 44, 45, 4a, 4p, 3a, 3b and 1 derived
from a population of 10 post mortem brains (Geyer et al. 1996; Schormann and
Zilles 1998; Uylings et al. 1999; Geyer et al. 2000b; Schleicher et al. 1999). The way
we used the cytoarchitectural population maps deserves a comment. We have not
used these anatomical data to try to differentiate between activity in adjacent
cytoarchitectural areas, e.g., to test whether area 3a was significantly more active
than area 3b, or vice versa. This would not be reliable since the effective resolution
(smoothness) of the statistical images was 10-13 mm at the full-width-at-halfmaximum and voxels separated by this distance show correlated activity (and are
thus not spatially independent). Instead, we have used the cytoarchitectural
population maps to guide us when defining the anatomical areas of the sensori-motor
system and to define volumes-of-interest for post hoc analysis of the data (Papers
VIII and IX).
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3 CORTICAL SUBSTRATES FOR DEXTEROUS
MANIPULATION, WITH A SPECIAL REFERENCE
TO THE CONTROL OF FINGERTIP FORCES AND
HAND POSTURES
3.1 INTRODUCTION
The capacity to handle and manipulate objects and use them as tools is the hallmark
of manual dexterity in humans. This ability is the result of a blend of advanced
sensorimotor control mechanisms. When we reach to grasp an object, vision is used
to receive information about the shape of the object which is used by the CNS to
program an appropriate grasp posture of the hand (Jeannerod 1994a). Once the object
is held in a grasp, the skillful and effortless manner in which we handle and
manipulate it depends on the integration of somatosensory signals and motor
commands to control the actions of the digits. Somatosensory information from the
fingertips provides information about the object’s physical properties, such as its
surface friction, texture, weight, shape, and the center of gravity and fragility; this
information is also used to up-date memory representations about the grasped objects
which are used in subsequent manipulation of the same object. Somatosensory
afferent signals also provide information about the state of the skeletomuscular
apparatus, e.g., the force being employed and the postures and movements adopted.
The somatosensory signals related to the object and the hand are integrated with the
motor programs to enable one to produce the appropriate movements and postures of
the digits and to generate adequate grasp forces (for recent reviews on
somatosensorimotor integration during hand-object interactions see, e.g., Jeannerod
et al. 1995; Johansson 1996; Lederman and Klatzky 1996; Jeannerod 1997). The
handgrips used by humans to grasp and manipulate objects can be divided into two
main classes: precision grips and power grips (Napier 1956; Napier 1961) with the
former being used for dexterous manipulation. The power grip is a palmar opposition
grasp where all digits are flexed around the object to obtain high stability and enable
large forces to be applied. The precision grip is mostly characterized by opposition of
the thumb to one or more fingers and is used for fine manipulation of objects.
Importantly, only precision grips allow movements of the object relative to the hand
and movements of the object within the hand, both of which are important for
manipulation and exploration of objects. Two important aspects of the
somatosensory-motor control of the digits’ actions during precision grips are the
ability to make independent movements of the digits and the sophisticated control of
the forces applied at the interface between the pulps or the tips of the digits and the
surface of the object (it is common to refer to these forces as ‘fingertip forces’).
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Independent digit movements are those movements where one or more digits moves
relatively independently of the movement and postures of the other digits (Schieber
1990; Schieber 1996). The generation of such movements put a high demand on
motor control since a large number of degrees of freedom of the hand’s motor
apparatus have to be explicitly controlled by the CNS and synergistic activation of
the muscles of other fingers must be prevented (Bernstein 1967; Schieber 1990). At
the interface between the pulps of the digit and the object, both the amplitude and the
direction of the force vectors have to be finely controlled (Johansson 1996). If too
little force is applied to a grasped object, it will slip, while excessive force might
cause damage to fragile objects. Likewise, precise control of the direction of the
force vectors are required for grasp stability and the transportation of objects in
space.
In most natural situations we are handling mechanically stable, predictable objects
whose properties are constant over time (unlike the manipulation of ‘active objects’
such as holding a live animal). The control of the muscle commands largely relies on
anticipatory mechanisms based on memory information from previous manipulation
(Johansson and Cole 1992; Johansson and Cole 1994; Johansson 1996). Most
notably, grasp stability during the manipulation of such normal stable objects is
secured by an anticipatory control strategy that implies that the CNS automatically
modulates the level of the grip force so that a stable grasp is always maintained
during manipulative maneuvers (Johansson and Westling 1984; Forssberg et al.
1992; Johansson and Cole 1992; Wing 1996). To exemplify what I mean, consider
the following situation: If you hold an glass of milk static in the air between the tips
of the index finger and the thumb, the only load force acting on the object is the force
due to gravity (see Figure 3). The grip forces you apply normal to the grasp surfaces
generate a frictional force that opposes this load force so that the object does not slip.
However, if you now rapidly move the glass from side to side in front of you there
are substantial fluctuations in the inertial forces acting on the object due to the
acceleration and the subsequent deceleration of the object. Why does the glass not
slip? The reason is that the CNS continuously modulates the grip forces in an
anticipatory manner so that the accurate frictional force is always maintained
(Flanagan and Wing 1993; Flanagan and Wing 1997). In other words, the grip forces
are constrained to automatically increase and decrease in parallel with changes in the
self generated tangential forces (grip-lift synergy), such that both accidental slipping
and excessive fingertip forces are avoided (Johansson and Westling 1984).
Anticipatory control for grasp stability is not innate: children up to about 18 months
of age do not express this force synergy and the mature pattern of parallel
coordination of grip and load forces is not fully is not completely developed until the
age of about 8 years (Forssberg et al. 1991; Forssberg et al. 1992)
Classical single-cell and lesion studies in non-human primates have focused on the
important role played by the primary motor cortex and cortio-motorneuronal system
for the control of independent finger movements and fingertip forces (Kuypers 1981;
Porter and Lemon 1993; Bennett and Lemon 1996; Lemon et al. 1998). In monkeys,
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lesions in M1 or the pyramidal tract impair precision grips and fractionated finger
movements, but the ability to make simple synergistic whole-hand movements
remains comparatively intact (Hepp-Reymond and Wiesendanger 1972; Smith et al.
1975; Passingham et al. 1983). Further, the cortical motor system appears to be
especially important for the appropriate application of small muscular forces when
performing fine finger movements (Evarts et al. 1983). An illustrative example is
that some M1 cortico-spinal motor neurons increase the discharge rate when fine
forces are employed with a precision grip, but not when a larger force is generated
with a power grasp, although the target hand muscle is active in both tasks (Muir and
Lemon 1983). Finally, neuronal recordings in monkeys have established that groups
of neurons in M1, the CMA, the PMV, the SMA and the SI are active in various
precision grip tasks (Smith et al. 1975; Muir and Lemon 1983; Rizzolatti et al. 1988;
Wannier et al. 1991; Maier et al. 1993; Hepp-Reymond et al. 1994; Cadoret and
Smith 1995; Cadoret and Smith 1997). However, these single-cell recordings have
the limitation that it is somewhat unclear how well the results from non-human
primates will generalize to our species given the vastly superior human ability to
manipulate objects and use them as tools.

Figure 3. The fingertip forces when holding an object using a
precision grip. Grip force - the force applied normal to the grasp
surface; Load force – the force applied tangential to the grasp
surfaces (equal to lift force when holding an object by grasping
it). The circle represents the center of gravity.
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Functional imaging studies in humans have provided surprisingly little information
about the areas that are active during skilled manipulation of objects (but see Seitz et
al. 1991). Most previous fMRI and PET activation studies that have included
elements of manipulation were designed to study other aspects of motor control, such
as, visually guided reaching-to-grasp, (Kawashima et al. 1994; Jeannerod et al. 1995;
Kawashima et al. 1995; Grafton et al. 1996; Matsumura et al. 1996; Binkofski et al.
1998), the selection of hand grips during reaching (Grafton et al. 1998), or they were
intended to investigate the neural basis of the somatosensory perception of objects
(Roland and Larsen 1976; Seitz et al. 1991; Roland et al. 1998; Bodegard et al. 2000;
Bodegard et al. 2001). Furthermore, in these studies the manipulations were of short
duration and were conducted in intervals meaning that, at best, the activations only
partly reflect the neural mechanisms controlling the digit actions during the
manipulations. Likewise, systematic studies of the functional activations when
different types grasp forces are employed to objects are lacking. In contrast, a large
number of earlier studies have registered the brain activity when subjects perform
various hand motor tasks that involve independent movements of the digits (without
interacting with an object). An often-used paradigm is the sequential finger
movement test where the subjects repetitively oppose the thumb with each finger in
succession. This task and those involving repetitive movements of individual digits
consistently activate the contralateral M1, the non-primary motor areas (the SMA,
CMA and PMD), the parietal areas (S1, PO and postcentral cortex) and the
subcortical motor structures (the striatum and cerebellum; see e.g., Roland et al.
1980a; Colebatch et al. 1991; Roland 1993b; Sadato et al. 1996a; Kawashima et al.
1997; Catalan et al. 1999). However, similar areas (e.g., the SMA, PMD and M1) are
also active when subjects execute very simple hand movements, such as when just
flexing and extending all fingers, or opening and closing the fist which require a
minimum amount of independent control of the digits (Olesen 1971; Ingvar and
Philipson 1977; Gelmers 1981; Colebatch et al. 1991). Thus it is unclear which
cortical areas show increases in activity that specifically reflect the neural control of
independent movements of the digits.

3.1.1 Questions addressed in the functional imaging studies
In this chapter I will discuss the fMRI studies, we have conducted to examine the
functional organization of the control systems for fingertip force regulation and
movements of the digits during the production of hand postures, respectively. As far
as the control of fingertip forces is concerned, the specific questions we address
include: Which brain areas are especially important for the control of grip forces
during precision and power grips, respectively? How does the brain control small
fingertip forces, and how are larger forces produced? When forces are applied to
objects to generate movement, which areas are then recruited? What is the
functional-neuroanatomical basis for the automatic grip-load force coordination? In
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addition, we also address the question of which brain regions are controlling the
production of hand postures requiring independent movements of the digits. The
results from these studies are, relevant for, and discussed in relation to, the human
neural subtrates for the ability to manipulate objects.
If one wants to investigate which areas that are active when humans manipulate
objects, one can simply scan the brains of subjects when they manipulate objects in a
natural way and compare the scans obtained to those from a rest condition (where the
hand is relaxed). However, a shortcoming of this type of experimental design is that
it does not reveal cortical activity that specifically reflects the sensorimotor control
functions that are important for dexterous digit actions. For this, one has to design
experiments where one compares one manipulation task with another, such that the
tasks differ only in just one functional respect, as in five recent fMRI studies that we
have conducted (Papers I-V). We contrasted pairs of tasks where the subjects with
eyes closed used their right index finger and thumb to apply force to a test object
under isometric conditions, differing in terms of: (i) the handgrip (where precision
grips or a power grip were adopted), (ii) the amplitude of the grip forces, (iii) the
direction of the fingertip force vectors relative the object (that is, the applied forces
were eccentric to the object or through its center), (iv) the coordination of the forces
(with coordinated grip-load forces, or either just grip or load forces being applied),
and (v) the degree of ‘precision’ with which the fingertip forces had to be controlled
(subjects were asked to hold an object more gently than normal without letting it slip,
or asked to hold it in the normal way). Finally, we have attempted to detect brain
areas specifically involved in the control of independent finger and thumb
movements during the production of hand postures. We contrasted a task where the
subjects flexed and extended all digits together in a synergistic manner with a task
where the thumb was flexed when the fingers were extended and vice versa (nonsynergistic movements requiring a more independent mode of control of the digits).

3.2 RESULTS AND DISCUSSION

In this chapter I will first address the question of how the brain controls the forces
applied at the digit-object interface during grasping (Papers I – IV). The results from
our studies show that the cortical activity pattern is affected by the grip force
amplitude, the degree of precision of the grip force control, grip-load force
coordination, the direction of the force relative to the object, and the handgrip
adopted. Secondly, I describe a study that have explored the neural substrates for the
production of hand postures; we contrast those that require independent movements
of the digits and those where all digits move in a synergistic coordination (Paper V).
In the final part of this chapter, I relate these findings to the question of what is the
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neurobiological basis for the human ability to handle and manipulate objects with
dexterity.

3.2.1 Control of the fingertip forces applied to objects

Figure 4. The grasp posture in the precision
grip task (A) and the power grip task (B).
See Paper I for details.

3.2.1.1 Handgrip (precision vs. power grip)
It is conventional to differ between precision and power grips (Napier 1956; Napier
1961). Fine manipulation of objects relies on the precision grip pattern, which allows
small forces to be employed between the opposing pulps of the digits. In two recent
fMRI studies (Papers I and II), we provide some novel insights into how the brain
controls small grip forces applied using precision grips. In these studies, the key task
of the subjects is to grip an immovable box-shaped object with a right-handed
precision grip and apply cycles of well controlled dynamic and static grip forces up
to a small target force (of 3.6-3.8 N; see Figures 4 and 6 for details). The subjects
have their eyes closed and do not move their digits, which means that the task tests
the control of the precision grip force applied to objects guided by somatosensory
feedback. The first study examined whether different brain regions are engaged when
subjects performed this precision grip task and a condition where the subjects applied
the same time-course of forces to a cylindrical object using a palmar power grasp
(corresponding to a 20 N grip force). The precision grip task was associated with
stronger activation in the bilateral PMV region (although this was weaker on the left
side), the CMAr, the bilateral supramarginal cortex, the right intraparietal cortex
(with one anterior foci and one more posterior one), and the bilateral prefrontal
cortex (ventro-lateral parts) than found for the power grasp task (see Figure 5). These
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differences were partly qualitative, only the PMV showed increases in activity during
the power grasp, although the intensity of the activity was lower and located in a
more posterior position than when the precision grip was used, suggesting distinct
neural networks exist for grip force production using the two handgrips. The stronger
activity detected during the force production with the precision grip reflects taskdependent activations since more overall muscular contractions were generated in the
power grip. These task-dependent activations can correspond to the more
independent postures of the digits in the precision grip, the sophisticated
somatosensory control of the force vectors applied at the contact surface between the
pulps of the digits and the object, and the smaller forces involved.

Figure 5. Differential activations in precision versus power-grip tasks (p<0.05 after a
correction for multiple comparisons). A-C display areas that showed stronger activation in
the precision grip task than the power grip task. A - the left inferior part of the precentral
sulcus (PMV/area 44) and the left prefrontal cortex. B - the right inferior part of the
precentral sulcus, supramarginal cortex and intraparietal cortex. C - the CMA. D – the
M1/S1 and PO (SII; misplaced on the lateral surface of the brain on this 3D projection)
displayed stronger activity in the power grip task than in the precision grip task. For details
see Paper I.
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In general terms, the finding that grip forces employed with a precision grip engage
more numerous and extensive cortical areas than forces produced using a power
grasp fits with earlier single-cell and lesion data that suggested that cortical control
mechanisms are more important for precision than power grasps (Lawrence and
Kuypers 1968; Muir and Lemon 1983; Passingham et al. 1983). However, the fMRI
data demonstrates that differences in the neural organization of force production
using these two principle classes of handgrips are expressed at the cortical level,
rather than traditional neurological belief that they correspond to differences between
subcortical (power grips) and cortical (precision grips) networks.

3.2.1.2 Amplitude of the force
When we use precision grips to handle and manipulate object in natural situations,
typically the applied forces are small. Interestingly, some of the areas of the brain
associated with precision grips show especially strong activity when the applied
forces are of this magnitude. In a second experiment (Paper II) we asked subjects to
perform the precision grip task (the same one as in Paper I), but now two force
conditions were used: a small grip force of 3.8 N was to be applied, representative of
the forces that are typically used when manipulating small objects with a precision
grip in everyday situations (comparable to lifting a cup of coffee), or a large grip
force of 16.6 N that represents a somewhat excessive force (comparable to lifting a
one-and-a-half-liter soda bottle). Interestingly, the application of the small precision
grip forces resulted in augmented activation of the bilateral inferior part of the
precentral sulcus (corresponding to PMV and area 44), the CMAr and the right
anterior intraparietal cortex (see Figure 6). Thus, these areas appear to play a
particularly important role in the control of small grip forces during precision grips.
The exact neurophysiological mechanism underlying the increases in fronto-parietal
activations specifically during the employment of small precision grip forces is
unknown. Possible underlying causes are: (i) that there are more extensive cortical
representations for grip forces within the range most often used in everyday
situations, (ii) the grasps automatically becoming more stable when the force is
larger and therefore actions with large forces would require less neural control than
those that involve a light grip, and (iii) that central ‘gating’ mechanisms might
augment tactile afferent signals from the fingertips during fine maneuvers (Fromm
and Evarts 1977; Chapman et al. 1996). Interestingly, the fMRI results showing
strong cortical activation during the employment of small forces using precision
grips, are consistent with the general view held by Evarts (Evarts et al. 1983) who
proposed that the cortical motor system is particularly important for the control of
finely graded forces. Single cell recordings have also shown that some groups of
neurons in M1, the PMV, and the SI increase the discharge rate when the force
decreases in precision grip tasks, indicating that these neurons are particularly
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important for the control of small precision grip forces (Smith et al. 1975; HeppReymond 1988; Wannier et al. 1991; Hepp-Reymond et al. 1994). It is still an open
question whether our results showing augmented fronto-parietal activation when
small precision grip forces are used, will generalize to force production with other
grasps (e.g., when using the power grip) and to other body parts. What perhaps
speaks against this is that no negative correlation has been reported between
muscular force and neuronal discharge rate in single-cell recordings of M1 activity in
the control of force during other tasks, such as biting, wrist extension/flexion, or
forearm supination/pronation (Cheney and Fetz 1980; Hoffman and Luschei 1980;
Evarts et al. 1983; Porter and Lemon 1993). The skeletomuscular complexity of
precision grips, the importance of tactile signals from the pulps of the digits, and an
evolutionary specialization for the production of small fingertip forces all suggest the
possibility that the relationship between the brain activity and the muscular activity
observed in precision grip tasks might be unique for this grasp configuration.

Figure 6. The precision grip task (A, C) and the force related activations associated with
this task (B, D). A and C display a representative force recording from one subject while he
performed the precision grip task in the two force condition (A: the small force condition;
C: the large force condition). To perform the precision-grip task, the subjects applied grip
force cyclically, following the pace of a metronome that generated click sounds at 0.67 Hz.
They increased the force, then maintained the grip force until the next click of the
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metronome, at which point they first released the grip force completely, and then
immediately started to increase it again. When they reached the force of 2N (‘Small’ force
condition) or 16N (‘Large’ force condition) they received a brief weak vibrotactile pulse
delivered tangentially to the contact surfaces (of 10 ms duration and with a force of less
than 0.5 N). The subjects then applied a self-selected static grip force slightly above this
force threshold. They were asked to reproduce the same force across the force cycles.
Examples of brain regions with significant increased BOLD contrast signals (p<0.05
corrected) when the subjects applied small fingertip forces as compared with large forces
(B) and vice versa (D) are shown (p < 0.05 corrected for multiple comparisons). B
illustrates the strong activation detected in the bilateral PMV and area 44 when the subjects
applied the small force. D shows how production of the larger force was associated with
augmented left-sided M1/S1 activation (one can also note a statistical trend for positive
force related effect in CMAc). See Paper II for details.

3.2.1.2.1 The cortical mechanism for forceful gripping
The human hand is not only used for precision maneuvers, but also for forceful
actions, e.g., for lifting heavy objects. The primary motor cortex appears to be the
most important cortical area as far as the production of large muscular forces of the
hand is concerned. When a large force is employed in the precision and power grip
tasks, of 16.6 and 20 N respectively, stronger activation is observed in the primary
sensorimotor cortex than when the smaller precision grip forces of 3.6-3.8 N were
applied (in Papers I and II; see also Figures 5D and 6D). The same positive
relationship between muscular force and M1 activation was observed by Kinoshita et
al., (2000) who asked subjects to lift small objects with different weights (from 4 g to
800 g) whilst PET scans were obtained. Further, positive correlations have been
reported between muscular force and M1/S1 activation in several fMRI and PET
studies when making a range of general hand and digit movements (Dettmers et al.
1995; Dettmers et al. 1996; Wexler et al. 1997; Thickbroom et al. 1998). Indeed, the
M1 playing a critical role in the production of large muscular force during hand grips
corresponds well with the reduced maximal grasp strength observed in humans and
non-human primates after lesion of the M1 and the pyramidal tract (Hepp-Reymond
and Wiesendanger 1972; Colebatch and Gandevia 1989; Schieber 1999).

3.2.1.3 Direction of the fingertip forces
Dexterous manipulation of objects requires not only that the amplitude of the force is
precisely controlled, but also that the direction of the force vectors relative to the
objects are appropriate. The directions of the forces applied to the object are
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important for the stability of the grasp and for the transportation of objects in space.
A prototypical prehensile task is the lifting of an object from a support surface. In
this task, the subjects apply lift forces tangential to the grasp surfaces (i.e., load
forces) so that the sum of the force vectors acting on the object is directed vertically.
We have fMRI evidence which suggests that left-sided posterior parietal areas are
more strongly activated when subjects apply lift forces to objects in comparison to
when only grip forces are employed (the grip forces sum vectorially to zero within
the object; see Figure 8 or Paper III). The most conspicuous activations were located
in the left postcentral cortex and the anterior part of the intraparietal cortex (see
Figure 8) suggesting that, relatively, these areas play a more important role for the
control of fingertip forces when they are directed towards targets in near-personal
space (as when lifting). As such, this interpretation is consistent with the view that
the neuronal populations in the contralateral posterior parietal lobe are particularly
active when upper limb actions are directed towards targets in extra-personal space
(Hyvarinen and Poranen 1974; Mountcastle et al. 1975; Kalaska et al. 1983; Deiber
et al. 1991). Thus it is possible that neuronal populations in the post-central and
anterior intraparietal cortex (and perhaps other parietal areas as well) are involved in
the representations of the intended spatial movement trajectories of the hand and
object. These spatial motor plans could then be translated into muscular commands
for the generation of manipulative forces in the frontal motor areas.
In contrast to the control of load forces, Broca’s region (left area 45/area 44)
showed stronger activity when only grip forces were applied to the object (i.e, when
squeezing) than when lift forces was generated (as for attempted lifting). This
observation provides further evidence that areas in the posterior part of the ventrolateral prefrontal cortex is involved in the neural representation of object-centered
precision grip actions and it corresponds well with the activations observed in Papers
I and II (where peaks were found in area 44 and the PMV).

3.2.1.4 Precision of the fingertip force control (holding an object more gently
than normal)
The watchmaker’s work with a pincer, a laboratory-technician using a pipette, or
lifting dried flowers without breaking them are examples of the kind of tasks that
require very precisely controlled fingertip forces. In these tasks, even the slightest
deviation of the amplitude and direction of the force vectors must be avoided
otherwise the object will slip or be damaged. Which are the cortical areas engaged
when subjects apply very precisely controlled forces to objects in such a task? Dr.
Kuhtz-Buschbeck, Dr. Forssberg, and I, designed a paradigm that examined the
neural control of exquisitely well-controlled forces in a precision grip task (Paper
IV). In this paradigm, the subjects held a box-shaped object (weighing 200g and
covered with sandpaper) between the thumb and index finger. In the key condition of
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the paradigm they grasped the object more gently than normal, i.e., they reduced the
grip force). This maneuver leads to a reduction of the safety margin above the grip
force at which the object will begin to slip out of the fingers (Johansson and
Westling, 1984; Johansson, 1996). This reduction in the safety margin increased the
demand for precise control of the force vector at the object-fingertip interface in
order to avoid slipping (indeed the variability of the recorded grip forces was
significantly reduced). This ‘gentle hold’ condition was compared to conditions
where the object were held in the normal way (‘normal hold’) or when it was grasped
slightly more forcefully than normal (‘firm hold’; the latter condition controlling for
the voluntary aspect of the force modulations).

Figure 7. Increased activation in M1/S1 (1), PMV (2), supramarginal cortex (4) and SMA
(3) and CMA (CMAr/CMAc) (3) when subjects hold an object (200g) static in the air using
a precision grip with a more gentle grip force (1.2N) than normal (1.8N). In the gentle hold
condition the force is closer to the slip point than normal which put high demand for precise
fingertip force control. For details see Paper IV.

The main finding when comparing the gentle holding condition with the control
conditions was activations in the left (contralateral) M1/S1, the SMA, the CMA, the
PMV and the supramarginal cortex (see Figure 7). Although we can not fully
exclude the possibility that these BOLD signals could reflect effects related to
attention directed to the hand in the more difficult gentle hold condition or an active
inhibition of the natural tendency to increase the grip force, we assume that these
activations reflect a cortical mechanism for the precise control of the fingertip forces
during manipulation. The increases in activity in the left PMV, the CMA and the left
supramarginal cortex fit well with the involvement of these areas in the control of
small well controlled precision grip forces in Papers I and II. In addition, the taskdependent increases in the activation in the M1/S1 and the SMA were particularly
interesting since they provide human fMRI evidence for the role of these classical
motor areas in the fine control of fingertip forces in a highly dexterous maneuver.
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Figure 8. The brain activity during precision grip tasks depend on the direction and
coordination of the fingertip forces applied to the object (Paper III). The three conditions
involved repetitive application of a force pulses to a fixed object using the index finger and
thumb under isometric conditions: (i) In the grip force task the subjects were asked to just
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squeeze the object, i.e., they applied grip forces only (1A). (ii) In the lift force task they
attempted to lift the fixed object by using the radial side of the index finger and the ulnar side of
the thumb thereby applying lift forces only (no grip forces) (2A). The digits were now spaced so
that they did not contact the vertical grasp surfaces of the object, but instead positioned to
contact a horizontally oriented yoke. Finally, (iii) in the grip-lift task the subjects were asked to
attempt to lift the test object by gripping at its vertical grasp surfaces (3A) thereby automatically
engaging the grasp stability control that constrain the grip and vertical load force to change in
parallel (coordinated grip and load forces; see load vs. grip force in 3A). In each task, subjects
generated a force pulse once every second, paced by a metronome (1 Hz). To standardize the
force amplitude, a brief weak mechanical load force pulse (10 ms duration and <0.5 N peak
force) was delivered through the handle when the resultant fingertip force reached 6 N (the
“tactile cue”). The time traces show representative grip and load force recordings from one
subject performing the tasks in the MR scanner (from a 3 seconds epoch to represent two
consecutive force pulses) and the vector sum of the grip and load force components (resultant
force). The task-specific activations associated with each task is shown to the left (p<0.05
corrected for multiple comparisons): 1B - the grip force task was associated with augmented
MR signals in the left inferior frontal gyurs (area 45/44) (grip force task versus lift force task);
2B - left post-central and anterior intraparietal areas showed especially marked activations when
the vertical lift forces were applied (lift force task grip task + griplift force task – grip task); 3B
- a section of the right intraparietal cortex showed activation specifically associated with the
application of coordinated grip and load forces in griplift force task (detected in both the
contrast griplift force task – grip force task, and griplift force task – lift force task).

3.2.1.5 Grip-load force coordination
When a grasped object is transported the accelerations and decelerations of the object
result in destabilizing load forces tangential to the grasped surfaces, i.e., forces that
have the potential to cause slippage between the fingertips and the object. However,
the sensorimotor programs engaged when humans manipulate objects automatically
counteract grasp instability (‘grasp stability control’) (Johansson and Cole 1994).
Thus the grip forces applied normal to the grasped surfaces automatically increase
and decrease in parallel with changes in the tangential load forces caused by the
subject’s self-generated actions, such that both accidental slipping and the
application of excessive fingertip forces are avoided in a variety of manipulative
maneuvers (Johansson and Westling 1984; Johansson and Westling 1988a;
Forssberg et al. 1992; Wing 1996; Flanagan and Wing 1997; Jenmalm and
Johansson 1997; Kinoshita et al. 1997; Goodwin et al. 1998; Jenmalm et al. 1998;
Johansson et al. 1999). For a functional-imaging scientist the important question is
whether it is possible to identify functional activations that reflect the neural
processes that specifically subserve the parallel coordination of grip and load forces
during manipulation. We recently performed one fMRI study where we addressed
this issue using a condition in which the subjects attempted to lift an immovable
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(box-shaped) test object held in a precision grip. In performing this task, the subjects
automatically coordinated the grip forces in parallel with the load forces that they
applied (grip-lift force condition). The control conditions involved the subjects
applying grip forces only (the grip force condition), or load forces only (the lift force
condition). In all three conditions, the subjects generated forces of similar timecourse and amplitude, only the coordination of the forces differed (see Figure 8 for
details about the conditions). Because practically all other factors are matched, (such
as the motor output, but see the text below for further discussion) the net increase in
activity detected when contrasting the grip-lift force condition with the two control
conditions reflects brain activity associated with the neural control of coordinated
grip and load forces. Indeed, we found one active area, located in a section of the
right posterior intraparietal cortex (approx. 20 mm posterior to the more anterior
section of the IPS which was active in Papers I, II and V). Thus, this result indicates
that the right posterior intraparietal cortex is involved in the cortical representation of
parallel grip-load force coordination during precision grips. Consistent with this
result is the observation that this section of the posterior parietal cortex (as
determined by the reported Talaraich coordinates) is active when subjects explore
objects with complex shapes using either hand (Binkofski et al. 1999), and when an
object is grasped with a right-handed precision grip, but not with a power grasp
(Paper I). To prevent slippage and object loss, grasp stability actions must also
support such hand actions.
Is it possible to say anything more specific about the functional role of the posterior
intra-parietal cortex in the coordination of grip and load forces during precision
grips? Speculatively, we suggest that this area is involved in the anticipatory control
mechanisms responsible for the computation of the grip forces needed to compensate
for the self-generated load forces whilst manipulating an object. For the brain to
correctly predict the load forces acting on the object as a result of self-generated
actions, it has been suggested that it integrates afferent and memory based
information about the object’s physical properties (in our experiment mainly
information about the surface friction), efferent copy information about the selfgenerated action, and representations about the state of the skeletomuscular apparatus
(Johansson and Cole 1994; Flanagan and Wing 1997; Johansson 1998; Wolpert et al.
1998; Jordan and Wolpert 1999; Kawato 1999). The friction related information is
updated every time an object is touched and this revised information is retained in
the memory over the time-course of the successive manipulations (Johansson and
Cole 1994; Johansson and Westling 1987). Thus the right intraparietal cortex might
serve as a higher-order sensorimotor integration area where the task-relevant
somatosensory, motor and memory signals are compared and combined to provide
the information for the motor areas to produce the appropriate muscular commands
for the grip and load forces to change in parallel. Further, the lack of activation in the
right posterior intraparietal cortex when subjects simply held an object static using a
precision grip (and applied grip force and load forces) is in agreement with this
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hypothesis, since no inertial loads are produced (the object is held still) and thus no
anticipatory controlled grip forces have to be generated (Paper IV).
Finally, I should point out that we do not believe that the human cerebral cortex
contains one exclusive area for the anticipatory control of the grasp forces that
subserve grasp stability. Firstly, the anticipatory control policy is a fundamental
mode of operating used by the CNS in motor control for which neural correlates are
likely to be detected at many levels of the neural organization. Secondly, the
anticipatory control mechanisms are likely to be task-dependent: Different types of
manipulative actions depend primarily on sensory signals from different sensory
domains (mainly vision and somatosensation), and the critical memory
representations for different manipulated objects might differ (Johansson and
Westling 1988a; Gordon et al. 1992; Flanagan and Wing 1993; Flanagan et al. 1993;
Gordon et al. 1993; Flanagan and Wing 1997; Jenmalm and Johansson 1997;
Jenmalm et al. 1998; Johansson et al. 1999). Even so the CNS is able to integrate the
different types of sensory and memory information to provide grasp stability in any
given manipulative task; presumably by recruiting different neural networks for
different tasks. Likewise other brain structures, such as the cerebellum, have been
implicated in functions related to anticipatory sensorimotor control, such as the
prediction of sensory consequences of self-generated movements (Blakemore et al.
1998; Blakemore et al. 1999; Blakemore et al. 2001), and the implementation of
‘internal models’ for hand-object skills (Kawato 1999; Imamizu et al. 2000).

3.2.2 Production of hand postures: independent versus synergistic
movements of the digits
Without the ability to move the fingers and thumb independently, we would not be
able to handle and manipulate objects skillfully. Although, the ‘fractionation of
movement’ has traditionally been believed to more or less exclusively depend on the
function of the M1 and the corticomotorneuronal system (Schieber 1990; Porter and
Lemon 1993), it is not known exactly which are the cortical areas that control
independent movements of the digits (see Introduction). To address this issue,
recently we conducted a study where a condition with simultaneous
flexion/extension movements of the right thumb and the right fingers (open-close-fist
synergy) was compared with a condition where flexion of the thumb was
accompanied by extension of the fingers and vice versa (non-synergistic movements
of the digits; see Figure 9). The point being that the former condition simply involves
a synergistic coordination of the digits, while the latter one requires the thumb and
fingers to move in a non-synergistic pattern of coordination, i.e., with relatively
independent movements of the fingers and thumb. Thus, a direct comparison of the
brain activity observed during these two conditions reflects the different modes of
control (non-synergistic with independent digit movements versus synergistic), since
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the overall motor output is matched. We found activations in the SMA (the cluster
extending into the CMA), the bilateral PMD, the posterior parietal cortex (the
bilateral postcentral and left anterior part of the intraparietal cortices), and the
bilateral lateral cerebellum; no reliable increases in activity were detectable in the
M1. These results fit well with lesion data in humans and in non-human primates that
have shown awkward grasps and clumsy finger and thumb actions after damage has
occurred to these regions (Kleist 1907; Holmes 1939; Hikosaka et al. 1985; Freund
1987; Iwamura and Tanaka 1991; Thach et al. 1992; Gallese et al. 1994; Binkofski et
al. 1998; Leiguarda and Marsden 2000). In summary, our fMRI results suggest that a
brain circuit including the SMA, bilateral PMD, the bilateral postcentral and left
anterior intraparietal cortices, and the bilateral lateral cerebellar hemispheres, support
M1 in the production of non-synergistic hand postures with independent digit
movements.

Figure 9. Brain activation during the generation of hand postures
with independent movements of fingers and thumb (A, lower figure).
In this task stronger activation of the bilateral PMD (B), bilateral
postcentral and left anterior intraparietal cortex (B), the SMA/CMA
(C) and the bilateral lateral cerebellar hemisphers (D) was detected
as compared to a condition where the subjects produced synergistic
postures (A top figure). In the two conditions the subjects briskly
flex/extend the digits once every second paced by a metronome (1
Hz). Only significant activations are shown (non-synergistic versus
synergistic; p<0.05 after a correction for multiple comparisons).
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3.2.3 Manipulation of objects (tactile exploration)
In the five fMRI studies reviewed in the preceding paragraphs (Papers I to V) we
detected task-specific activations of different fronto-parietal areas in both
hemispheres associated with the control of fingertip forces and movement of the
digits. Since adaquate control of the forces applied at the digit-object interface and
correct programming of the movements of the digits is of utmost importance for the
dexterous manipulation of objects, one would anticipate that the areas detected as
being active in these studies would also be active when objects are manipulated in a
natural ‘unconstrained’ way. A study that is of interest in this respect is the fMRI
study of Binkofski and colleagues (Binkofski et al. 1999). They scanned the subjects
as they continuously manipulated objects with complex three-dimensional shapes
using their right or left hand. The subjects could not see the objects and the
manipulation included the movement of the thumb, index finger and middle fingers
(‘exploratory finger movements’; Kunesch et al. 1989; Seitz et al. 1991). The
complex objects were small plastic toys (which were not recognizable) and the
subjects were instructed to explore their basic features (surface, roughness and
edges). Importantly, this manipulative task put demands on many of the
somatosensory-motor control mechanisms for human manual dexterity: finely
controlled fingertip forces, independent movement of the digits, grasp stability
control (grip-load force coupling), and rotation and translation of the objects between
the opposing digits which requires precise control of the direction of the applied
force vectors. The fMRI results showed that irrespective of the hand used, a bilateral
fronto-parietal network of areas including the classical motor and somatosensory
areas (contralateral M1, bilateral PMD, and SMA; contralateral S1 and bilateral PO)
as well as the CMA, bilateral PMV, posterior Broca’s region and its right
homologue, the bilateral inferior parietal cortex (supramarginal cortex), and anterior
and posterior sections of the the bilateral intraparietal cortex were active.
Furthermore, several of these areas (most notably the bilateral PMV, the posterior
Broca’s region and its right homologue, the bilateral anterior and posterior parts of
the intraparietal cortex and the supramarginal cortex) remained active when the
skilled manipulative task was compared to a control condition where the subjects
manipulated a sphere which involves fewer and less sophisticated movements of the
digits (and of the fingertip force configurations). Thus, these results fit beautifully
with the results from our five fMRI studies and, together, they suggest that human
manipulative skill depends on a set of bilateral fronto-parietal areas where different
areas appear to have different functional roles for the control of fingertip forces and
digit movements (see section 3.2.4 for further discussion). [Using PET and an older
descriptive statistical procedure Seitz et al. (1991) and colleagues also reported
increases in rCBF in most of the areas in question when subjects manipulated
parallelepipeda to discriminate shape with the right hand (stereognostic
discrimination)].
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3.2.3.1 Factors that influence the cortical activation in tasks that involve handobject interactions
The observation of functional activations in the PPC and the ventral part of the
posterior prefrontal cortex and PMV is particularly interesting the absence of reliable
increases in activity of these frontal areas (Grafton et al. 1996; Rizzolatti et al. 1996;
Faillenot et al. 1997; Kinoshita et al. 2000) and parietal areas (Grafton et al. 1996;
Matsumura et al. 1996; Rizzolatti et al. 1996) have been reported in several studies
where the task given to the subjects was to reach out and grasp objects. Three factors
can explain the differences between these earlier PET studies and the conspicuous
activations of these areas in the more recent fMRI studies, they are: (i) whether or
not the task of the subjects involved continuous hand-object interactions (as opposed
to brief periods of grasping/manipulations), (ii) whether the tasks involved dynamic
modulation of fingertip forces and movements of the digits (as opposed to generation
of static forces and hand posture), and, (iii) whether fMRI was used (as opposed to
PET). In the studies failing to detect activations in the intraparietal cortex and the
PMV/area 44 region, the grasping of the objects was of short duration and made in
intervals. For example, in the PET study of Kinoshita et al. (Kinoshita et al. 2000),
the subjects briskly grasped and lifted an object once every 3.5 seconds using a
precision grip and then held it steady in the air for about one second, and then
released the object upon which a pause followed until the next grip-lift-release
sequence was initiated (the actions where paced by a metronome set at 0.286 Hz).
Thus I estimate that the effective time during the scanning while the object was
actually in contact with the digits was 30% - 40 % of the total scanning time
(furthermore, this period invovled a relativly long interval of just holding the object
static in the air, see below). Similarly, in the visually-guided reach-to-grasp studies
the effective duration of which the digits grasped the objects was also low (30% or
less than 20% of the scanning time) (Grafton et al. 1996; Matsumura et al. 1996;
Faillenot et al. 1997). One implication of this is that the time taken for the actual
hand-object interactions in these studies might be too short to cause detectable
increases in the cortical activation of all the relevant areas. (That the effective
scanning time of sensorimotor tasks is a relevant factor is illustrated by the fact that
simple repetitive flexion and extension movements performed at a pace of 0.25 Hz
failed to activate even the primary motor cortex in the PET study by Sadato et al.
1996b). Likewise a second factor that is clearly important, is whehter the task is
static (e.g., holding) or dynamic, i.e., whether the fingertip force are modualted
and/or the digits moved. In Paper IV we observed activation restricted to the left
M1/S1, anterior intraparietal cortex and the supramarginal cortex when subjects held
an object statically using a precision grip (with the right hand); this contrasts to the
more numerous active areas in both hemispheres observed when the subjects
modulated the forces at the digit-object interfaces (Papers I, II, III) and/or moved the
digits (Binkofski et al. 1999; Paper V). Finally, the third factor of importance is that
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fMRI is more sensitive than PET because more images can be acquired in each
subject, which increases the statistical power (using a fixed-effect model).

3.2.3.2 Bilateral activation during manipulation
Another observation that deserves comment is the strong bilateral engagement of
frontal areas (i.e., the PMV/area 44, PMD, SMA and the CMA) and parietal areas
(i.e., the intraparietal cortex and the supramarginal cortex) when subjects grip objects
using precision grips or explore them by manipulation. In general terms, a bilateral
recruitment of PMD and SMA is consistent with the results from earlier studies
which investigated various skilled hand actions (without manipulation) (Roland et al.
1980a; Roland and Zilles 1996a; Sadato et al. 1996a; Kawashima et al. 1997).
Further, in the monkey brain both right and left unilateral hand movements activate
groups of neurons in the SMA and the PMV (Rizzolatti et al. 1987; Tanji et al. 1987;
Rizzolatti et al. 1988; Tanji et al. 1988). It is also of importance for manipulative
tasks that many neurons in the posterior parietal cortex have bilateral receptive fields
on the hand (Duffy and Burchfiel 1971; Iwamura 2000). The interhemispheric
communication between the cortical areas could be mediated through the callosal
connections (Iwamura 2000; Gazzaniga 2000) or via subcortical routes (e.g., the
striatum) (McGuire et al. 1991). Finally, it should be pointed out that lateralization of
some of the activations to the right hemisphere (e.g., the intraparietal cortex), as was
observed in Papers I and II might well be more apparent than real as bilateral
activations are observed in most areas including the intraparietal cortex when
precision grips are compared with the rest condition. Further, the power grip task and
the large force precision grip condition (used Papers I and II) involved the
production of more muscle force than small force precision grip condition which
meant that positive force-related activations, which are mainly contralateral, could
have masked the activations associated with the small force task on the left side.

3.2.4 Conclusion: the human ability to handle and manipulate objects
depends on a network of fronto-parietal areas that is recruited in
a task-dependent manner
As described in the previous paragraphs, a number of fMRI studies suggest that sets
of bilateral fronto-parietal areas are activated when humans manipulate objects and
apply finely controlled fingertip forces to objects. Importantly, these frontal and
parietal areas are activated in a task-dependent manner. In other words, manipulative
tasks that impose different demands on sensorimotor control are associated with
differential fronto-parietal activations. As will be discussed further, there are
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interesting similarities between these human functional activations and recent
anatomical and physiological data in non-human primates showing that the motor
and parietal areas are interconnected by multiple parallel parieto-frontal circuits
devoted to sensorimotor transformations during goal directed actions (Kalaska et al.
1997; Wise et al. 1997; Rizzolatti et al. 1998). We conclude that the cortical substrate
for the ability to handle and manipulate objects is a network of fronto-parietal areas
in both hemispheres.
Figure 10 summarizes the task-dependent activations associated with the precision
grip tasks (Papers I, II, III and IV) and with the movements of the fingers and thumb
(Paper V). On the lateral surface of the hemispheres, there appears to be functional
dissociation between ventral and dorsal fronto-parietal areas. The posterior part of
the ventro-lateral frontal lobe, corresponding to the PMV and area 44, was activated
together with the supramarginal cortex of the ventral parietal cortex, especially when
the subjects applied small and well controlled grip forces to objects using precision
grips (Papers I, II and IV). In contrast, areas located more dorsally, namely the PMD
and the post-central cortex were preferentially active whilst performing nonsynergistic flexion and extension movements of the digits without an object. The
differences between the dorsal and ventral fronto-parietal activations is in good
agreement with the anatomical cortico-cortico connectivity described in non-human
primates: the ventrolateral premotor cortex (PMV) receives the main input from the
ventral parietal area, area 7b (Godschalk et al. 1984; Petrides and Pandya 1984;
Cavada and Goldman-Rakic 1989), and the dorsolateral premotor cortex (PMD)
receives its most prominent input from the dorsal parietal area, area 5 (Petrides and
Pandya 1984).
The PMD and the post-central cortex playing a role in the control of movement of
the digits when (non-synergistic) hand postures are produced fits with the fact that
after damage to these areas people and monkeys exhibit clumsy finger movements
during manipulation, poor ability to produce complex hand postures, and awkward
grasps (Luria 1966; Hikosaka et al. 1985; Freund 1987; Iwamura and Tanaka 1991;
Leiguarda and Marsden 2000). The activations centered in or close to the postcentral sulcus probably correspond to area 2, but the limited effective resolution of
the fMRI activation maps means that the adjacent areas, area 1 and area 5 could have
been engaged as well. In non-human primates, area 2 is extensively interconnected
with area 5 which in turn represents the main parietal output zone to the PMD and
M1 in the frontal lobes (Jones et al. 1978; Petrides and Pandya 1984). These areas
(areas 2 and 5) are classically regarded as higher-order somatosensory areas that
represent limb configurations and are active during active upper-limb movements,
(Sakata et al. 1973; Mountcastle et al. 1975; Kalaska 1994a; Iwamura 2000). In
addition, the post-central cortex (and the anterior IPS) showed augmented activity
during the employment of fingertip forces directed eccentrically relative to the object
(attempting to a lift an object) (Paper III). A role being played by the PMD and
post-central cortex in the control of digit movements and in the application of lift
forces is consistent with the neuronal responses recorded in non-human primates
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during arm, hand, and finger movements (Kalaska et al. 1983; Kurata and Tanji
1986; Kalaska 1987; Crammond and Kalaska 1989; Kalaska et al. 1989; Caminiti et
al. 1991; Scott et al. 1997) .
As mentioned, the PMV and area 44, the supramarginal cortex and the anterior
intraparietal cortex (see the text below) are involved in the somatosensorimotor
control of fine forces applied to objects when using precision grips and when
performing other manipulative tasks. In non-human primates, neurons in the ventral
posterior parietal lobe activate when objects are grasped and manipulated; many
neurons have tactile receptive fields on the hand (Hyvarinen and Poranen 1974;
Hyvarinen 1982). Likewise, rostral PMV neurons (F5) (which might correspond to
human area 44 according to some researchers, i.e., Rizzolatti et al. 1998; Pandya and
Yeterian 1998) activate specifically when monkeys grasp and manipulate objects
using specific hand-grips with the greatest number of neurons being active during
precision grips) (Rizzolatti et al. 1988). In addition, many neurons in the PMV (F4)
have tactile receptive fields on the hand and digits (Graziano et al. 1997a; Graziano
et al. 1997b). Thus, the human functional imaging data showing that the PMV, area
44 and the supramarginal cortex is active during the production of fine fingertip
forces is generally consistent with these single-cell recordings in monkeys.
Our results described in the text above thus indicate that somewhat different
neuronal populations control the fingertip forces and movement/postures of the
digits. The hypothesis that different cortical circuits controls skilled hand postures
and fine fingertip forces resulting from our investigations is one that can be tested
and it is proposed that future imaging should directly compare conditions in which
the same group of subjects move the digits without interacting with an object and
apply fine forces to an object.
The anterior part of the intraparietal cortex (bilaterally) was activated both during
non-synergistic movements of the digits and when small and finely controlled
fingertip forces were applied to objects (Papers I, II, III and IV). The strong
activation of the intra-parietal cortex in a number of contrasts provides convincing
evidence that this region plays an important role in the control of dexterous hand
actions guided by somatosensory information (as mentioned before, the subjects
where blindfolded in all experiments). Indeed, damage to the cortex of the anterior
part of the IPS in humans leads to impaired grasping and clumsy movements of the
digits during the manipulation of objects (Faugier-Grimaud et al. 1978; Gallese et al.
1994; Binkofski et al. 1998; Leiguarda and Marsden 2000; Binkofski et al. 2001). It
is premature to speculate about which fields in non-human primates would be
homologous to the human anterior intraparietal cortex (and indeed for the rest of the
posterior parietal lobe). However, the fMRI results agree well with the data from
non-human primates inasmuch as the cortical fields (AIP, VIP, PEip) located in the
anterior part of the intra-parietal sulcus and the adjacent ventral area, area 7b (PF and
PFG) project both to the PMV and PMD (with the most well defined circuit being
that encompassing the PMV-AIP connections) (Godschalk et al. 1984; Petrides and
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Pandya 1984; Matelli et al. 1986; Cavada and Goldman-Rakic 1989; Rizzolatti et al.
1998; Luppino et al. 1999).
In contrast to the anterior section of the IPS (peak activations located at y = -40 to 45 in standard anatomical space), a more posterior section of the right intraparietal
cortex showed an increase in activity particularly when coordinated grip and load
forces were applied to a fixed object using precision grips (peak activation located at
y = -64 in standard space) (Paper III). In non-human primates the posterior parts of
the intraparietal sulcus and adjacent cortical zones contain several distinct
populations of neurons that have tactile receptive fields on the hand; these neuronal
populations are also activated by movements of the upper limb (e.g., the LIP area)
(Mountcastle et al. 1975; Hyvarinen 1982; Colby and Duhamel 1996). In a previous
section, we presented the hypothesis that the human right posterior intra-parietal
cortex is involved in the sensorimotor integration required for the anticipatory
control of the grip forces during grip-load force coordination (see section 3.2.1.5).
On the medial wall of the frontal lobe, the SMA showed increases in activity
associated with non-synergistic flexion and extension of the digits and with the
exquisite force control necessitated when gripping an object more gently than normal
without letting it slip (Paper IV). Hence these results demonstrate that the SMA
plays a role in the control of the dexterous digit actions which had not been
emphasized by earlier researchers (Roland et al. 1980a; Eccles 1982; Goldberg 1985;
Tanji 1994; Passingham 1996a; Marsden et al. 1996b). Indeed, the SMA receives
both direct somatosensory afferent input from the thalamus and somatosensory
signals from S1 via the cortico-coritcal connections (Hummelsheim et al. 1988;
Colebatch et al. 1990; Cadoret and Smith 1997). Furthermore, SMA is anatomically
connected with parietal areas that are active when performing precision grips, e.g.,
SII and the ventral posterior parietal cortex (Luppino et al. 1993). Also consistent
with the proposed involvement of SMA in the control of dexterous digit maneuvers
are the earlier observations that lesions in this area cause impairment of both the grip
force control (Smith et al. 1981) and the production of skilled hand postures
(apraxia) requiring independent finger movement (Freund 1987). The CMAr showed
increases in activation especially when small (Paper I, and II) and exquisitely
controlled (Paper IV) precision grip forces were applied to objects. We know
relatively little about the anatomical connections and physiology of the CMAr as
compared to the other motor areas. The CMAr is interconnected with the other motor
fields and receives prominent input from the prefrontal cortex (Bates and GoldmanRakic 1993; Tokuno and Tanji 1993), it is also more active in internally generated
than externally triggered movements in humans (Jahanshahi et al. 1995; Deiber et al.
1999) and monkeys (Shima et al. 1991). Thus, it is a possibility that the activity in
this area reflects voluntary control of the digit actions during the employment of
finely modulated fingertip forces during precision grips.
.
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Figure 10. Summary of the task-dependent activation in Papers I – V. Yellow – precision grip
vs. power grasp (Paper I), blue – grip force vs. lift force (Paper III); magenta – lift force vs.
grip force (Paper III); orange – coordinated grip and load forces vs. grip force only or lift force
only (Paper III); red – gentle hold vs. normal hold (Paper IV); white – non-synergistic vs.
synergistic movements of finger and thumb (Paper V). In addition, green –forcefull gripping
(Papers I or II). See Table 1 for details.
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Table 1. Task-dependent cortical activation during fine digit actions
Paper

Contrast

Left hemisphere
M1/S1

I
II
III

IV
V

Precision-Power
Small–Large
Lift–Grip

PMD

*

Grip–Lift
Griplift–Grip
Gentle-Normal
Gentle-Tight
Non synergisticSynergistic

PMV

A44/

/A44

A45

PCS

a.IPS

SMG
-64,-40,24#

-64,4,16*
-64,12,28
-40,-28,64

-28,-44,68 -44,-44,60
-36,-52,64
-48, 24,8

-52,-24,48
-52,-20,48

-36,-24,60

-60,4,36

-64,-36,36

-36,-8,52

-48,-36,48 -40,-40,60

Medial Wall
SMA

CMAr

Right hemisphere
PMD

PMV

PCS

a.IPS

p.IPS

52,-44,48
52,-44,48

44,-56,48

/A44
I
II

Precision-Power*
Small–Large

4,8,40
0,16,32

56,12,32
48,4,28
64,12,12

Lift–Grip*
Grip–Lift
Griplift–Grip
48,-60,32
¤
IV Gentle-Normal
-4,-4,56
-4,0,44
Gentle-Tight
-4,-4,56
0,-4,48¤
Non synergisticV
-4,-4,50
36,-8-52
40,32,44
Synergistic
The Talaraich coordinates are given (MNI space; x, y , z)
* In addition activations were detected in the bilatral prefrontal cortex (-44, 40, 0), (44, 40, 0) and (48, 36, 16).
# The supramarignal activation is bilateral; the right peak was located at (64, -36, 32)
¤ This peak was located at the border between CMAr and CMAc
III

M1 appears to be the most important area for the production of grip strength and
forceful hand actions (Papers I and II; Dettmers et al. 1995; Thickbroom et al. 1998;
Kinoshita et al. 2000). In addition, this area showed task-dependent activation when
the subjects produce exquisitely well controlled precision grip forces as they hold an
object more gently than normal without letting it slip (together with the PMV, SMA,
CMAr and the supramarginal cortex) (Paper IV). This latter result is in agreement
with the extensive single-cell recording literature on M1, which emphasizes the
importance of this area in the control dexterous digit actions in primates (Smith et al.
1975; Muir and Lemon 1983; Wannier et al. 1991; Maier et al. 1993; Bennett and
Lemon 1996; Salimi et al. 1999a; Salimi et al. 1999b; Salimi et al. 1999c)
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CORTICAL SUBSTRATES FOR DEXTEROUS MANIPULATION, WITH A SPECIAL
REFERENCE TO THE CONTROL OF FINGERTIP FORCES AND HAND POSTURES

3.2.4.1 Concluding remarks
I have described recent human neuro-imaging studies that have begun to investigate
the functional organization of the cortical areas involved in the control of fine digit
actions. One principle conclusion is that when humans apply well controlled
fingertip forces to objects or manipulate these, networks of areas located in the
somatosensory and motor areas, the posterior parietal cortex, and the ventral
prefrontal cortex just rostral to the PMV (area 44/45) are active. These results
contrast to the common view among neuroscientists that human fine digit actions
depend more or less exclusively on the classical motor zones (M1, SMA, PM) and
the corticomotorneuronal system. It was also concluded that the fronto-parietal
networks involved in the control of the fingertip forces and fine digit movements are
recruited in a task dependent manner. A final main finding was that skilled hand
actions, such as the precision grips and production of hand postures with independent
digit movements, engage the cortical centers more strongly than the production of
the more simple and primitve hand actions, i.e., the power grip and synergistic
flexion and extension movements of all digits. This observation emphasizes the
important role played by the cortical networks outside the M1 for the development of
the superior hand dexterity in our species.
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4 NEURAL CONTROL OF COORDINATED MOVEMENTS OF
DIFFERENT LIMBS
4.1 INTRODUCTION

Many of the motor tasks that we perform in our daily life involve simultaneous
movement of different limbs. It is common knowledge that the movements of the
limbs are naturally coupled during such actions (e.g., walking and clapping). In the
scientific study of inter-limb coordination it has been useful to study simple discrete
or cyclic single-joint movements performed simultaneously with two limbs. The
natural coupling of the limbs occurring during such simple motor behavior is
influenced by both spatial and temporal factors.
Spatial coupling of the limbs is evident in tasks where the subjects produce
continuous movement trajectories (e.g. cyclic flexion/extension movements) of the
hands and/or feet. In such tasks, there is a strong tendency to make similar
movements with the limbs. For example, when subjects are instructed to draw a line
with one hand and a circle with the other, they tend to draw ovals with both hands
(Geschwind 1965). When performing bimanual movements, the hands or/and fingers
are naturally coordinated either as ‘mirror movements’ or ‘parallel movements’, with
mirror movements being more stable, i.e., they can be performed at a high frequency
without transitions into other coordination-patters (Cohen 1970; Cohen 1971; Kelso
1984; Swinnen et al. 1997). During mirror movement, the homologous limbs move
simultaneously towards or away from the body midline, i.e., the movement trajectory
of one limb is the mirror image of that of the other limb. Parallel movements are
those where one limb is moved towards the body midline while the other is moved
away from it. The preference to make mirror and parallel movements occur for both
the upper and the lower limbs (Swinnen et al. 1997). Similarly, movements of the
hand and the foot on the same side of the body (ipsilateral limbs) are naturally
coupled according to simple spatial rules. When the ipsilateral limbs are moved
concurrently, there is a strong preference to move both limbs either in the same
direction in space (iso-directional) or the opposite direction (anti-directional), with
iso-directional movements being more stable (Baldissera et al. 1982). It is justifiable
to refer to these coordination patterns as spatial because: (i) experiments where
subjects move the wrist and ankle with the arm either in a supine or in a prone
position, show that it is the direction in extra-personal space that is the most
important factor for determining which of the natural patterns of coupling is most
stable (and not the pattern of muscular activity in the limbs; Baldissera et al. 1982),
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and (ii) bimanual coupling with a preference for mirror movements occurs in
amputees with phantom limbs (when moving both their real arm and their ‘phantomarm’; Franz and Ramachandran 1998), and (iii) also occurs when normal subjects
imagine that they move one hand and make real movements with the other (Heuer et
al. 1998). Thus neither simple ‘hard-wired’ muscular synergies at the spinal level nor
biomechanical constraints can explain the spatial coupling of the limbs.
Temporal coupling of the limbs also exists and is particularly evident in rhythmical
tasks. For instance, it is easy to make synchronous and alternating drumming
movements where both hands move simultaneously or where one hand moves whilst
the other relaxes, alternating the movements between them (Yamanishi et al. 1980;
Tuller and Kelso 1989). Further, the preference for synchronous and alternating
coordination has been described for a variety of tasks involving rhythmical
movements of different body parts (Kelso 1995; Amazeen et al. 1998; Schmidt and
Lee 1999); these studies have also shown that synchronous movements are more
stable than alternating movements (Kelso 1984; Tuller and Kelso 1989). Other phase
relationships, such as when the limbs move at different frequencies with a noninteger ratio (polyrhythmic drumming), are more difficult and require practice.
Importantly, the temporal coupling of the limbs is not merely a result of spatial
coordination constraints, for example, the difficulty of performing polyrhythmical
drumming can not be explained by spatial factors. Further, behavioral studies on
people with disconnected hemispheres have showed dissociations between spatial
and temporal coordination: the temporal coupling of rhythmic bimanual movements
is not impaired in these cases (the preference for synchronous movements is actually
enhanced; Tuller and Kelso 1989), while the tendency for natural spatial coupling of
the limbs is strongly reduced (Franz et al. 1996). Hence, based on the behavioral
observations a reasonable working hypothesis would be that temporal and spatial
coordination of the limbs are dependent (at least partly) on different neurobiological
mechanisms.
What can functional neuro-imaging tell us about the neural substrates for
coordinated movement of different limbs? This question can be subdivided into
issues that can be addressed with fMRI and PET: (i) what is the neural organization
of the control system for coordinated movements of two limbs and how does it differ
from the functional anatomy of isolated limb movements, and (ii) can we localize
increases in rCBF and BOLD signals that specifically reflect the coordination of the
effectors during simultaneous movement of two limbs. To address the first question,
an obvious first step would be to compare the brain activity when subjects perform
coordinated movements of two limbs and the same movements in isolation.
Surprising though it may seem, when this thesis was initiated, there were no
functional imaging studies (to my knowledge) published of coordinated movements
of different limbs. Further, if a certain brain area facilitates the natural coupling of
the limbs, one would expect that the overall level of synaptic activity in that area
would be high when coordinated movements are executed. Logically, such activity
would be expected to be low when one limb is moved in isolation (since no inter39
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limb coordination is required). Thus, by comparing the level of brain activity whilst
the subjects execute coordinated movements of two limbs with the activities when
isolated movements are made with the corresponding limbs might enable one to
detect activations specific to the coordination of the limbs.
A second approach open to neuro-imaging scientists is to compare the brain activity
when subjects move two limbs simultaneously in the different natural patterns of
coordination (spatially and temporally coupled). This experimental design is
particularly appealing since the motor-out is matched and thus, the net effect in such
comparisons specifically reflects the differences in the neural control of the two
coordination patterns (and thereby has the potential to reveal areas with a role in
inter-limb coordination). In particular, it would be interesting to contrast the two
natural patterns of temporal coordination as there is a fundamental difference
between these patterns because synchronous tapping involves the coactivation of the
relevant muscles, while alternation requires precisely timed, independent commands
to the different limbs. Thus stronger activity in the performance of synchronous
movements than alternating ones should reflect neuronal activity associated with the
synchronization of the movements of the two limbs. Indeed, behavioral studies on
split-brain patients indicate that the sub-cortical structures might be more important
for synchronous movements of the hands than for alternating movements (Tuller and
Kelso 1989; Ivry and Hazeltine 1999). Likewise, it is possible that the alternating
coordination pattern will be more dependent on cortical representations since this
pattern is less stable than synchronous movement and therefore might require
additional sensori-motor control. Furthermore, contrasting alternating and mirror
bimanual movements and anti-directional and iso-directional movements of the
ipsilateral hand and foot might provide insights into the neural control of coordinated
movements. However, in both these comparisons the limbs are coordinated
according to spatial rules so the comparisons might not reveal activity related to the
spatial coupling per se. However, subjects with cortical and striatal lesions (SMA
and PM lesions, or lesions associated with a hemiplegic stroke or Parkinson’s
disease) typically have greater problems generating parallel/anti-directional
movements than mirror/iso-directional movements of the limbs; people and monkeys
can often perform mirror movements even after rather severe brain damage (Luria
1966; Laplane et al. 1977; Brinkman 1984; Chan and Ross 1988; Baldissera and
Cavallari 1994; Johnson et al. 1998; Stephan et al. 1999a). Thus, from a motor
control perspective it is plausible that the parallel/anti-directional movements are
more demanding than the most stable spatial patterns and therefore require additional
cortical processing (which could be detected by fMRI and PET as activations).
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4.1.1 Questions addressed

In this section I will address the following specific questions: (i) Which cortical areas
are active when subjects perform bimanual movements and simultaneous movements
of the ipsilateral hand and foot and how do these activation patterns differ from the
functional activations associated with isolated movements of the corresponding
limbs? (ii) Are the natural temporal patterns of synchronous and alternating limb
movements (in this case, movements of the hands), associated with differential
activations? (iii) Are parallel and mirror bimanual movements and anti-directional
and iso-directional movements of the ipsilateral hand and foot associated with
different activations (spatial coordination)? (iv) Are complex learned temporal
patterns of hand movements (polyrhythmical drumming) controlled by different
areas than the naturally coordinated movements? To attempt to provide answers to
these questions, I will review the recent fMRI and PET studies that have begun to
explore the functional-neuroanatomical underpinning of inter-limb coordination
(including Papers VI and VII). Firstly, I describe the results from the experiments
that compared the brain activity during isolated and coordinated movements of the
limbs (included in Papers VI and VII). Then I review the results from studies
investigating the spatial (Paper VI) and temporal (Paper VII) coordination of the
upper limbs and/or lower limbs by contrasting the brain activity when subjects
execute movements coupled in the different natural patterns of coordination. Finally,
I describe an experiment in which we compared polyrhythmic bimanual tasks where
the hands move at different frequencies with a non-integer ratio (Summers 1993;
Summers et al. 1993), with the natural patterns of temporal bimanual coordination
(synchronous and alternating movements; Paper VII).

4.2 RESULTS AND DISCUSSION
It is a common observation that certain tasks that can be performed easily in isolation
become difficult when performed simultaneously with different limbs. Likewise, the
limbs are naturally coupled in certain spatial and temporal patterns when moved
simultaneously. These psychophysical observations indicate different neural control
mechanisms for isolated and coordinated movements of the limbs and for the
different patterns of natural coupling of the limbs. I this chapter I review some recent
fMRI and PET experiments that have begun to explore the functional neuroanatomy
of inter-limb coordination in humans. I will first discuss what conclusions can be
drawn from a comparison of the brain activity measured during isolated movements
of individual limbs and that observed when coordinated movements are made.
Secondly, I review studies comparing different patterns of temporal and spatial
coordination of the hands or upper and lower limbs.
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4.2.1 Isolated versus simultaneous movements of limbs

It has been consistently observed that no area is exclusively activated during the
production of coordinated movements of the upper and/or lower limbs. First, in our
studies (Papers VI and VII) all areas active during bimanual finger-tapping and
continuous flexion/extension movements of the wrist and ankle were also active
during either one or both of the corresponding isolated limbs movements. Goerres
and colleagues (Goerres et al. 1998) achieved the same result using PET and a
paradigm in which the task of the subjects was to briskly press keys using the right,
left or both index fingers (the movements were triggered by random auditory cues
presented at a mean rate of 0.29 Hz). Essentially the same results were reported by
Sadato et al (Sadato et al. 1997) who instructed subjects to make brisk adductionabduction movements of the right, left or both index fingers (paced by an auditory
cue at 1 Hz), and by Kawashima et al. (Kawashima et al. 1997) who used a task with
right-handed, left-handed and bilateral brisk flexion-extension movements of the
index fingers (the task being self paced at 1 Hz). Finally, this essential observation
also holds true for four very recent fMRI studies focussing on the M1/S1 region and
the SMA/CMA (only a few slices covering these two regions were collected) during
simple isolated movements of either hand or various bimanual movements
(Toyokura et al. 1999; Stephan et al. 1999a; Stephan et al. 1999b; Jäncke et al.
2001).
However, there are two important shortcomings in the approach of simply
qualitatively comparing the activation patterns obtained during coordinated and
isolated movements of limbs. Firstly, it is possible that an area activated during
isolated movements could show augmented MR-signals/rCBF specifically when two
limbs are moved simultaneously. In other words, a ‘coordination-center’ might be
active both during isolated and coordinated movements, but much more so in the
latter case. Secondly, an experiment might also give the false impression of having
detected a specific coordination-center simply because of the threshold applied to the
statistical images. Thus, what is required is an analysis where one directly compares
the activity during isolated and coordinated movements. In our studies (Paper VI and
Figure 11) we have performed such an analysis by testing whether the sum of the
activations for the two isolated movements corresponds to the activation during the
simultaneous movements. Thus, if an area is especially important for the control of
coordinated movements it should show significantly more activation in a coordinated
condition than the summation of the activities in two conditions with isolated
movements. (This can be tested by inspecting the interaction term in a factorial
design; see Methodological Considerations or Paper VI for details.) However, there
were no such increases in activation (not even any weak trends) either during
rhythmical bimanual movements or during smooth continuous movements of wrist
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and ankle. In contrast, in many brain areas we observed surprisingly small
differences, or even identical levels of brain activity when the subjects moved one
limb only or two limbs together. (Paper VI: Fig 5, page 3394). This unexpected
finding allows several conclusions to be drawn. Firstly, coordinated movements of
the upper and/or lower limbs are controlled by the same sensori-motor areas that
control isolated movements of the corresponding limbs. Secondly, relative to the
neural control of isolated movements, coordinated movements require weaker
activation in many areas than expected. In other words, isolated movements of the
limb engage the cortical motor areas more strongly than we had anticipated. An
interesting interpretation of this finding is that the relative strength of the
engagement of the cortical sensorimotor areas could reflect additional demands for
motor control during isolated movements. Indeed, this would make sense from an
‘ecological’ perspective, given that the vast majority of the movements we perform
in daily life are executed as components of compound movements involving
different segments of the body. Hence, the ‘default’ for the cerebral motor system
could be to control combined movements. A direct implication of this is that
paradigms where one compares the performance of two different patterns of
coordinated movements are likely to be better at localizing neural correlates of interlimb coordination than comparisons of isolated and coordinated movements.

4.2.1.1 Are simultaneous movements of two limbs coordinated by motor
representations shared by the both limbs?
A striking observation in the neuro-imaging studies is that many active areas located
in the sensorimotor-related regions of the brain (typically the SMA, CMA, PMV,
PO, lateral cerebellum, but often also the PMD and striatum) are activated both
during isolated and bimanual movements of the left and right hands (Paper VI;
Kawashima et al. 1997; Kawashima et al. 1998; Goerres et al. 1998). Likewise,
active clusters are observed in these regions during simultaneous and isolated
movements of the right hand and foot (Paper VII). Thus, these cortical areas appear
to show effect-independent activity (Lashley 1930). These findings are not merely an
artifact of the pooling of fMRI and PET data across subjects in the group analysis:
essentially the same results have been reported in fMRI studies where the activation
maps from single subjects were analyzed (Ehrsson et al. 1999; Rijntjes et al. 1999b).
Further, electrical simulation studies of the human secondary motor cortices (SMA
and PM) have demonstrated that the somatotopical organization is coarse and
stimulation often elicits complex movements of several limbs, including bimanual
movements and combined hand-foot actions (Foerster 1936; Penfield 1951; Fried et
al. 1991). Also, single-cell recording studies in non-human primates have shown that
some neurons in SMA (Tanji et al. 1988; Donchin et al. 1998), PMD (Tanji et al.
1988) and PMV (Rizzolatti et al. 1988) increase the discharge rate during unilateral
right as well as left hand movements; unilateral left and right foot movements also
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activate common neuronal groups in SMA (Tanji and Kurata 1981). A functional
organization where neuronal populations represent isolated movements of limbs and
combined movements of the same effectors as well could indeed facilitate inter-limb
coordination. Such functional organization would be similar to the view that
coordinated movements are essentially controlled by a single motor program (Luria
1966). However, one limitation of this explanation is that detecting areas that are
commonly activated by movements of different limbs only suggests that that area is
potentially involved in inter-limb coordination, but it does not provide any direct
evidence for this in terms of increased activity that can be linked directly with
processes mediating the coupling. Thus, the characterization of effector-independent
motor representations alone is inadequate in isolation to pin down the neural
substrates for inter-limb coordination.

Figure 11. Brain activation during unimanual and bimanual movements. The subjects tapped
with their right (right), left (middle) or both (left) index fingers in synchrony at 80 b.p.m (self
paced). Note that all the regions active during the bimanual task are active during one or both
of the unimanual conditions. No region showed stronger activity in the bimanual condition as
compared to the sum of the activities detected during the unimanual conditions [(bimanual –
rest) – (right hand – rest) – (left hand – rest)] (p<0.05 corrected). For details see Paper VII.
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Table 2. PET and fMRI studies investigating inter-limb coordination
Study / contrast

Bodyparts

Movement type

Scan, FOV

Paper VII

Wrist
and
Ankle

Cyclic
flexion/extension;
auditory paced (1Hz)

PET,
whole brain

Anti-directional versus
Iso-directional
Paper VIII

Index
fingers

Brisk tapping; self
paced (1.33 Hz)

fMRI, whole brain

Synchronous versus
alternating

*Right. lat. cerebellum; CMAc;
precuneus; cuneus; left. med.
prefrontal cortex
*Bilat. PMV and area 44; bilat.
supramarginal cortex, bilat. sup.
temporal gyrus, right.
intraparietal cortex, bilat.
thalamus

Alternating versus
synchronous

Polyrhythmic versus
synchronous and
alternating
Sadato et al., 1997

*Med. cerebellum, post. vermis
Index
fingers1;
All
fingers2

Brisk (2Hz) adduction
/abduction1; Brisk
(1Hz) key-presses2;
auditory paced

PET,
whole brain
(except
cerebellum)

Parallel versus mirror
movements1,2
Goerres et al., 1998

SMA (-12, -10, 64; 16, -20, 64)
and right PMD (22, .-10, 52)
Index
and 5th
fingers

Key presses; auditory
triggered (unpredictable at mean
0.29 Hz)

PET,
whole brain
SMA/CMA¤ (4, -6, 48; 4, 10,
48); left ventral parietal lobe¤
(-54, -22, 12)

Parallel versus mirror

Toyokura et al., 1999

Active regions

Hands

Open and close fist;
auditory paced (0.8Hz)

fMRI, frontal and
parietal lobes
SMA#

Antiphase (parallel)
versus mirror
Stephan et al.,
1999a,b
Antiphase (parallel)
versus mirror

Digits
(1Hz)

Internally paced index
finger-to-thumb
opposition movements

fMRI, frontal and
parietal lobes
SMA (ventral part) and CMA#

* for the locations of the peaks in standard space see Paper VII
# the location of peaks in standard space for group data not reported
¤ the activations of Goerres corresponded to an uncorrected p=0.001 (Z=3.09), but not to a p=0.05 corrected
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4.2.2 Spatial coordination of the limbs
The SMA (Sadato et al. 1997; Toyokura et al. 1999; Stephan et al. 1999a; Stephan et
al. 1999b), CMA (most prominent activations in CMAc) (Stephan et al. 1999a;
Stephan et al. 1999b) and the right PMD (Sadato et al. 1997) show stronger activity
when the hands or fingers move in parallel than when they move in the mirror
pattern. In contrast, no brain region appears to show the opposite pattern of activity,
in other words no increases in activity specifically associated with the production of
mirror movements have been reported. Thus these studies suggest that the SMA,
CMA and perhaps the right PMD are particularly involved in the control of parallel
(non-mirror) movements of the upper limbs. Possible explanations for these results
include: (i) more sensorimotor control is required to produce parallel movements
because this pattern is inherently less stable than the mirror movements, (ii) a ‘nonmirror transformation’ of the movements might be performed by the SMA via the
rich callosal projections (Rouiller et al. 1994), and (iii) there is an effective
contralateral suppression of the tendency to produce mirror movements. The neuroimaging results are in good agreement with lesion studies in humans and in nonhuman primates which suggest that the functional integrity of the medial wall areas
(SMA and CMA) is important for the control of non-mirror (parallel) bimanual
movements (Laplane et al. 1977; Chan and Ross 1988; Bleasel et al. 1996; Stephan
et al. 1999a).
Unlike bimanual movements, the concurrent movement of the right wrist and ankle
in the two natural spatial patterns of coordination appear to be associated with similar
cortical activation. In Paper VI we compared the brain activity when healthy subjects
made anti-directional continuous flexion-extension movements of the right wrist and
ankle and iso-directional movements of the same limbs (the subjects had their eyes
closed and the movements were paced by an auditory metronome at 1 Hz). There
was no statistical trend for differences in the level of activity in the SMA/CMA or
PMD (or anywhere else in the brain) when we compared the two coordination
patterns. This indicates that control of mirror/parallel coupling of the hands is
governed by different neural mechanisms than the spatial coupling of the ipsilateral
hand and foot. An obvious factor that might explain these differences is that interhemispheric connections, which are important for bimanual movement, should not
play a role in the coordination of the right hand and foot. Indeed, the right and left
SMA (which showed strong activation during parallel bimanual movements) are
strongly inter-connected via the corpus callosum (Rouiller et al. 1994).
However, one important question remains unanswered, namely, which neural
structures mediate the spatial coordination of limbs. Neither comparisons between
isolated and coordinated movements, nor contrasts between the natural patterns of
coordination have revealed brain activation that can be said to specifically reflect the
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neural processes that are responsible for the coupling of the limbs in the mirror
pattern. One additional strategy for future neuro-imaging experiments would be to
contrast the brain activity registered in conditions where the limbs are spatially
coupled with conditions in which the subjects attempt to move the limbs completely
independently, such drawing two different geometrical figures using the hands.
Finally, I discuss possible neural substrates for the spatial coupling of the limbs that
might not be detectable with fMRI and PET. Behavioral experiments in callosotomy
patients have shown that they are able to copy and draw visually presented spatially
incompatible figures with each hand simultaneously without the normal strong
tendency to produce spatially coupled movements (Geschwind and Kaplan 1962;
Franz et al. 1996). Thus inter-hemispheric connections could play a critical role for
the establishment of both mirror and parallel coupling of the hands. It also is possible
that the general preference to make similar movement trajectories with different
body parts (e.g., with the ipsilateral hand and foot) emerge as a consequence of the
limitations of the neural networks to simultaneously code movement commands for
different directions. Indeed, it is known that neural populations that encode the
direction of a movement exist in many motor regions such as the M1, PMD,
posterior parietal cortex, putamen and cerebellum (Kalaska et al. 1983;
Georgopoulos et al. 1986; Fortier et al. 1989; Alexander and Crutcher 1990; Crutcher
and Alexander 1990; Caminiti et al. 1991; Georgopoulos 1991). In view of such
distributed populations of neurons encoding movement direction, it is possible that
isodirectional movements are preferred because the motor programs for the actions
share the same spatial properties. Furthermore, neural mechanisms for the spatial
coupling of the limbs could be expressed in the temporal domain by the dynamic
patterns of neural activity (Kelso et al. 1998; Donchin et al. 1999), e.g., the
synchronization of the discharge-pattern in motor cortical cells in the two
hemispheres (Murthy and Fetz 1996; Donchin et al. 1999)

4.2.3 Temporal coordination of the limbs
We registered different patterns of activation when healthy subjects made bimanual
rhythmic tapping movements with their index fingers in synchronous and alternating
patterns of coordination. The subjects had their eyes closed and tapped on two force
transducers with vertical flat surfaces; before the task a metronome (at 80 beats per
minute) was present for 6 seconds and then it was turned off and the subjects
performed self-paced tapping at the same pace (for periods of 30 seconds) to
reproduce the coordination patterns requested. Most notably, the synchronous
movements activated the right anterior part of the cerebellar lobe, the right CMAc,
and the medial posterior parietal cortex (precuneus) more strongly than the
alternating movements did. The opposite activation pattern was detected in the
bilateral PMV and area 44, the left supramarginal cortex, right anterior part of
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intraparietal cortex and the bilateral superior temporal gyrus and the bilateral
thalamus. Thus, the two natural patterns of bimanual temporal coordination are
associated with distinct patterns of brain activation. Importantly, the areas associated
with the different temporal patterns of coordination were distinct (with the exception
of CMAc) from those showing activations associated with the parallel bimanual
movements (SMA, CMAc/CMAr and PMD; see Figure 12).
Synchronous tapping requires precisely timed synchronization of the homologous
muscles. Thus the activation of the anterior cerebellar hemisphere is particularly
interesting since it implies that the cerebellum has a role in the synchronization of the
muscular activity of the hands when performing bimanual actions. This finding
might provide an answer to the split-brain data suggesting that subcortical structures
are more important that inter-hemispheric connections for the production of
synchronous rhythmical hand movements (Tuller and Kelso 1989; Ivry and
Hazeltine 1999). Synchronization of the limbs when performing rhythmical
movements depends on predictive information about the movements since precise
temporal coupling can not be achieved simply as a reaction to afferent sensory
feedback (anticipatory motor control). I believe that the lateral part of the anterior
cerebellum could be involved in this predictive mechanism; indeed the cerebellum
has been implicated in predicting the sensory and motor consequences of selfgenerated actions (Blakemore et al. 1998; Blakemore et al. 1999; Kawato 1999;
Blakemore et al. 2001). Thus the cerebellum could be involved in the processes of
finely adjusting the up-coming motor commands for one effector based on efference
copy information about the movement of the other limb, the result being precise
synchronization in the 5 msec range. Indeed, this view is also consistent with the
hypothesis that the cerebellum is important for motor timing (Holmes 1939; Ivry
1996). In addition, our data indicate that CMAc could be involved in the
synchronization of the hands during bimanual actions. Consistent with this view
Stephan et al. (Stephan et al. 1999a) reported that a patient (I.M.) with a medial wall
lesion affecting the right CMAc (and also the CMAr) showed a reduced correlation
between the movement trajectories made by the index fingers in a bimanual task (the
lesion was located below the cingulate sulcus and extended from y = -30 to y = +10
in the standard space, without engaging the SMA or the corpus callosum). We also
observed strong activation in the medial posterior parietal cortex (precuneus) during
the synchronous tapping. In non-human primates, the major anatomical parietal
projections to the SMA originate from this area (less is known about projections to
the CMAc)(Luppino et al. 1993). Thus, it is possible that the precuneus is working in
conjunction with the medial wall motor areas for some aspect of the temporal
synchronization of the hands. In contrast, bilateral fronto-parieto-temporal
activations located on the lateral surfaces of the hemispheres were specifically
associated with the production of alternating rhythmical index tapping movements in
our study (Paper VII). Alternating bimanual coordination requires precisely timed
alternation of independent commands to the hand muscles. The posterior and inferior
part of the frontal lobe (including PMV), the supramarginal cortex, and the anterior
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part of the right intraparietal cortex are strongly activated during unilateral fine digit
actions which also require independent motor commands to the participating digits
(papers I, II). Finally, the activation in the temporal cortex during the rhythmic
tapping brain region could represent an internal rehearsal of the metronome beat
(Rao et al. 1997). Indeed, in our paradigm the subjects were asked to maintain a
regular pace of the movements based on memorized information from the
metronome (as mentioned, metronome clicks were presented for a few seconds just
before each bimanual task).
Finally, our fMRI results (Paper VII) indicate that the posterior vermis of the
medial cerebellum plays a role in the execution of learned, temporally complex
(polyrhythmic) bimanual movements. This cerebellar region showed stronger
activity when the subjects were tapping a polyrhythmic pattern (3:2 or 2:3) than
when the bimanual movements were naturally coupled (synchronous or alternating).
This finding provides the first evidence that complex learned patterns of temporal
coordination recruit additional neuronal populations (in the cerebellum) in
comparison to naturally coupled movements. The activation in the posterior vermis
could reflect additional demands for a highly sophisticated temporal control of the
hands during polyrhythmic drumming (Ivry 1996). The activation of the medial
cerebellum could also relate to the learned motor program for the polyrhythmical
movements (Imamizu et al. 2000) or the sequential organization of the finger
movements during the polyrhythmic tapping (Summers 1993; Sadato et al. 1996a;
Jueptner et al. 1997).

Figure 12. Spatial (squares, ■) and temporal (circles, ●) patterns of bimanual
coordination are associated with activation of different sets of brain areas (see also
Table 2; p<0.05 corrected). Studies comparing parallel versus mirror movements of
the fingers and hands (spatial patterns) showed significant activation of SMA (■ 1) and
CMAr (■ 2) and CMAc (■ 2) and the right PMD (■ 3). Contrasting the two natural
patterns of temporal coordination showed activation of other brain areas. Most
notably, synchronous versus alternating tapping showed activation of the right anterior
cerebellar lobe (● 6), the CMAc (● 8), the precuneus (● 9). Alternating versus
synchronous tapping movements were associated with activation of bilateral superior
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temporal gyurs (● 1), left supramarginal cortex (● 2), bilateral PMV and area 44 (● 3),
right inferior frontal gyurs (● 4), left anterior part of the intraparietal cortex (● 5).
Finally, the medial cerebellum (vermis) is strongly activated in polyrhythmic tasks
(● 7). (Not all peaks from the tables in Paper VII are shown in this figure).

4.2.4 Future perspectives

Although substantial scientific progress has been made using tasks where the
subjects make simple discrete single-joint movements, many natural actions involve
complex patterns of multi-joint actions. For example, when reaching and grasping an
object using both hands, the dominant hand reaches out and manipulates the object
while the other hand assists and stabilizes the object (Kazennikov et al. 1994).
Recent behavioral studies suggest that during bimanual reach-to-grasp actions the
movements of the arms and hands are coordinated according to complex spatiotemporal bimanual synergies (Kazennikov et al. 1994; Wiesendanger et al. 1994a;
Wiesendanger et al. 1994b; Wiesendanger et al. 1996; Weiss et al. 2000). Likewise,
when manipulating objects using both hands, the grasp forces applied at the digits of
the two hands are coordinated in an anticipatory manner (Johansson and Westling
1988b; Massion 1992). Exactly which brain areas that are involved in the control of
such purposeful bimanual hand-object interactions is an important question to
address in future neuro-imaging studies.

4.2.5 Conclusions

Recent fMRI and PET studies have begun to explore the functional organization of
the brain areas controlling coordinated movements of different limbs. A principally
interesting observation is that simultaneous movements of two limbs are controlled
by the same areas that control the corresponding limbs when moved in isolation, i.e.,
there is no exclusive ‘coordination-center’, in the meaning of an area active only
during coordinated movements. Indeed, similar levels of activation are detected in
several areas (most notably the PMD, PMV and PO) when the subjects moved one
limb in isolation or two limbs simultaneously. When comparing movements of two
limbs performed in the different natural patterns of coordination, distinct brain
regions appeared to be particularly important for aspects of the temporal and spatial
coupling, respectively. While the anterior cerebellum (together with CMAc and the
precuneus) appears to be specifically involved in the synchronization of the hands
during synchronous tapping movements, and alternating movements engage bilateral
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fronto-parieto-temporal areas (including the bilateral PMV and the supramarginal
cortex), the SMA, CMAc and PMD appear to be especially important for the spatial
coordination of parallel bimanual movements. In addition, the medial cerebellum
(vermis) appears to be involved in the temporal coordination of the hands in a
polyrhythmic task. In summary, data from functional imaging experiments and
results form behavioral studies suggest partly different neural substrates for temporal
and spatial coordination of the limbs during voluntary movements in man.
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5 IMAGINED AND ILLUSORY LIMB MOVEMENTS
5.1 INTRODUCTION
In this chapter, I will describe experiments where the subjects do not produce any
movements and yet the motor areas are active. The first set of experiments addresses
the issue of how the brain represents the kinesthetic perception of limb movements.
Perception of limb movements does not necessarily require the actual movement of
limbs: a vibration stimuli (~80 Hz) applied to the skin over the tendon of a muscle
elicits a vivid illusion of a passive limb movement. As will be described, motor areas
are active when humans perceive such (illusory) limb movements. Secondly, it has
been known for some time that when subjects imagine that they are executing
voluntary movements, motor areas are activated (e.g., the SMA and PM) (for a
review, see Jeannerod and Decety 1995). I will describe an experiment that takes this
observation one step further by asking: When subjects imagine that they are making
voluntary movements of different body parts, does the pattern of activity in the
(somatotopical) motor areas change as a function of the body-part? The data that I
will present suggests that this is indeed the case. Taken together, the results from the
two lines of investigation presented in this chapter suggest that the motor areas play
an important role outside that of classical motor control, i.e., in the perception of and
in thinking about one’s own movements.

5.1.1 Kinesthetic illusions of limb movement
A sense of limb position is necessary for the control of movement. For example, in
order to grasp an object the brain must have a correct representation of the initial
posture and location of the hand and arm. Neuroscientists today denote this ability
individuals have to perceive and assess the configurations and movements of their
body parts ‘kinesthesia’ or ‘proprioception’ (terms that are used practically
synonymously). Sherrington used the term ‘proprioceptors’ for a set of
somatosensory afferents that convey information about the positions and movements
of the limbs and other body parts. It is the present consensus that the afferent signals
from the muscle spindles have a central role in the perception of limb configurations
(Goodwin et al. 1972a; Goodwin et al. 1972b; Burke et al. 1976; Burke et al. 1988;
Edin and Vallbo 1990), although cutaneous afferents appear to be involved as well
(Ferrell and Smith 1987; Edin and Johansson 1995; Collins and Prochazka 1996;
Edin 2001). The importance of the muscle spindles for proprioception is most
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illustratively demonstrated by the observation that illusory limb movements can be
elicited in most subjects when a vibration stimulus (~80 Hz) is applied on a tendon
(Goodwin et al. 1972a; Goodwin et al. 1972b). Further studies have provided clearcut evidence that muscle spindle afferents are involved in proprioception and motor
control (Capady and Cooke 1981; Roll and Vedel 1982; Rogers et al. 1985; Lackner
1988; Frederick et al. 1990; Macefield et al. 1990; Inglis et al. 1991; Cordo et al.
1995; Ribot-Ciscar and Roll 1998). Likewise, it is well established that areas 3a and
2 of the somatosensory cortex predominately receive kinesthetic inputs from the
muscle afferents in cats in monkeys (Philips et al. 1971; Rasmusson et al. 1979;
Iwamura et al. 1983; Pons et al. 1992; Iwamura et al. 1993). However, less is known
about how this information is used by other brain areas for the perception of limb
movements and in motor control. Classical single-cell studies in non-human primates
suggest that groups of neurons in the superior parietal lobe (area 5) are encoding the
limb configurations (Sakata et al. 1973; Hyvarinen 1981; Kalaska 1994b; Graziano et
al. 2000). Likewise it is a common view in neurological thinking that lesions in the
posterior parietal cortex result in impairment in “body schema” — a hypothesized
central representation of the configurations of the body parts for which
proprioceptive afferent signals are of great importance (Head and Holmes 1911;
Denes 1989; Benton and Sivan 1993). Furthermore, in the brains of non-human
primates neurons in the motor areas (M1, SMA, and CMA) are activated by passive
movements of limb (Lemon and Porter 1976; Fetz et al. 1980; Hummelsheim et al.
1988; Colebatch et al. 1990; Cadoret and Smith 1995); these areas are also activated
in humans during passive arm movements (Weiller et al. 1996; Krams et al. 1996)
together with somatosensory areas (Mima et al. 1999).
We have conducted PET and, more recently, fMRI experiments to examine the
functional organization of the central representations of the kinesthetic perception of
limb movements. We register the brain activity when healthy subjects experience
illusory limb movements elicited by vibrating different muscle tendons (the right
wrist and the left elbow). The physiological mechanism underlying illusory
movements generated by muscle vibration is the afferent input from the muscle
spindles (Burke et al. 1976; Roll and Vedel 1982; Roll et al. 1989). We hypothesized
that the S1 (area 3a and 2) and perhaps the posterior parietal cortex and the motor
areas (M1, SMA and CMA) would be activated when subjects perceived anillusory
limb movement. In the first PET experiment we vibrated the skin over the left biceps
tendon at 70 Hz with the control conditions being provided by vibrations to the
tendon at frequencies that did not elicit the illusion (10-20 Hz and 220 or 240 Hz;
Paper VIII). In the second PET experiment we produced the illusion by vibrating the
skin over the right wrist extensor muscles at 80 Hz; the control used was to apply the
vibrator to the skin beside the tendon (over the right ulnar bone) using an identical
frequency (80 Hz) (Paper IX). Finally, in an (on-going) and as yet unpublished
complementary study we used fMRI to scan three subjects whilst they were
experiencing illusory wrist movement from wrist tendon vibration.
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5.1.2 Motor imagery of movements of different body parts
Humans can imagine that they are performing a movement without actually
executing it. This cognitive state is called motor imagery and can be experienced by
most people (Feltz and Landers 1983; Jeannerod 1994b; Annett 1995). The essential
component of motor imagery is that the subject imagines himself to be executing the
action from the first person perspective. Examples of motor imagery are the
imagined movement of isolated limbs, the imagined movement of the whole body,
imagined manipulation and interaction with objects in one’s environment, and
imagining that one is walking. (Annett 1995; Jeannerod 1997). Motor imagery is
commonly used by sportsmen and musicians as a mental rehearsal to improve their
performance before a real competition or concert (e.g., Feltz and Landers 1983). The
capability of humans to imagine that they are executing actions might have been
important for the survival of our species: When we are about to do something
potentially dangerous and can not use a trial-and-error approach, imagery of the act
allows us to test different strategies ‘in our mind’ to help us come up with the best
plan for the actions.
How can this mental capacity to imagine actions be understood at the
neurophysiological level? When performing motor imagery, information related to
previous enactments is retrieved. These ‘motor memories’ are stored in the cerebral
cortex and probably in the cortical motor system (Roland 1993a). The influential
‘simulation hypothesis’ states that motor imagery of an action involves the
recruitment of the same motor processes (and the corresponding neural populations)
that are engaged when the movement is actually being executed. A strict
interpretation of this hypothesis is that ‘imagining a movement is the same thing as
actually performing it, except that execution is blocked’ (Jeannerod 1997)(page 119).
A looser concept is motor imagery is limited to the early stages of action
representations, but is way up-stream of the areas involved in the execution of
actions (Jeannerod 1997).
Consistent evidence from psychophysical and functional imaging experiments in
human subjects strongly suggests that motor imagery engages some of the same
neural substrates as are involved in the control of real movements (Jeannerod 1994b;
Jeannerod and Decety 1995; Jeannerod 1995; Decety 1996; Jeannerod and Frak
1999). Psychophysical experiments have shown that the time taken to mentally
rehearse and to execute a movement are similar (Decety et al. 1989; Jeannerod
1994b; Sirigue et al. 1996; Decety and Michel 1989), and that imagined movements
seem to obey the same ‘motor rules’ (e.g., speed-accuracy trade off) and
biomechanical constraints as real movements (Parsons 1987; Parsons 1994; Decety
and Jeannerod 1996; Sirigue et al. 1996; Parsons and Fox 1998; Frak et al. 2001).
Likewise, classical functional imaging studies have shown that motor related regions
are activated when human subjects imagine that they are making hand and finger
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movements (Ingvar and Philipson 1977; Rao et al. 1993; Roland et al. 1977; Roland
et al. 1980b). More recent PET and fMRI studies have shown that motor imagery of
various types of hand actions activate most areas associated with sensorimotor
control: the supplementary motor area (SMA), the cingulate motor areas (CMAs),
the premotor cortex (PMD and PMV), area 44/45, the intra-parietal cortex, the
supramarginal cortex, and the precuneus. (Jeannerod and Decety 1995; Stephan et al.
1995; Deiber et al. 1998; Lotze et al. 1999; Gerardin et al. 2000; Thobois et al. 2000;
Ruby and Decety 2001). The involvement of the primary motor cortex (M1) is less
consistent across studies: some investigators report increases in activity in M1 during
motor imagery (Leonardo et al. 1995; Sabbah et al. 1995; Porro et al. 1996; Roth et
al. 1996; Lotze et al. 1999) while others failed to detect significant effects (Decety et
al. 1994; Stephan et al. 1995; Deiber et al. 1998; Gerardin et al. 2000; Ruby and
Decety 2001).
As described in Paper X, we conducted an experiment to examine the relationship
between pattern of activity in the motor areas and the contents of the motor images
being imagined. If motor imagery engages the same motor control processes as real
movements, one would expect a rather tight coupling between the cortical activity
and the type of movement being imagined, as is the case for real movements where
factors such as the body part (somatotopy), force, velocity and amplitude of the
movements are correlated with the neural activity (Grafton et al. 1991; Dettmers et
al. 1995; Jenkins et al. 1997; Turner et al. 1998; Rijntjes et al. 1999a). Thus we used
fMRI to examine the relationship between motor imagery of movements of different
body-parts and brain activity. We reasoned that if the imagery of a particular
movement engages the neural populations that control overt movements, motor
imagery of voluntary movements of various body parts should engage different
somatotopical parts of the human motor cortices in a similar (or in the same) way as
movement execution does. Earlier somatotopical mapping studies of overt
movements have shown a clear somatotopy in the M1, and a coarse somatotopical
organization in the PM and SMA (see e.g., Grafton et al. 1991; Fink et al. 1997;
Rijntjes et al. 1999a; Ehrsson et al. 2000; Hanakawa et al. 2001). To address this
issue, we used fMRI and asked a single group of subjects to imagine that they were
performing simple repetitive movements of their fingers, toes and tongue, and to
execute these actions as separate tasks.

5.2 RESULTS AND DISCUSSION
5.2.1 Kinesthetic illusions of limb movement
In Paper VIII we vibrated the left biceps tendon at 70 or 80 Hz (the illusion
condition) and in the control conditions we vibrated the identical spot on the skin at
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frequencies that did not elicit the illusion, namely at 10 Hz and 220 Hz or 240 Hz.
All subjects experienced a vivid illusion of an arm extension when the tendon was
vibrated at 70 or 80 Hz without any overt movement of the arm or surface-EMG
activity. When we contrasted the illusion condition with the control conditions,
revealing the effect related to the kinesthetic illusion, activation were detected in the
M1/S1 cortex, the SMA and the CMAc (see Figure 13A, B). The M1/S1 activation
mostly engaged the anterior bank of the sulcus (it was found to overlap mainly with
area 4a, although active voxels were located in 4p, 3b and 1 as well; see Paper VIII
for details). To rule out the eventuality that these activations did not in fact
correspond to the kinesthetic illusion, but rather to a different afferent input from the
skin mechanoreceptors in the illusion (70-80 Hz) and the control conditions (10 Hz
and 220-240 Hz, respectively), we conducted a second experiment. In this
experiment (described in Paper IX), we vibrated the skin over the right wrist flexors
at 83 Hz (the illusion condition) and as a control condition we vibrated the skin
surface beside the tendon at the same frequency (83 Hz), which does not elicit any
illusion. However, the results were the same: the M1/S1 cortex (with marked
activation of the precentral gyrus) and the SMA/CMAc showed stronger activity in
the condition where the subjects experienced the illusory movement than in the
condition where they had their skin vibrated but did not experience the illusion. In
addition, the result from this second experiment allowed us to conclude that
experiencing kinesthetic illusions systematically engages contralateral sensorimotor
areas because when we vibrated the right wrist tendon, left-sided motor areas were
active while vibration of the left biceps tendon recruited areas in the right
hemisphere. Having conducted these studies there were two questions that motivated
additional experiments. Firstly, although both PET experiments showed clusters of
active voxels that overlapped M1 and SI, we wanted to use fMRI to analyze the
activation maps from single subjects to further verify the engagement of M1.
Secondly, in the PET studies we were not able to detect reliable activation of area 3a,
which we interpreted to be attributable to methodological factors: the location of area
3a is variable across individuals (Roland et al. 1997) and it has a small volume,
meaning that it could be difficult to detect in a group analysis (where the data is
pooled across the subjects). Thus we wanted to use fMRI to inspect the activation
maps from individual subjects to better determine whether area 3a is active during
kinesthetic illusions. We have analyzed the data from three subjects where we
contrasted a condition with right wrist tendon vibration (~80 Hz) with a condition
where we vibrated the skin over the ulnar bone at the same frequency. In all three
subjects we found conspicuous activations in the bottom of the central sulcus
corresponding to the likely location of area 3a (see Figure 13E, F; the cluster also
appeared to overlapp with the tentative locations of area 3b and 4p). In addition, we
detected activation in the precentral gyrus (close to the ‘hand-knob’; Figure 13C), the
SMA and the CMAc (also the CMAr) in all three subjects (see Figure 13D). Thus
these preliminary fMRI findings corroborate our PET findings that M1, the SMA and
the CMAc are recruited when kinesthetic illusions elicited by tendon vibration are

56

IMAGINED AND ILLUSORY LIMB MOVEMENTS

experienced and, furthermore, they provide preliminary evidence that the human area
3a is also active.

Figure 13. Activation of M1 (A, C), S1 (A, E, F), SMA and CMAc (B, D) when subjects
experience kinesthetic illusions (Papers VIII, IX and unpublished observations). A and B
shows the main result from our first PET study (Paper VIII) and C - F shows the fMRI
activation maps obtained from individual subjects (Naito and Ehrsson, unpublished
observations; C-E corresponds to the same subject and F from another individual). Finally
E and F displays fMRI data from two individual subjects demonstrating an activation of
the cortex of the fundus of the central sulcus corresponding to the classical location of area
3a (parts of tentative area 3b also appears to be engaged). In the PET study we vibrated
the left bicepts tendon at a frequency of 70 Hz (for the details about the PET study see
Paper VIII); in the fMRI experiment we compared a condition with vibration of the right
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wrist flexor muscle (at ~80 Hz) with a condition where we vibrated the skin beside the
muscle tendon at the identical frequency which does not elicit the illusion. Note that the
PET data are displayed in the radiological convention (left is right; A, B) while the fMRI
data is represented in the neurological convention (left is left; C-F). The arrows point to
the relevant areas discussed in the text. (Scanning protocols and image analysis ised in the fMRI
experiments: The fMRI was conducted on a 1.5 T GE Signa scanner; the imaging parameters were:
TE=60 ms, TR = 4000 ms; matrix = 64 × 64; voxel size = 3.44 × 3.44 × 5 mm3; number of slices per
volume = 30; we collected 128 volumes in each run; three runs were performed in three subjects. The
conditions were performed in periods of 40 seconds; a classical block design was adopted. SPM99 was
used to analyze the functional images: realignment and normalization was performed; the voxels were
re-sampled to 3×3×3 mm voxels and a spatial Gaussian smoothing kernel was applied (6 mm FWHM).
We used a t-value of 3.09 and an extent threshold of 5 voxels. We detected peaks of activation located
in M1, SMA, CMAc, and tentative 3a that corresponded to p<0.05 or better after a correction for the
number of multiple comparisons).

The strong activation of motor areas when humans perceive illusory passive arm
movements, together with the lack of activation in the posterior parietal cortex was
unexpected. This finding suggests that the motor areas are involved in the perception
of limb movements as well as in the execution and programming of actions. If this is
so, one might wonder whether the motor areas are active during other conditions
where humans experience changes in the limb configurations such as actual passive
movements. Indeed, Weiller (1996) showed that the SMA, the sensorimotor cortex
and the inferior parietal cortex were active when the experimenter flexed and
extended the elbows of the relaxed subjects and compared this condition to a rest
condition. In non-human primates, passive movements of the limbs activate neurons
in M1, the SMA and the CMA (Lemon et al. 1976; Lemon 1981; Hummelsheim et
al. 1988; Cadoret and Smith 1995). Furthermore, M1 is one of the cortical targets for
muscle spindle afferents in monkeys (Colebatch et al. 1990). Passive movements
activate receptors in joints, receptors in the skin responding to skin stretch and touch,
and muscle spindles, as demonstrated by human microneurographical studies (Vallbo
1974; Burke et al. 1988; Edin and Vallbo 1988; Edin and Vallbo 1990; Edin and
Abbs 1991; Edin 1992; Edin and Johansson 1995; Vallbo 1995). Muscle vibration
excites muscle spindle afferents and skin mechanoreceptors making tendon vibration
a more specific kinesthetic stimulus than passive movement.
How do the afferent signals form the muscle spindles reach the motor areas? There
is evidence that areas 3a and 2 predominantly receive kinesthetic inputs from muscle
spindle afferents and joint afferents in cats and monkeys. Area 3a has major
connections to M1, the SMA and the CMA (Huerta and Pons 1990; Stepniewska et
al. 1993; Darian-Smith et al. 1993). Although we were not able to detect 3a
activation in the PET studies, the preliminary analysis of the fMRI data on individual
subjects revealed active voxels located in the fundus of the central sulcus,
corresponding to the typical location of area 3a in humans (Geyer et al. 1999). Thus
muscle signals could reach the motor areas via cortico-cortical connections from area
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3a. It is also possible that the motor cortical activation is the result of direct muscle
afferent input from the thalamic nuclei which project to M1 (area 4a), the PMD, the
SMA and the CMA (Lemon 1979; Asanuma et al. 1980; Schell and Strick 1984;
Brinkman et al. 1985; Huerta and Pons 1990; Holsapple et al. 1991). We do not have
any direct support for this possibility because of the lack of consistent significant
activation of the thalamus when the subjects experienced the kinesthetic illusions.

5.2.1.1 Concluding remarks and a look ahead
Our results show that M1, the SMA and the CMAc are active when humans
experience kinesthetic illusions, which demonstrates that these motor areas
participate in the central processing of kinesthetic signals. A functional organization
where the same brain areas that formulate motor commands for limb movement also
represent kinesthetic information could facilitate continuos comparisons between the
planned movements and feed-back signals from the skeletomuscular apparatus which
is thought to be an important aspect of motor control (Sperry 1950; Von Holst and
Mittelstaedt 1950; Wolpert 1997; Jordan and Wolpert 1999). An important question
for future studies is to determine whether the motor cortical activation that occur
during kinesthetic illusions reflect the conscious perception of the limb movement or
unconscious processing of kinesthetic signals related to somatosensory feedback for
motor control. To settle this issue studies are needed where one dissociates the
effects of the conscious perception of a limb movement from the effects related to
afferent kinesthetic signals. We are currently conducting such an fMRI study. In this
experiment the subjects hold their hands in contact (palm-to-palm) and we vibrate
the muscle tendon of the left hand only. This causes a kinesthetic illusion of
movement of both hands (Lackner 1988). By comparing this condition to a condition
where the hands are separated, and left-sided vibration only causes an illusory
movement of the left hand, it is possible to detect functional activations specifically
associated with the perception of the movement of the non-vibrated right hand (we
also have additional control conditions that eliminate the effects of the different hand
positions). Thus this paradigm could reveal neural activity in the motor areas
reflecting the perception of a limb movement per se.

5.2.2 Motor imagery of movements of different body parts
In considering the fMRI study on motor imagery, I will start by briefly summarizing
the design of the experiment (Paper X). There were three motor imagery conditions,
three conditions where the subjects executed movements and a rest condition. For the
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movement execution conditions, the subjects made repetitive brisk flexion-extension
movements of their right fingers and right toes, or horizontal movements of their
tongue (inside the mouth). All movements were paced by an auditory metronome
(with a frequency of 1 Hz) and the subjects were told to make one brisk
flexion/extension/horizontal movement every time they heard the sound of the
metronome. For the three motor imagery conditions the subjects were instructed to
imagine that they were executing brisk alternating flexion/extension movements of
the fingers and toes, or horizontal movements of the tongue. The metronome paced
the subjects who were instructed to imagine that they were making the movements in
time with the sound (at a frequency of 1 Hz).

Figure 14. Brain activation when subjects are imagining that they move the right fingers,
toes and tongue (paper X). A – C displays the body-part specific activations. Yellow –
imagery of toe movements (imagine toe – imagine fingers + imagine toe – imagine
tongue), Red – imagery of finger movements (imagine fingers – imagine toes + imagine
fingers – imagine tongue) and Blue – imagine tongue movements (imagine tongue –
imagine fingers + imagine tongue – imagine toes). D - F shows brain areas that were
commonly active when subjects imagined that they generated the movements of the three
body parts (conjunction analysis in SPM99). All activations shown correspond to p<0.05
or better after a correction for the number of multiple comparisons. See Paper X for
details.

The main finding was that which part of the body it was that the subjects had
imagined they moved had a clear impact on the pattern of cortical activity.
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Specifically, imagining movements of different body parts activated some of the
corresponding gross somatotopical zones of the frontal motor areas. The sections of
the posterior part of the SMA and the M1 (on the medial wall) that were associated
with toe movements were especially active during the imagery of toe movements, a
finger-related zone located in the CMAc (also encompassing the most ventral part of
the SMA) was more active during the imagery of finger movements than the imagery
of the other body parts and, finally, the tongue-related regions of the lateral premotor
cortex and M1 were specifically activated whilst imagining making tongue
movements. The location of the somatotopical functional areas activated during
imagery and the execution of the finger, toe and tongue movements corresponded
well to the crude somatotopical organization of the non-primary motor areas
described in previous human studies (Penfield 1951; Penfield and Rasmussen 1952;
Woolsey et al. 1952; Talaraich and Bancaud 1966; Fried et al. 1991; Tyszka et al.
1994; Picard and Strick 1996; Fink et al. 1997; Deiber et al. 1999; Rijntjes et al.
1999a; Ehrsson et al. 2000; Fox et al. 2001).
By directly contrasting the MR signals detected in the different imagery conditions,
effects related to the general cognitive processes associated with the mental image
generation were eliminated, thereby revealing neural activity specifically reflecting
the body part in the motor image. As described above, motor imagery of a specific
body part engaged the large neural populations in the somatotopically organized
sections of the motor cortices. These activations could reflect the recruitment of
effector-dependent motor programs consistent with the simulation hypothesis of
motor imagery. Further, considering that, by definition, mental imagery is a
conscious process, the somatotopical motor activations could reflect a neural
correlate of becoming consciously aware of one’s own motor representations. Thus,
these activations could reflect consciously controlled (top-down) activation of the
relevant motor representations by attentional mechanisms. (see further discussion in
the text below). This latter interpretation is consistent with the strong activation of
the dorsolateral prefrontal cortex during the motor imagery conditions (this area is
associated with ‘attention to action’; Passingham 1996b).
5.2.2.1 Does the M1 play an important role in motor imagery?

We found significant activations located clearly in the toe and tongue sections of the
primary sensory and motor cortex during the motor imagery involving the toe and
tongue respectively. However, we did not detect any reliable M1 activation in the
cortices lining the central sulcus when the subjects were imagining that they were
moving their fingers. I have to admit that we were surprised by the differential
engagement of M1 for motor imagery of the different body-parts. However, earlier
imaging studies have also shown an inconsistent engagement of the M1/S1 cortex
when performing motor imagery, and those studies that do report M1 activity during
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imagined hand actions report that the effects are small (Leonardo et al. 1995; Sabbah
et al. 1995; Porro et al. 1996; Roth et al. 1996; Lotze et al. 1999). One possible factor
that could explain why M1 is active in some imagery tasks and not in others is the
complexity of the movements. In our study (Paper X), as well as in the recent 3T
fMRI study of Gerardin and colleges (2000), the subject imagined simple repetitive
movements of the digits (flexion/extension movements of the fingers and
opening/closure of the fist, respectively) while studies reporting M1 activation have
used more complex movements such as sequential thumb-finger oppositions
(Leonardo et al. 1995; Sabbah et al. 1995; Porro et al. 1996; Roth et al. 1996).
Indeed, it has been shown that the level of motor cortical activity, is augmented when
complex (sequential) finger movements are executed as compared to more simple
finger sequences (Sadato et al. 1996a; Boecker et al. 1998), also in M1 (Shibasaki et
al. 1993; Gerloff et al. 1998). Similarly, the toes and tongue are more rarely used in
everyday tasks to produce discrete voluntary movements than the fingers (which are
used in, e.g., writing and fine manipulation). Thus, from a motor control perspective,
it is possible that motor imagery of the toe and tongue movements at the same pace
(1 Hz) as the finger movements might be more demanding. Thus, we speculate that
the simplicity of the finger movements in our study could explain the low levels of
motor cortical activation specifically associated with motor imagery of this action.

5.2.2.2 Possible implications for the study of the neural correlates of conscious
thinking
The study under examination here suggest that the content of the motor imagery —
in this case the body-part — can be revealed in the pattern of cortical activity. Motor
imagery is by definition conscious thinking (although it might involve subconscious,
‘implicit’ processes). Thus one might be justified in wondering whether our results
provide a glimpse of the correlation between conscious mental states and brain
activity. As pointed out by David Chalmers (2001), an important part of the study of
the neural correlates of consciousness is to the establish robust correlations between
the contents of mental states and activity of neuronal representation systems. In this
respect it is interesting to note that, in the present study, the content of mental images
as experienced by the subjects from the first-person perspective correlates with
increases in activity in distinct populations of neurons in the cortical motor areas that
represent the corresponding movements. Similar correlations between the content of
mental images and the activation of specific neural representations has been
described in the visual system, where several studies have shown relationships
between the type of imagined visual stimuli and the activation of the corresponding
visual areas (Kosslyn et al. 1995; Kosslyn et al. 1998; O'Craven and Kanwisher
2001). However, it would be premature to conclude that the activations located in the
motor and visual areas during motor imagery and visual imagery, respectively,
reflect neural processes that directly support the conscious experience of the mental
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images. Indeed, it is possible that the activity in these areas during imagery reflects
subliminal processes corresponding to low-level computations related to the
construction of the visual images or the internal representation of the actions and that
the conscious experience is the result of neural processes in other brain regions.

5.2.2.3 Concluding remarks and future perspectives

Previous brain imaging studies have shown that the human ability to consciously
imagine actions before or without executing them depends on the frontal motor
areas. We have presented data that further strengthen this view by demonstrating that
the functional activations of these areas correlate with the type of movement that it is
being imagined is being performed, i.e., the body-part. To gain a more complete
understanding of the relationship between the pattern of activity in the motor areas
and motor imagery our study needs to be followed by studies examining the
correlations between brain activity and the frequency, amplitude and forcefulness of
the imagined movements. It is our prediction that these correlations will be similar to
those described in PET studies for real movement tasks (Dettmers et al. 1995; Sadato
et al. 1996b; Jenkins et al. 1997; Turner et al. 1998). The establishment of such
correlation would indeed strongly support the ‘simulation hypothesis’ of motor
imagery.
A final point that deserves a comment is the observation that commonly active
motor areas (the CMAc and the SMA) are recruited when humans experience
illusory upper limb movements and when they imagine that they are executing
movements of the same limb. This raises the question of whether the motor
activations during imagery could reflect the recruitment of kinesthetic
representations. Future studies should address this issue by directly comparing
conditions in which subjects imagine passive and active movements. By adopting
this approach the relative contribution of kinesthetic (passive) and voluntary (active)
aspects of motor imagery on the motor cortical activations should be able to be
determined.
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ABSTRACT
Humans have unique abilities to perform certain types of skilled voluntary movements.
In this thesis we examine the neural substrates of: (i) fine digit actions, in particular the
control of fingertip forces during manipulation, and (ii) the coordination of voluntary
movements of different limbs. In addition, (iii) we investigate the neural correlates of
the kinesthetic perception and imagery of limb movement. Functional magnetic
resonance imaging and positron emission tomography were used to measure the blood
oxygenation level dependent contrast and regional cerebral blood flow as indexes of
neuronal activity.
(i) We investigated the active cortical areas associated with the control of
finegrtip forces and production of hand postures with independent movements of the
digits. In the fingertip force experiments the subjects used the right index finger and
thumb to apply forces to a fixed object. These precision grip tasks consistently activated
a set of bilateral fronto-parietal areas including the primary motor cortex (M1), the nonprimary motor areas and the posterior parietal cortex (PPC). It was found that the
control of small grip forces during precision grips is more dependent on non-primary
fronto-parietal areas than when the force is excessively large or when a power grip is
used between all digits and the palm. Specifically, we show that the bilateral ventral
premotor cortex, area 44, supramarginal cortex and the right intraparietal cortex (IPS)
are involved in the control of small precision grip forces. Furthermore, areas in the left
PPC are involved in the control of lift forces for object displacement whereas the right
posterior IPS might support the coordination of grip-lift forces during precision grips.
Further, we show that M1 is particularly active during forceful gripping, but also so
when holding an object close to the slip point requiring very precise force control. The
SMA, CMA and left supramarginal cortex are also active in this latter task. We also
demonstrate that the control of independent movements of the digits during the
production of hand postures involves the SMA, the bilateral dorsal premotor cortex,
postcentral cortex, cerebellum, and the left anterior IPS. In summary, we conclude that
fine digit actions in humans depend on a network of bilateral fronto-parietal areas that
are active in a task-dependent manner.
(ii) The brain regions controlling coordinated movements of limbs were
examined. A main conclusion is that coordinated movements of two limbs are
controlled by the areas that control isolated movements of the same limbs. In addition,
we show that two natural patterns of bimanual temporal coordination are supported by
distinct regions: the left anterior cerebellar lobe (and caudal CMA and precuneus) is
associated with synchronous finger tapping, whilst alternating finger tapping strongly
engages bilateral fronto-parieto-temporal areas. Furthermore, the medial cerebellum is
strongly activated in polyrhythmic tasks. These results are discussed in relation to the
hypothesis that different brain regions support temporal and spatial inter-limb
coordination.
(iii) The neural correlates of the kinesthetic perception and imagery of limb
movement were examined. We show that when subjects experience an illusory limb
movement elicited by vibration stimuli (~80 Hz) applied to the skin over the tendon of a
muscle, the contralateral M1, S1, SMA, and CMA are active. Likewise, when subjects
imagine that they are executing movements of their fingers, toes and tongue, some of
the corresponding gross somatotopical zones of the frontal motor areas are recruited.
Thus the frontal motor areas are involved in the kinesthetic perception and imagery of
limb movement, in addition to the execution of action.
Keywords: brain, manual dexterity, inter-limb coordination, kinesthesia, motor imagery

ISBN 91628-4938-7
ii

Cortical Activity in Precision- Versus Power-Grip Tasks:
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Ehrsson, H. Henrik, Anders Fagergren, Tomas Jonsson, Göran
Westling, Roland S. Johansson, and Hans Forssberg. Cortical
activity in precision- versus power-grip tasks: an fMRI study. J.
Neurophysiol. 83: 528 –536, 2000. Most manual grips can be divided
in precision and power grips on the basis of phylogenetic and functional considerations. We used functional magnetic resonance imaging to compare human brain activity during force production by the
right hand when subjects used a precision grip and a power grip.
During the precision-grip task, subjects applied fine grip forces between the tips of the index finger and the thumb. During the powergrip task, subjects squeezed a cylindrical object using all digits in a
palmar opposition grasp. The activity recorded in the primary sensory
and motor cortex contralateral to the operating hand was higher when
the power grip was applied than when subjects applied force with a
precision grip. In contrast, the activity in the ipsilateral ventral premotor area, the rostral cingulate motor area, and at several locations in
the posterior parietal and prefrontal cortices was stronger while making the precision grip than during the power grip. The power grip was
associated predominately with contralateral left-sided activity,
whereas the precision-grip task involved extensive activations in both
hemispheres. Thus our findings indicate that in addition to the primary
motor cortex, premotor and parietal areas are important for control of
fingertip forces during precision grip. Moreover, the ipsilateral hemisphere appears to be strongly engaged in the control of precision-grip
tasks performed with the right hand.

INTRODUCTION

Napier (1956) divided handgrips into precision and power
grips from a functional and a phylogenetic perspective. The
power grip is a palmar opposition grasp in which all digits are
flexed around the object to provide high stability. The precision
grip has developed in primates for the manipulation of small
objects with the tips of the thumb and fingers. It requires for
stability independent finger movements that involve fine control of the directions and magnitudes of fingertip forces (Flanagan et al. 1999; Johansson 1996).
In nonhuman primates, the primary motor cortex (M1) plays
a fundamental role in the execution of skilled manipulatory
tasks, especially those that involve a precision grip (Kuypers
1981; Porter and Lemon 1993). Lesions of the pyramidal tract
abolish independent finger movements while the capacity to
flex all fingers together remains (Lawrence and Kuypers 1968).
The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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Interestingly, subpopulations of neurons in M1 that project to
motoneurons that innervate hand muscles are active while
conducting a precision grip but not during power grip although
their target muscles may be activated in either grasp (Muir and
Lemon 1983). As such, this indicates that the control of fingertip actions with a precision grip engages neural circuits that
are different to those engaged during the phylogenetically older
power grip. However, results from neuroimaging studies in
humans have shown that M1 is active during many types of
voluntary hand movement (Roland and Zilles 1996). Furthermore the M1, the supplementary motor area (SMA) and the
premotor area (PM) are all active while making individual
finger movements and when opening and closing the whole
hand (Colbatch et al. 1991). However, in none of these brainimaging studies has the task of the subjects been to grasp real
objects using different grip configurations. Here we explore the
possibility that healthy human subjects engage different cortical areas when they apply forces under practically isometric
conditions using a precision grip between index finger and
thumb and during a power grip that engages all digits. We use
functional magnetic resonance imaging (fMRI) to measure
brain activity. By contrasting the activity recorded during the
two tasks, we attempted to localize those regions of the brain
that were involved selectively in one grasp configuration or the
other. Preliminary results from this study have been reported
(Ehrsson et al. 1998).
METHODS

Subjects
Five healthy male subjects (21–27 yr) participated in the study. All
subjects were right-handed (Oldfield 1971) and had given their informed consent. The Ethical Committee of the Karolinska Hospital
had approved the study.

Tasks
The subjects performed two different grip tasks with the right hand
and two matching rest tasks. The grip tasks involved the production of
force under almost isometric conditions. During the tasks, the subjects
rested comfortably in a supine position in the MR scanner. The
extended right arm was oriented parallel to the trunk in a relaxed
position. We used appropriate supports to minimize movements of the
arm and hand during the force production. The room was dark and the
subjects kept their eyes closed. The subjects wore headphones to
reduce the noise from the scanner and to present auditory cues.
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To perform the precision-grip task, the subjects used the tips of the
thumb and the index finger to grasp a nonmagnetic instrumented
handle with vertical flat parallel contact surfaces spaced 30 mm apart
(Fig. 1A). The handle was connected by a beam to a force motor (not
shown). We used a nonmagnetic optic transducer system to record the
grip force (the force applied perpendicular to the contact surfaces).
The data were stored and analyzed using the SC/ZOOM data-acquisition system (Department of Physiology, University of Umeå). The
subjects changed the grip force cyclically, being paced by a metronome that generated click sounds at 0.67 Hz through the headphones.
When they squeezed the handle, at a target force of 2 N, they received
a weak tactile cue through the handle. This was a brief force pulse
delivered tangential to the contact surfaces (10-ms duration and ⬍0.5
N peak force). The subjects then held the force until the click sound,
which indicated that they should relax the grip and then squeeze the
handle again. Figure 1C illustrates the resultant grip force profile
together with the occurrence of the auditory and tactile cues; note the
plateaus in the force during each grip cycle. For the matching rest
condition, the subjects held the thumb and index finger in weak
contact with the grip surface while they received tactile pulses as they
had during the precision-grip task (Fig. 1D). The pulses were delivered at 0.67 Hz, and again the subjects heard the metronome sound
(0.67 Hz) through the headphones. In this task, the subjects applied
virtually no force to the handle.
During the power-grip task, the subjects clenched a cylindrical
plastic-tube in a palmar opposition grasp that engaged all digits (Fig.
1B). Paced by the metronome, they generated a time-varying grip
force like that applied for the precision-grip task, but the overall force
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output was much higher. The diameter of the vertically oriented tube
was 40 mm, and it had a 10-mm longitudinal gap. When the overall
grip force reached some 20 N, the edges of this gap closed. This
provided a mechanical cue for the target force. This mechanical event
resembled the tactile cue received by the subjects when performing
the precision-grip task. During the matching rest condition, the subject
held the cylinder in the palm without applying a noticeable force and
heard the metronome sound through the headphones.
Before the scanning commenced, the subjects practiced the grip
tasks until they produced the requested time-varying grip forces.
During the precision-grip task, we recorded the grip force during the
scanning by the nonmagnetic transducer system. Technical limitations
meant that the force could not be recorded during the power-grip task
in the MR environment. Instead, the experimenter followed the performance of the subjects by visual inspection.
After the scanning, we measured the grip force during maximal
voluntary contraction (MVC) as subjects grasped a standard dynamometer (cylindrical handle, 30 mm diam) with a precision or a
power grip. We also recorded surface electromyograms (EMGs;
Myo115-electods with in-built 2,000 ⫻ preamplifiers, Liberty Technology, Hopkinton, MA) in four subjects while they performed the
precision- and power-grip tasks outside the MR scanner. We recorded
from the right first dorsal interosseous (1DI), abductor pollicis brevis
(AbPB), flexor digitorum superficialis, biceps-brachii, and deltoid
muscles. We also recorded from the left 1DI and AbPB to check for
possible nonvoluntary synergistic movements of the nonoperating
hand. The electromyographic signals were sampled, stored and analyzed (root-mean-squared value) off-line on a portable PC using the
Visual Designer and ZOOM software packages.

Brain imaging

FIG. 1. Precision-grip task (A), the power-grip task (B), the grip force
generated during the precision grip task by a single subject (C), and the
matching rest condition (D). To perform the precision- and power-grip tasks,
the subjects had to generate the same pattern of time variant grip force. Grip
force changed rhythmically. Force plateau followed by a brief period of
relaxation characterized each cycle. Click sound of a metronome (0.67 Hz)
paced the relaxation phases, and a tactile pulse delivered through the object
provided a cue for the target force (2 N in the precision-grip task and 20 N in
the power-grip task). During the matching rest conditions, the subjects relaxed,
and the digits were kept in weak contact with the grip surface. In the reference
condition for the precision grip, the subjects heard the metronome and received
the tactile pulses, and in the reference condition for power grip, they heard the
metronome. For details, see METHODS.

fMRI was conducted on a clinical 1.5 T scanner (Signa Horizon
Echospeed, General Electric Medical Systems) equipped with a head
coil. We collected gradient-echo, echo-planar (EPI) T2*-weighted
image volumes with blood oxygenation level-dependent (BOLD) contrast (Kwong et al. 1992; Ogawa et al. 1992). [The parameters were:
echo time (TE) ⫽ 50 ms; field of view (FOV) ⫽ 22 cm; matrix size ⫽
64 ⫻ 64; pixel size ⫽ 3.4 mm by 3.4 mm; flip angle ⫽ 90°]. Twenty
contiguous axial slices of 3.4-mm thickness were collected in each
volume. We selected slices from the dorsal surface of the brain to
cover the frontal and parietal lobes. The cerebellum and part of the
basal ganglia were outside the field of view. A plastic bite bar
restricted head movements. A high-resolution, three-dimensional gradient echo T1-weighted anatomic image volume of the whole brain
was collected [3D-SPGR, echo time (TE) ⫽ 13 ms; field of view
(FOV) ⫽ 24 cm; matrix size 128 ⫻ 256; 124 2-mm coronal slices; flip
angle ⫽ 10°; 2 NEX].
Functional-image volumes were collected in separate runs, each of
which either included the precision-grip task and the matching rest
condition or the power-grip task and the matching rest condition.
These runs were conducted in alternate order to reduce possible time
effects. During each run, functional-image volumes were acquired
continuously every 5,000 ms (TR ⫽ 5s) while the subjects performed
the different tasks; for each run, a total of 104 volumes was collected
(a time series). The tasks were performed in epochs that lasted 25 s (5
volumes being collected in this time), and the epochs of movement
(precision-grip task or power-grip task) were alternated with the
epochs of the matching rest condition. To allow for T1 equilibration
effects, we started each run by recording four “dummy” volumes that
we subsequently discarded. A total number of 954 volumes were
collected for each participant; 780 were used in the analysis (some
data were not used for technical reasons). Each task consisted of an
equal number of image-volumes.
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Data analysis and image processing
We used SPM-96 to analyze the functional images (Friston et al.
http//:www.fil.ion.ucl.ac.uk/spm). The volumes were realigned,
coregistered to each individual’s anatomic T1-weighted image
(3D-SPGR), and normalized to the stereotactic space of Talaraich
and Tournoux (Friston et al. 1995a; Talaraich and Tournoux 1988).
The time series were smoothed spatially with an isotropic Gaussian
filter of 8 mm full width at half-maximum, and temporally
smoothed with a Gaussian kernel of width 2.83 s. We estimated the
task-specific effects using the general linear model (GLM) with a
delayed boxcar wave form (Friston et al. 1995b; Worsey and
Friston 1995). Each of the time series was modeled with regressors
for the tasks and the mean value using the standard model implemented in SPM-96. The significance of the effects was assessed
using Z statistics for every voxel from the brain, and these sets of
Z values were used to create statistical parametric maps (SPMs). A
high-pass filter was used to remove low-frequency drifts and
fluctuations of the signal (Holms et al. 1997), and proportional
scaling was applied to remove global changes in the signal. To
disclose activity that was robust across subjects and to increase the
sensitivity of the analysis, we analyzed time series from the five
subjects as a group. Linear contrasts between the different tasks
were used to create SPMs, and these were arbitrarily thresholded at
a Z value of 3.09. From these SPMs we report peaks (local
maxima) of activity which, when corrected for multiple comparisons for the whole brain volume, corresponded to P ⬍ 0.05 on the
basis on a test of peak height (Friston et al. 1995b). We also
confirmed the consistency of the activity by examining statistical
contrasts for individual subjects. The precision- and power-grip
tasks were compared with the matching rest tasks with the contrasts (precision-grip—matching rest) and (power-grip—matching
rest). Because the precision- and power-grip tasks were acquired in
different runs (and the contrasts should have weights which sum
to 0 over the task effects within each run), we compared the grip
tasks with the two contrasts: [(precision-grip task—matching
rest) ⫺ (power-grip task—matching rest)] and [(power-grip task—
matching rest) ⫺ (precision-grip task—matching rest)], respectively.
In the present analysis, we compared data acquired in different
runs, this might be inappropriate if the data had been collected under
nonstationary conditions. However, there was no reason to believe
that this was a problem because there was no obvious variability
among corresponding runs in the manner in which subjects performed
the task, because the different runs were conducted alternately to
reduce any eventual time effects, because we modeled each time
series as a regressor in the GLM remove variability between series,
because we found similar activity for a given task when examining the
equivalent series separately, and finally because we found no relevant
task-by-series interactions when we contrasted the same tasks using
subsets of time series.
Anatomic localizations of the activated regions were determined
from an average image made from normalized (and intensity standardized) T2*-weighted images form each of the five subjects. In this
average image, most of the major gyrus and sulci were clearly
identifiable. We use the terminology of Roland and Zilles (1996) for
the cortical motor areas with the exception of the cortex in the depth
of the central sulcus, which we termed SMC (primary sensori-motor
cortex).
RESULTS

General task performance
The performance during the precision-grip task was consistent across the force cycles, and subjects generated the requested grip force profiles in ⬎99% of the cycles. The mean

grip force during the plateau phases was 3.61 ⫾ 1.06 N
(mean ⫾ SD for data pooled across subjects). During the
power-grip task, we observed no errors that indicated that the
performance deviated from the requested pattern of force generation.
The mean grip-force across subjects during MVC was 80 N
(range: 62–96 N) for the precision grip and 416 N (range:
355– 456 N) for the power grip. Thus the mean grip force in the
precision-grip task corresponded to 4.5% of that of the MVC,
and the target force in the power-grip task (20 N) corresponded
to 4.8% of that of the MVC.
The surface EMG of the right 1DI, AbPB, and flexor
TABLE

1.

Activations associated with the grip tasks
Talaraich Coordinates
(MNI Template)

Anatomic Location
Precision-grip task minus
matching rest condition
Superior frontal gyrus (SMA)
L. central sulcus (SMC, MI/SI)
L. precentral gyrus (PMD)
Superior frontal gyrus (SMA)
L. precentral gyrus (PMV)
L. lateral parietal operculum
L. thalamus
L. postcentral sulcus
L. inferior frontal gyrus
L. angular gyrus
R. intraparietal sulcus
R. intraparietal sulcus
R. inferior precentral sulcus
(PMV)
R. middle frontal sulcus
R. inferior precentral sulcus
(PMV)
R. supramarginal gyrus
R. supramarginal gyrus
R. supramarginal gyrus
R. inferior precentral sulcus
(PMV)
R. precentral gyrus (PMD)
R. inferior frontal sulcus
R. superior precentral sulcus
(PMD)
R. anterior insula
R. middle frontal gyrus
R. middle frontal gyrus
R. supramarginal gyrus
R. superior parietal gyrus
Power-grip task minus matching
rest condition
L. post central gyrus (SMC, SI)
L. central sulcus, upper anterior
bank (SMC, M1/PMD)
Superior frontal gyrus (SMA)
L. lateral parietal operculum
Superior frontal gyrus (SMA)
L. thalamus
Cingulate sulcus (CMAc)
L. precentral gyrus (PMV)
R. precentral gyrus (PMV)
R. postcentral sulcus
R. lateral parietal opeculum

X

Y

Z

Peak
Z score

0
⫺40
⫺36
⫺8
⫺60
⫺48
⫺12
⫺60
⫺44
⫺60
52
48

0
⫺16
⫺12
⫺8
0
⫺36
⫺8
⫺24
56
⫺44
⫺44
⫺52

52
44
60
60
16
20
12
44
8
44
48
52

8.62
8.48
8.43
8.18
7.64
6.98
6.61
6.43
5.47
5.32
7.87
7.77

56
44

8
32

32
24

7.53
7.53

56
60
64
40

4
⫺36
⫺32
⫺40

8
20
36
36

7.46
7.45
7.39
7.23

48
52
48

4
⫺4
44

28
44
⫺4

7.23
6.93
6.85

36
32
36
40
36
28

⫺4
20
8
0
⫺64
⫺68

40
0
48
52
44
60

6.81
6.43
6.01
5.79
5.10
5.03

⫺40

⫺20

48

9.69

⫺28
0
⫺56
⫺8
⫺12
⫺8
⫺64
56
60
56

⫺24
0
⫺20
⫺8
⫺12
⫺20
4
⫺4
⫺28
⫺40

68
48
16
60
8
40
24
36
36
20

9.18
7.83
7.53
7.46
5.51
4.60
4.40
5.86
5.77
5.22

Significant increases in the BOLD contrast signal (P ⬍ 0.05 corrected for
multiple comparisons).
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FIG. 2. Activation maps showing significant task-related increases in the BOLD contrast signal (P ⬍ 0.05, corrected for multiple
comparisons). Data correspond to a group analysis (of 5 subjects) and each column represents 1 of the 4 contrasts analyzed. Results
are displayed on a reference brain (MNI) for 3 axial slices and 1 sagittal slice with the Talaraich coordinates indicated. Top: strong
hemodynamic response in primary sensori-motor cortex (SMC) associated with the power-grip task and the selective activation of
right intraparietal cortex and rostral cingulate motor area (CMAr) during the precision-grip task. Second row: strong activity
demonstrated in right ventral premotor cortex (PMV), CMAr, and right supramarginal cortex while performing the precision-grip
task. Third row: stronger activity indicated in the contralateral parietal operculum (PO) during the power-grip task as well as higher
activity in the right PMV and the right inferior frontal sulcus (activity extending into the middle frontal gyrus) associated with the
precision-grip task. Bottom: stronger response in rCMA emphasized during the precision-grip task. Left supramarginal and left
inferior frontal activations are not shown on these slices.

digitorum superficialis showed stronger activity during the
power-grip task than during the precision-grip task (P ⬍
0.05, paired t-tests). Neither the proximal muscles of the

right arm (biceps and deltoid) nor the 1DI and AbPB muscles of the left hand showed reliable EMG activity in any of
the tasks.
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2.

Differences in activity between the grip tasks
Talaraich Coordinates
(MNI Template)

Anatomic Location
Power grip compared to
precision grip
L. postcentral gyrus (SMC, SI)
L. central sulcus, anterior
upper bank (SMC,
M1/PMD)
L. lateral parietal operculum
Precision grip compared to
power grip
L. inferior frontal sulcus
L. supramarginal gyrus
R. inferior frontal sulcus
R. inferior precentral sulcus
(PMV)
R. intraparietal sulcus
R. intraparietal sulcus
R. middle frontal gyrus
Cingulate sulcus (CMAr)
R. supramarginal gyrus

X

Y

Z

Peak
Z score

⫺40

⫺20

52

8.88

⫺28
⫺52

⫺24
⫺20

68
20

8.28
4.62

⫺44
⫺64
44

48
⫺40
40

4
24
0

4.72
4.71
5.63

56
44
52
48
4
64

12
⫺56
⫺44
36
8
⫺36

32
48
48
16
40
32

5.41
5.34
4.85
4.84
4.76
4.66

Significant increases in the BOLD contrast signal (P ⬍ 0.05 corrected for
multiple comparisons).

Regions active during both grip tasks
Table 1 shows brain regions with significantly stronger
BOLD contrast signal while performing the grip tasks than
during the matching rest conditions (P ⬍ 0.05, corrected for
multiple comparisons) (see also Fig. 2). Because the cerebellum was outside and the basal ganglia was only partially within
the field of view, we do not report activity in these structures.
Both the precision- and power-grip tasks activated the SMC
contralateral to the grasping hand. The activations extended
into the dorsal premotor cortex (PMD) and the postcentral
sulcus. Furthermore the ventral premotor cortex (PMV)
showed bilateral activation with peaks of activity in the inferior
part of the precentral gyrus. The SMA was active with an
anterior and a posterior peak with activity extending into the
cingulate sulcus (rostral cingulate motor area). We also observed activity in the contralateral parietal operculum (PO) and
in the left thalamus. The activation extended into the right
thalamus in the precision-grip task.
Regions differentially activated by the two grip tasks
Table 2 and Fig. 2 indicate regions that showed a significant
difference in the BOLD contrast signal when the precision- and
power-grip tasks were compared (P ⬍ 0.05, after correction for
multiple comparisons). The left primary sensory cortex (SI)
showed stronger activity during the power-grip task with a
peak of activation located in the postcentral gyrus. Similarly
we observed a stronger response in the anterior bank of the left
central sulcus during the power-grip task. It is likely that this
corresponds to the border between M1 (area 4a) and PMD
(area 6) (Geyer et al. 1996). The cluster extended deeply into
the central sulcus and, anteriorly, to the precentral gyrus and
the superior precentral sulcus (PMD). During the power-grip
task, we also observed stronger activity in the left PO.
Several regions showed significantly stronger activity during

the precision-grip task than during the power-grip task (Table
2 and Fig. 2; P ⬍ 0.05 corrected for multiple comparisons).
Many of these were located in the right hemisphere, i.e., in
cortical areas ipsilateral to the operating hand. We observed
higher activity in the upper part of the right intraparietal sulcus
(IPS) at two locations, and bilaterally in the supramarginal
gyrus. In the prefrontal cortex, there were peaks of activity
bilaterally in the inferior frontal sulcus with the activations
extending to the middle frontal gyrus (more extensive in the
right hemisphere). We also found stronger BOLD contrast
signal in the inferior part of the right precentral sulcus, i.e., in
the PMV. The cluster extended into the opercular cortex.
Activation of the left inferior precentral sulcus (Z ⫽4.08, P ⫽
0.28 corrected for multiple comparisons) did not reach the
significance criterion. However, we descriptively report this
finding to illustrate the tendency for a bilateral response in the
PMV region. Furthermore an activation was found 8 mm
rostral from the anterior commissural line (vertical line passing
through the anterior commissure) in the cingulate sulcus, i.e.,
in the rostral cingulate motor area (CMAr) (Roland and Zilles
1996). This location corresponds to the “posterior portion of
the rostral cingulate zone” in the classification of mesial areas
by Picard and Strick (1996). The activity appeared to extend
into the cingulate sulcus bilaterally, but the resolution of the
statistical images did not allow reliable separation into two
peaks.
We confirmed the consistency of the main findings in the
group analysis by descriptively examining contrasts in individual subjects. At Z ⬎1.66, all subjects showed extensive (⬎600
mm3) activations of the right PMV, right IPS, right supramarginal cortex, right inferior frontal sulcus and the CMAr when
the precision-grip task was compared with the power-grip task.
Furthermore four of five subjects showed activity in the left
supramarginal cortex and three in the left inferior frontal sulcus. When power grip was compared with precision grip, we
observed stronger activity in the contralateral SMC in all
subjects and in the contralateral PO in four of our five subjects.
We concluded that the results acquired from the group analysis
was representative of the observations made for individual
subjects.
DISCUSSION

The generation of grip forces by a precision grip between the
index finger and thumb was associated with a different pattern
of brain activity than that observed when making a power grip
that engaged all digits. Our power-grip task was associated
with stronger activity in the contralateral SI, M1 and PO,
whereas the precision-grip task was associated with stronger
activity in the right PMV, CMAr and the prefrontal and posterior parietal cortex bilaterally. Many of the regions that were
more active in the precision-grip task were right-sided, i.e.,
they were located in the hemisphere ipsilateral to the operating
hand.
During both grip tasks, the subjects rhythmically changed
the grip force under virtually isometric conditions. A metronome paced the force production and a tactile signal provided
feedback from the target force. Thus auditory and somatosensory information was used to guide the motor acts. In this
respect, the two grip tasks were thought to be well balanced.
In addition to the grip configuration, the precision- and
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power-grip tasks differed in terms of the overall force exerted.
The higher force output applied while conducting the powergrip task might explain the higher activity observed in the SMC
because the hemodynamic response in this and other posterior
motor regions [i.e., SMA and the caudal motor field of the
cingulate sulcus (CMAc)] increases with increased manual
force (Dettmers et al. 1995; Thickbroom et al. 1998). Likewise
the involvement of more digits in the power-grip task may have
contributed to the stronger responses in these areas. Furthermore the higher activity in the PO may have been caused by a
more spatially distributed tactile sensory input because this
region also is activated by tactile stimuli (Burton et al. 1997;
Coghill et al. 1994; Ledberg et al. 1995). A possible confounding factor may be differences in the general level of effort
during the two grip tasks. However, relative to the corresponding MVC forces the forces applied during the two tasks were
similar, which suggest that this factor is of little importance. It
is also noteworthy that two of the prime movers (1DI and
AbPB) in the precision-grip task were more active when performing the power grip. These results indicate that the hemodynamic responses exclusively associated with the precisiongrip task were specific for this task and not related to additional
activity of the intrinsic hand muscles.
A difference in the tactile input in the two reference conditions (matching rest) is another factor that may have influenced
the results of the comparisons of the precision- and power-grip
tasks: the reference condition for the precision-grip task involved the subjects receiving weak tactile pulses at 0.67 Hz,
whereas the reference condition for the power-grip task did not
include this tactile stimuli. Although the tactile pulses were
brief and weak and did not evoke any grip force responses, we
cannot exclude that their absence in the reference condition
could have augmented the hemodynamic response estimated
during the power-grip task. This primarily would have concerned regions that tactile stimulation would activate in passive
subjects, i.e., SMC and PO. Another concern is whether the
neural signals evoked by the auditory and tactile signals when
present in the rest conditions were processed differently than
when they guided the motor acts. Indeed, data obtained using
evoked potential methods in man and single-cell recordings in
monkey at the level of the primary somatosensory cortex have
shown that voluntary movements attenuate the overall transmission of cutaneous signals from the distal forelimb (Chapman et al. 1996; Knecht et al. 1993). However, if present such
“gating effect” could probably not explain the increases in the
hemodynamic response during the grip tasks because previous
positron emission tomography (PET) and fMRI studies have
failed to record increased activity specifically related to tactile
or auditory triggering of movements (Jasanshahi et al. 1995;
Naito et al. 1999) or to self-produced tactile stimuli generated
by movements of the hand (Blakemore et al. 1998).
Regions selectively activated during the precision-grip task
Studies in nonhuman primates indicate that M1 and other
posterior motor areas that send direct projections to the spinal
cord (i.e., SMA, CMAc) are of utmost importance for the
control of force output during precision-grip tasks (Cadoret and
Smith 1995, 1997; Hepp-Reymond 1988; Maier et al. 1993;
Picard and Smith 1992; Porter and Lemon 1993; Wannier et al.
1991). The results in the present study indicate that the rostral
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part of the right PMV, CMAr, and bilateral parietal and prefrontal regions also are engaged in skilled force production by
an isometric precision grip but not by a power grip. Presumably this difference between grips reflects the need for additional sensory-motor control mechanisms to control force during pulp-to-pulp opposition engaging pairs of individual digits.
Because two-fingered precision grips are inherently less stable
than multidigit grips, the control of direction and magnitude of
the applied finger forces needs to be more constrained at the
level of individual digits (Flanagan et al. 1999). Thus the
precision grip therefore may be more demanding in terms of
neural control. Indeed a refined use of cutaneous afferent
information is required to control fingertip force vectors during
precision-grip tasks (Johansson 1996).
Frontal regions
We observed higher activity in the two nonprimary motor
areas PMV and CMAr during the precision-grip task. By virtue
of their projections to the cervical spinal enlargement (Dum
and Strick 1991; Galea and Darian-Smith 1994; He et al. 1993,
1995) and to the primary motor cortex (Mukkasa and Strick
1979; Tokuno and Tanji 1993), both areas are likely to contribute to the control of the hand. The activation of PMV agrees
with recent studies on object grasping in the macaque (Jeannerod et al. 1995; Rizzolatti et al. 1988, 1998). Interestingly, in
our precision-grip task we specifically observed activity in the
inferior part of the precentral sulcus. This activity was located
some 10 mm rostral to that reported in previous PET studies
during more general movements of individual digits (Fink et al.
1997; Kawashima et al. 1998; Matsumura et al. 1996; Sadato
et al. 1996). Likewise it was located 16 mm rostral to the
activity that we found in the right inferior precentral gyrus
when we contrasted the power-grip tasks to the matching rest
condition. The rostral border of the human PMV is not known
(Roland and Zilles 1996), but it has been proposed that the
human inferior precentral sulcus corresponds to the PMV in the
macaque (Petrides and Pandya 1994; Rizzolatti et al. 1998).
Indeed there are neurons in the rostral PMV (area F5) in the
macaque that show activity that is specific for precision-grip
configurations used to pick up small objects. Such neurons are
more common than neurons related to whole-hand grips (Rizzolatti et al. 1988).
The CMAr was more active in the precision-grip task than in
the power-grip task. Importantly, this region is separate from
the CMAc (Dum and Strick 1991; Matelli et al. 1991; Roland
and Zilles 1996; Shima et al. 1991) that was active when the
power-grip task was contrasted to the matching rest condition
(see Table 1). The location of the CMAr activity in the present
study (8 mm rostral from the anterior commisural line) corresponded to a site predominately activated by movements of
individual digits in previous human brain imaging studies
(Fink et al. 1997; Grafton et al. 1993; Jahanshahi et al. 1995;
Kawashima et al. 1996; Larsson et al. 1996; Picard and Strick
1996). Furthermore movements of individual digits activate
neuronal populations in macaque CMAr (Shima et al. 1991).
Hence our findings in humans, combined with previous observations in monkeys, strongly indicate that PMV and CMAr
play an important role in the control of precision grips.
Overall, the activity we observed in the frontal lobes during
the precision-grip task was located more anteriorly than that
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during the power-grip task. As such, this novel finding supports
the notion of Fuster (1995) that phylogentically old motor
skills are represented in posterior parts of the frontal lobes,
whereas more skilled movements also involve more anterior
regions. Previously, prefrontal activity has been observed in
several PET studies during execution of simple movements
when a rest condition was used as the control. (e.g., Jasanshahi
et al. 1995; Larsson et al. 1996; Sadato et al. 1997). Activation
of the prefrontal cortex also has been associated with several
other behavioral factors relevant for motor control such as
spatial attention (Jonides et al. 1993; Pardo et al. 1991), shortterm retention of tactile information (Klingberg et al. 1996),
selection of motor responses (Frith et al. 1991), and attentive
self-monitoring of ongoing motor performance (Fink et al.
1999; Jueptner et al. 1997). The novel finding in the present
study was that the activity in the lateral prefrontal cortex
differed depending on the particular grasp-configuration used
in a simple force production task. Specifically the inferior
frontal sulcus was engaged only when force was applied using
the precision grip. In the macaque monkey, the ventrolateral
prefrontal cortex (ventral area 46) has strong reciprocal connections with the PMV and the parietal operculum (Preuss et
al. 1989), and similarly, the dorsolateral prefrontal cortex (area
46) has connections with the PMV, CMAr, and the posterior
parietal cortex (Cavada and Goldman-Rakic 1989; Lu et al.
1994). Thus given the existence of these pathways in the
monkey and the activity recorded in the present study, it is
interesting to speculate that the prefrontal cortex could be
involved in skilled force production with a precision grip.
Parietal regions
Another interesting result from the present study was the
selective involvement of the right intraparietal and bilateral
supramarginal cortex during the precision-grip task. The posterior parietal cortex is a heterogeneous region with little
information available concerning the possible anatomic correspondence between the human and monkey brain (Eidelberg
and Galaburda 1984; Milner 1997). In the nonhuman primate,
numerous studies have shown that populations of neurons in
the intraparietal sulcus are likely to be involved in visuomotor
transformations during reach and grasp (Jeannerod et al. 1995;
Sakata et al. 1997). Of special interest is a region within the
macaque anterior intraparietal sulcus that contains neurons that
show activity specific to the grasping of small objects (Sakata
et al. 1995, 1997; Taira et al. 1990). In addition, neurons in
area 7 increase the discharge rates during voluntary hand
movements and in response to visual and tactile stimuli (Hyvärinen et al. 1981). The anatomic connections between these
parietal regions and the premotor fields, including the ventral
premotor area, are considered of particular importance for the
sensory control of the hand (Rizzolatti et al. 1998). In humans,
lesions in the posterior parietal cortex, involving intraparietal
cortex cause disorders of grip formation (Jeannerod 1986;
Pause et al. 1989). Indeed previous PET and fMRI studies have
reported right- and left-sided activity in the intraparietal and
supramarginal regions during visually guided reach, grasp, and
graphomotor movements performed with the right hand
(Binkofski et al. 1998; Grafton et al. 1998; Inue et al. 1998;
Matsumura et al. 1996; Seitz et al. 1997). Similar regions also
are activated in sensorimotor manipulatory tasks performed

without vision, i.e., when subjects rotate two small cylindrical
objects held in the right hand (Kawashima et al. 1998) and
somatosensory discrimination of objects shape with exploratory finger movements (O’Sullivan et al. 1994; Roland et al.
1998; Seitz et al. 1991). However, our precision-grip task
differed from all these previous studies in that neither vision
nor overt arm or finger movements were involved. Instead
somatosensory input was used to control isometric grip force.
Hence our findings suggests that the control of fingertip forces
in the precision-grip task might require processing of somatosensory signals in the posterior parietal cortex in addition to the
processing required for the control of force during the powergrip task.
Activity in the ipsilateral hemisphere during the precisiongrip task
The two grip configurations exhibited differences in the
hemispheric lateralization of the activation patterns. The power
grip was associated predominately with contralateral left-sided
activations, whereas the precision-grip task involved extensive
activity in both hemispheres. As such, the ipsilateral activity in
the precision-grip task agrees with previous findings that many
motor regions are activated bilaterally during unimanual motor
tasks (Kawashima et al. 1998; Rao et al. 1993; Roland and
Zilles 1996). Furthermore brain-damaged patients often have
contralateral but not ipsilateral deficits in simple movements
tasks, whereas more complex sensory-motor tasks requires the
integrity of both hemispheres (Haaland and Harrington 1996).
Lesions of the right hemisphere have been associated with
ipsilateral impairment of skilled finger movements and of
motor tasks that depend on movement-to-movement sensory
feedback (Arrigoni and DeRenzi 1964; Haaland and Harrington 1996; Warrington et al. 1966; Winstein and Pohl 1995).
Thus the right-sided activity in the precision-grip task may
reflect additional demands in terms of somatosensory control
and sensory-motor processing compared with the power-grip
task. During the precision-grip task, we observed a preponderance of activity in the right PMV and the right intraparietal
cortex. However, we also measured an increased hemodynamic
response in the contralateral left inferior precentral sulcus
(PMV), which was close to being statistically significant.
In conclusion, in addition to previously well-recognized
sensorimotor areas, our results reveal novel premotor and
association areas that are activated in the control of precision
grip but less so in power grip. Our findings also indicate that
the right hemisphere is engaged in important control mechanisms during precision-grip tasks executed by the right hand.
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Ehrsson, H. Henrik, Anders Fagergren, and Hans Forssberg.
Differential fronto-parietal activation depending on force used in a
precision grip task: an fMRI study. J Neurophysiol 85: 2613–2623,
2001. Recent functional magnetic resonance imaging (fMRI) studies
suggest that the control of fingertip forces between the index finger
and the thumb (precision grips) is dependent on bilateral frontal and
parietal regions in addition to the primary motor cortex contralateral
to the grasping hand. Here we use fMRI to examine the hypothesis
that some of the areas of the brain associated with precision grips are
more strongly engaged when subjects generate small grip forces than
when they employ large grip forces. Subjects grasped a stationary
object using a precision grip and employed a small force (3.8 N) that
was representative of the forces that are typically used when manipulating small objects with precision grips in everyday situations or a
large force (16.6 N) that represents a somewhat excessive force
compared with normal everyday usage. Both force conditions involved the generation of time-variant static and dynamic grip forces
under isometric conditions guided by auditory and tactile cues. The
main finding was that we observed stronger activity in the bilateral
cortex lining the inferior part of the precentral sulcus (area 44/ventral
premotor cortex), the rostral cingulate motor area, and the right
intraparietal cortex when subjects applied a small force in comparison
to when they generated a larger force. This observation suggests that
secondary sensorimotor related areas in the frontal and parietal lobes
play an important role in the control of fine precision grip forces in the
range typically used for the manipulation of small objects.

The precision grip between the tips of the thumb and the
index finger has developed in primates for the manipulation of
small and delicate objects (Napier 1961). It requires independent finger movements (Lawrence and Kuypers 1968; Passingham et al. 1983; Porter and Lemon 1993) and a sophisticated
control of the small fingertip forces applied to the surface of the
object (Johansson 1996; Johansson and Westling 1984). An
illustrative example of this control is when picking a raspberry—too much force will crush the raspberry, too little and it
will slip away.
The precision grip configuration is highly dependent on
cortical control (Passingham 1993; Porter and Lemon 1993). In
a recent functional magnetic resonance imaging (fMRI) study,
we examined the cortical areas activated when healthy subjects
used a precision grip to apply well-controlled time-variant grip

forces to a fixed object under isometric conditions (Ehrsson et
al. 2000). This precision grip task was associated with bilateral
activity in a set of frontal and parietal areas in addition to the
primary motor cortex (M1). Several of these areas, i.e., the
bilateral ventral premotor cortex (PMV, also engaging area
44), the rostral cingulate motor area (CMAr), the supramarginal cortex, the ventral lateral prefrontal cortex, and the right
intraparietal cortex, were either recruited exclusively or
showed augmented activity when the subjects used the precision grip as opposed to when they used a palmar power grasp
to perform a similar manipulative task. These differences could
reflect differences in the hand posture or higher demands
imposed when controlling small forces at the fingertip-object
interface.
In the present study, we examined whether the cortical
control of small precision grip forces differs from the control of
large forces when the same grasp is used. In particular, we test
the hypothesis that some of the cortical regions associated with
precision grips would be more active during the employment of
small fingertip forces than when generating large grip forces.
This hypothesis is grounded on single-cell recordings in nonhuman primates that have demonstrated that a larger number of
corticospinal neurons modulate their discharge rate for forces
in the small force range than for larger forces (Evarts et al.
1983; Hepp-Reymond et al. 1978) and that some populations
of neurons in frontal motor areas [M1, PMV, and primary
somatosensory cortex (S1)] increase their rate of firing as the
precision grip force is decreased (i.e., there is a negative
correlation with force) (Hepp-Reymond 1988; Hepp-Reymond
et al. 1994; Maier et al. 1993; Wannier et al. 1991). There are
also studies in humans that indicate that the control of fine
precision grip forces is dependent on cortical mechanisms that
can be impaired during various neurological conditions (e.g.,
cerebral palsy, focal dystonia, stroke, attention deficit/hyperactivity disorder) (Eliasson et al. 1992; Hermsdörfer and Mai
1996; Odergren et al. 1996; Pereira et al. 2000).
We used fMRI to measure the cortical activity when healthy
subjects performed a precision grip task fulfilling one of two
force conditions: a small grip force (3.8 N), representative of
the forces that are typically used when manipulating small
objects with precision grips in everyday situations (comparable
to lifting a cup of coffee), or a large grip force (16.6 N) that
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represents a somewhat excessive force in this respect (comparable to lifting a 1.5-l soda bottle).
METHODS

Subjects
Six healthy male subjects (21–28 yr) participated in the study. They
were all naive with regard to the specific purposes of the experiments.
All subjects were right-handed (Oldfield 1971) and all had given their
informed consent. The Ethical Committee of the Karolinska Hospital
had approved the study.

General procedure and task
The subjects performed a precision grip task with two force conditions. A baseline condition in which the hand was relaxed was also
included. The subjects rested comfortably in a supine position on the
bed in the magnetic resonance (MR) scanner. The room was dark, and
the subjects were instructed to keep their eyes closed. All subjects
wore headphones to reduce noise and to present auditory cues. The
extended right arm was oriented parallel to the trunk and supported up
to the radial side of the hand to minimize movement (Fig. 1B). The
subjects grasped a nonmagnetic immovable test object between the
pulps of the thumb and the index finger (Fig. 1A). The test object had
flat parallel contact surfaces 30 mm apart (covered with sandpaper;
grit size, 180). Optometric transducers in the object allowed measurements of the grip forces normal (perpendicular) to the contact surfaces. The grip force was represented as the mean of the normal forces
measured at the two grasp surfaces (400 samples/s). The data were
stored and analyzed using the SC/ZOOM data-acquisition system
(Physiology Section, IMB, University of Umeå, Sweden).
To perform the precision-grip task, the subjects applied forces
normal to the contact surfaces (grip force) cyclically, following the
pace of a metronome that generated click sounds at 0.67 Hz. They
increased the force, then maintained the grip force until the next click
of the metronome (this interval is referred to as the static plateau
period), at which point they first released the grip force completely
and then immediately started to increase it again (thereby performing
a complete force cycle). When they reached the force of 2 N (small
force condition) or 16 N (large force condition), they received a brief
weak vibrotactile pulse delivered tangentially to the contact surfaces
(of 10-ms duration and with a force of less than 0.5 N). The subjects
then applied a self-selected static grip force slightly above this force
threshold. They were asked to reproduce the same force across the
force cycles and not to generate forces that greatly exceeded the force
threshold. Figure 1, C and D, illustrates the grip force profiles together
with the auditory and tactile cues for the grip task for the two forces.
During the baseline condition (baseline), the subjects held the thumb
and index finger in weak contact with the contact surfaces almost
without applying any grip force. They received the tactile pulses and
heard the metronome sound (0.67 Hz) through the headphones exactly
as they had in the grip task.
We selected the lower force level so that it would be representative
of the small forces that are typically used when manipulating small
objects with precision grips in everyday situations. The level of the
larger force was chosen to represent a somewhat excessive precision
grip force in this respect. A constraint for the large force level was that
it had to be employed without muscular fatigue, general effort, or
impaired performance. Pilot experiments showed that a target force of
16 N was appropriate.
Before the scanning commenced, the subjects practiced the grip
task at both force levels for 15 min until they produced the requested
grip force profiles. After the training, the subjects were able to keep up
a conversation while performing the task, which suggests that it had
been well learned.
After the scanning, we measured the grip-force during maximal

FIG. 1. The precision grip task. The same posture of the hand was adopted
in all conditions (A); a small handle was grasped between the pulps of the
index finger and the thumb with the arm being supported up to the radial side
of the hand so that force could be generated practically without movement of
the digits, wrist, or arm (B). C and D: a representative force recording from 1
subject while he performed the precision grip task in the small force condition
(C) and in the large force condition (D). Note that the same time course of grip
forces was generated in both conditions, only the force was different. In the
task (for both force levels), a weak brief vibration was delivered though the
handle to signal that the force of 2 N (in small) or 16 N (in large) had been
reached (T). The subjects then applied a self-selected static grip force slightly
above this force threshold. The pace of the force cycles followed metronome
beats (M). For details, see METHODS.

voluntary contraction (MVC) as the subjects grasped a standard
dynamometer (cylindrical handle, 30-mm diam) with a precision-grip
(Nordenskiöld and Grimby 1993). A surface EMG (Myo115-electodes with in-built 2000X preamplifiers, Liberty Technology, Hopkinton, MA) was recorded in four subjects while they performed the
precision-grip task at the two force levels outside the MR scanner. We
recorded from the right biceps-brachii and deltoideus to check for
possible recruitment of proximal muscles of the arm, and the left 1DI
and AbPB to check for nonvoluntary synergistic movements of the
nonparticipating hand.

Kinetic analysis
The force data were analyzed using the ZOOM software (Department of Physiology, University of Umeå). Force cycles in which the
subjects did not generate the requested time course for the forces were
defined as incorrect. We analyzed the mean grip force and the variability of the grip force during the static plateaus of each grip cycle
(mean ⫾ SD for data pooled across subjects; see Fig. 1, C and D). The
static plateau was defined as the period between the peak grip force
after the dynamic force increase to the beginning of the force relax-
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ation (defined as the local minima of the 2nd derivative of the grip
force).
To measure the accuracy of the force generation, we analyzed the
variability of the plateau grip force across force cycles (SD of the grip
force for data pooled across subjects). To compare variability of the
grip force in the two force conditions, we determined the coefficient
of variation (i.e., the ratio SD/mean).

Brain imaging
fMRI was conducted on a 1.5 T scanner (Signa Horizon Echospeed,
General Electric Medical Systems) equipped with a head-coil. We
collected gradient-echo, echo-planar (EPI) T2*-weighted image volumes with blood oxygenation level-dependent (BOLD) contrast
(Kwong et al. 1992; Ogawa et al. 1992). The scanning parameters
were: echo time (TE) ⫽ 50 ms; field of view (FOV) ⫽ 22 cm; matrix
size ⫽ 64 ⫻ 64; pixel size ⫽ 3.4 ⫻ 3.4 mm, and flip angle ⫽ 90°.
Twenty contiguous axial slices of 3.4-mm thickness were collected in
each volume. We selected slices from the dorsal surface of the brain
to cover the frontal and parietal lobes. The cerebellum, brain stem, and
part of the basal ganglia were outside the field of view. A plastic bite
bar restricted head movements. A high resolution, three-dimensional
gradient echo T1-weighted anatomical image volume of the whole
brain was collected (3D-SPGR).
Functional-image volumes were collected in six separate runs, and
for each run, a total of 104 volumes was collected. During each run,
volumes were acquired continuously every 5000 ms (TR ⫽ 5 s) while
the subjects performed the grip task or relaxed with the hand (baseline
condition). The grip task was performed in periods of 25 s (5 volumes
being collected in this time) alternated with baseline periods of 25 s.
During each grip period, the subjects performed one force condition,
and across periods, the two force conditions alternated. During each
force condition an equal number of volumes was collected. To allow
for T1 equilibration effects, four volumes were recorded immediately
before each run; these were neither stored nor analyzed.

Data analysis and image processing
We used the publicly available software SPM-96 to analyze the
functional images (Welcome Dept. Cognitive Neurology, London,
http//:www.fil.ion.ucl.ac.uk/spm). The volumes were realigned, coregistered to each individual anatomical T1-weighted image (3DSPGR) and normalized to the stereotactic coordinate system of Talaraich and Tournoux (1988) using the Montreal Neurological
Institute (MNI) template brain (Friston et al. 1995a). Then the images
were spatially smoothed with an isotropic Gaussian filter of 8 mm full
width at half-maximum (FWHM) and temporally smoothed with a
Gaussian kernel with a FWHM of 2.83 s. To increase the sensitivity
of the analysis and detect activity that was present across the subjects,
we analyzed the functional images from the six subjects as a group
(fixed effect model). We estimated the task specific effects using the
general linear model (GLM) with a delayed boxcar wave form at each
voxel (Friston et al. 1995b,c; Worsley and Friston 1995). The fMRI
data corresponding to each run were modeled with regressors for the
conditions and the mean value using the standard model implemented
in SPM-96. A high-pass filter (cutoff frequency, 0.005 Hz) was used
to remove low-frequency drifts and fluctuations of the signal, and
proportional scaling was applied to eliminate the effects of global
changes in the signal (Holms et al. 1997). The significance of the
condition specific effects was assessed using Z statistics for every
voxel from the brain, and these sets of Z values were used to create
statistical images. Linear contrasts between the different conditions
were used to create these statistical images; these were arbitrarily
thresholded at a Z value of 3.09. From these statistical images (known
as activation maps), we report peaks (or local maxima) of activity that,
when corrected for multiple comparisons for the whole brain volume,
corresponded to P ⬍ 0.05 on the basis on a test of peak height (Friston
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et al. 1995c). All clusters that are shown in the figures and described
in the text were also significant on the basis of a test for the extent of
the cluster (Poline et al. 1997). To localize activity that reflected the
generation of the precision grip task at both force levels we defined
the contrast (small ⫺ baseline ⫹ large – baseline). This tests the main
effect of the precision grip task. We also examined the contrasts
(small – baseline) and (large – baseline). To localize changes in
activity that specifically reflected whether a small or large force was
applied, we used the contrasts (small – large) and (large – small),
respectively. For the brain regions that showed a force specific activation (i.e., activity detected when we contrasted the 2 force conditions), we only report voxels that were active when the force condition
was compared with the baseline condition (at Z ⬎ 3.09 at each voxel).
By this mean, we focused on brain areas that showed stronger activity
while the hand was grasping than when it was relaxed. This excluded
the possibility that differences between the tasks merely reflected
different degrees of deactivation.
To exclude the possibility that the results obtained in the group
analysis (fixed effects model) were biased by one or two subjects only
exhibiting very strong effects (Friston et al. 1999), we examined the
activation patterns of each individual subject in a descriptive analysis
(reported in Table 2). We probed for increases in BOLD contrast
signals close to (within a sphere of 12-mm radius; corresponding to
the FWHM of the smoothness of the statistical images as determined
using SPM96) or at the location of the most relevant peak activations
from the group analysis. We concluded that the results obtained in the
group analysis were representative of the observations made for
individual subjects (see RESULTS).

Anatomical definitions and localizations
The anatomical localizations of the activations were related to the
major gyri and sulci that were identifiable from an average image
generated from normalized T2*-weighted images from each of the six
subjects.
We used the terminology of Roland and Zilles (1996b) for the
functional areas of the cortical motor system, and we used the European Computerized Human Brain Data Base (ECHBD; Div. Human
Brain Research, Stockholm) (Roland and Zilles 1996a) to define the
location and extent of M1, S1, area 45, and area 44 in the standard
anatomical space. Arbitrary criterions were used for PMV, dorsal
premotor cortex (PMD), supplementary motor area (SMA), and the
cingulate motor areas (CMAs). The ECHBD is a digital three-dimensional brain atlas in which representations of microstructurally defined
cytoarchitectural areas from 10 postmortem brains are available in the
standard anatomical format. The methods used for the anatomical
delineation (Amunts et al. 1999; Geyer et al. 1996, 1999), spatial
transformations (Geyer et al. 2000; Schormann and Zilles 1998), and
generation of population maps of these cytoarchitectural areas have
been described in detail elsewhere (Roland and Zilles 1998; Roland et
al. 1997) (SPM was used to match the ECHBD to the MNI space). M1
was defined as the voxels where at least 3 of 10 post mortem brains
(30% population map) had their area 4a or 4p; S1 was defined as the
30% population maps of areas 3a, 3b or 1 (we do not differentiate
between different cytoarchitectural areas within M1 or S1 because of
the limited effective resolution of the statistical images from the group
analysis). Areas 44 and 45 were also defined as the 30% population
maps of these areas. By the SMA, we mean the cortex rostral to area
4a on the medial side of the hemisphere above the cingulate sulcus.
The rostral border of the SMA was defined to be in the vertical plane
at y ⫽ ⫹16 (Buser and Bancaud 1967; Roland and Zilles 1996b).
Activations located in the SMA posterior to y ⫽ 0 probably correspond to the classical SMA (or SMA-proper) (Picard and Strick 1996;
Roland and Zilles 1996b). The lateral premotor cortex, divided into a
dorsal (PMD) and a ventral (PMV) portion, is located rostral to lateral
area 4a (Geyer et al. 1996; Roland and Zilles 1996b). The rostral
border of the PMD is not known. The PMV was defined as the cortex
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posterior to area 44 and anterior to area 4a, i.e., the tentative location
of the ventral part of area 6. The border between the PMD and the
PMV was defined as a horizontal plane at z ⫽ ⫹45. The CMAs refer
to the cortex lining the cingulate sulcus. Their preliminary parcellation
into a rostral part (CMAr) and a caudal part (CMAc) were described
in Roland and Zilles (1996b).
RESULTS

Behavioral performance
In more than 99% of the force cycles, all subjects performed
the precision-grip task according to the instructions at both
force levels (small and large). There was no difference in the
number of correct force cycles between the force conditions.
In the small force condition, the mean grip force during the
plateau phase was 3.81 ⫾ 0.28 N (mean ⫾ SD for data pooled
across subjects). In the large force condition, it was 16.6 ⫾
1.21 N.
For both conditions of the grip task, the variability of the
grip force during the static plateau period across force cycles
was relatively low, which indicates regular and consistent
performance of both tasks. There was no difference in the
TABLE

coefficient of variation (SD/mean) of the plateau grip force
across force cycles in the two conditions (7.3% in both force
conditions). Thus the accuracy of the force production was
similar for the two force levels.
The mean of the maximal voluntary contraction (total grip
force MVC) was 73 N (range: 58 –96 N) for the precision grip.
Thus the force production was performed in the lower 40%
range of the MVC. The surface EMG showed no consistent
activity in the proximal muscles of the right arm (biceps and
deltoideus) or in the first dorsal interosseous muscle (1DI) or
abductor pollicis brevis muscle (AbPB) muscles of the left
hand during any of the tasks.
Brain activations
The regions of the brain with stronger activity when the subjects
performed the precision grip task at both force levels (main
effect of the precision grip task) compared with the baseline
condition (large ⫺ baseline ⫹ small – baseline) are shown in
Table 1 and Fig. 2. The cerebellum, the brain stem, and the
lower parts of the basal ganglia and thalamus were outside the
field of view.

PRECISION GRIP TASK VERSUS BASELINE CONDITION.

1. Precision grip task versus baseline (main effect)
Talaraich Coordinates (Montreal Neurological Institute)

Anatomical Region (functional/cytoarchitectural area)
Small ⫺ Baseline ⫹ Large ⫺ Baseline
Left hemisphere
Left central sulcus, M1/S1
Superior frontal gyrus, SMA*
Left inferior part of the precentral gyrus, PMV
Left lateral parietal operculum
Left putamen
Left thalamus
Left inferior frontal gyrus
Left intraparietal sulcus
Left insular cortex
Left cingulate sulcus, CMAc
Left inferior frontal gyrus
Left intraparietal sulcus
Left inferior frontal sulcus
Left precuneus
Right hemisphere
Right supramarginal gyrus
Right inferior part of the precentral sulcus, PMV
Right precentral sulcus, PMV
Right supramarginal gyrus
Right putamen
Right inferior part of the precentral sulcus, PMV
Right supramarginal gyrus
Right inferior frontal sulcus
Right putamen
Right intraparietal sulcus
Right inferior frontal gyrus
Right parietal operculum
Right intraparietal sulcus
Right superior parietal gyrus

x

y

z

Peak Z score

Small ⫺ Baseline

Large ⫺ Baseline

⫺36
0
⫺64
⫺48
⫺24
⫺16
⫺36
⫺40
⫺40
⫺12
⫺52
⫺32
⫺48
⫺12

⫺20
0
0
⫺32
0
⫺16
16
⫺40
⫺4
⫺20
40
⫺60
52
⫺68

48
48
16
20
8
12
8
36
16
40
20
40
12
36

9.75
9.09
8.13
8.02
7.95
7.86
7.63
7.02
6.83
5.93
5.73
5.58
5.33
5.15

9.07
8.92
7.92
7.01
7.69
7.13
7.45
5.86
3.55†
3.20†
5.81
4.20†
6.51
4.01†

9.77
8.62
7.39
8.00
7.24
7.45
6.94
5.87
7.18
6.83
4.89
4.76
⬍3.01†
4.25†

64
56
56
56
24
40
40
44
28
48
32
44
28
36

⫺36
4
0
⫺36
4
0
⫺40
32
16
⫺52
40
⫺40
⫺68
⫺64

36
8
40
32
8
32
36
24
4
52
16
16
40
60

8.40
8.38
8.33
8.32
8.22
8.14
8.04
8.01
7.69
7.37
7.05
6.82
4.94
4.37

7.90
7.89
8.02
8.04
7.96
8.21
7.75
8.04
7.58
7.58
6.71
4.84
4.51
3.13†

8.08
8.03
7.84
7.73
7.53
6.79
7.27
6.51
5.95
4.25†
5.05
6.32
4.20†
3.26†

Significant increases in the blood-oxygen-level-dependent (BOLD) contrast signal (P ⬍ 0.05, corrected for multiple comparisons) when we contrasted the
precision grip task (both force conditions) with the baseline condition. For the areas we detected in this analysis, we also report the activity detected when
contrasting each force condition with the baseline condition (Z ⬎ 3.09). Anatomical locations were related to the mean standardized MR image. MI and SI,
primary motor and somatosensory cortex; SMA, supplementary motor area; PMV, ventral premotor cortex; CMAc, caudal cingulate motor area. * The activation
was located on the ventral part of the superior frontal gyrus. † This voxel did not, after a correction for the multiple comparisons in the whole brain, reach the
significance criterion of P ⬍ 0.05 (Z ⬎ 4.35) based on a test for peak height. (It did however belong to a cluster that was significant at P ⬍ 0.05 corrected for
multiple comparisons based on a test for extent of the activation.) We report the activity in this voxel the show the correspondence with the results obtained in
the other comparisons.
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The regions that displayed significantly stronger BOLD contrast signals when the
subjects used the small precision grip force in comparison with
when they generated the large force (small – large) are shown
in Table 2 and Fig. 4 (P ⬍ 0.05 corrected for multiple comparisons).
Local peaks of activity were located bilaterally in the cortex
lining the inferior part of the precentral sulcus (PMV/area 44).
In the left hemisphere, the peak of the activation was located in
area 44 (as suggested by the cytoarchitectural population maps,
see METHODS), although some of the voxels in the cluster also
extended into the PMV (the cluster extended from y ⫽ ⫹8 to
y ⫽ ⫹16 in the standard space). In the right hemisphere, there
were two clusters: one with a peak activation in area 44 (the
SMALL FORCE VERSUS LARGE FORCE.

FIG. 2. The main effect of the precision grip task (small ⫺ baseline ⫹ large
⫺ baseline). The regions of the brain that revealed significantly increased
blood oxygenation level-dependent (BOLD) contrast signals (P ⬍ 0.05 corrected for multiple comparisons) when the precision grip task (for both force
conditions) was compared with the baseline condition are shown. The activations are superimposed on a 3-dimensional reconstruction of a template brain
(Montreal Neurological Institute, MNI). A: the left hemisphere; B: the right
hemisphere; C: the left medial wall; and D: the top view. The cerebellum was
outside the field of view. See RESULTS and Table 1 for details.

The precision-grip task was associated with activity in a set
of sensorimotor related regions: the contralateral M1 and S1,
and bilateral PMV, area 44, PMD, SMA, and the CMAs. In the
SMA, the cluster of activated voxels extended from y ⫽ ⫺14
mm to y ⫽ ⫹16 mm in the standard anatomical space (MNI).
In the cingulate sulcus, the cluster of active voxels extended
from y ⫽ ⫺24 mm to y ⫽ ⫹20 mm in standard space, i.e., both
the CMAr and the CMAc were engaged (Roland and Zilles
1996b). In the bilateral PMD, the activity extended into the
superior part of the precentral sulcus and the posterior part of
the middle frontal gyrus (to y ⫽ ⫹6 mm in standard space).
More ventrally, extensive bilateral activity was present in
the PMV and area 44. The activations extended from the
precentral gyrus over the inferior part of the precentral sulcus
into pars opercularis and pars triangularis of the inferior frontal
gyrus. In addition, activity was found bilaterally in the ventral
part of the lateral prefrontal cortex (rostral to area 45).
In the parietal lobe, we observed peaks of activations in the
bilateral parietal operculum (PO), in anterior- and posterior
parts of the bilateral intraparietal cortex (the clusters of active
voxels extending into the supramarginal cortex in both hemispheres), in the right supramarginal cortex, and in the left
precuneus.
The contrasts (large – baseline) and (small – baseline) were
also inspected (Table 1 and Fig. 3). These analyses showed that
the precision grip task activated practically the same set of
frontal and parietal areas irrespective of the force level (consistent with the activation maps obtained by examining the
main effect of the grip task).

FIG. 3. Brain regions that were significantly activated during the small
force condition (left, A, C, and E) and the large force condition (right, B, D, and
F) in comparison with the baseline condition (P ⬍ 0.05 after correction for
multiple comparisons). Both force conditions were associated with very similar
activation patterns in the frontal and parietal lobes (the same areas as were
detected in the main effect analysis, see Fig. 2 and Table 1). A and B (the left
hemisphere) and C and D (the right hemisphere): the bilateral activations of the
dorsal and ventral premotor cortex (PMD and PMV), parietal operculum (PO),
posterior parietal regions (intraparietal cortex and supramarginal cortex), and
the ventral prefrontal cortex for both force conditions. The clusters of active
voxels overlapped with area 44 and 45 on both hemispheres. E and F (the
medial wall): the activation of supplementary motor area (SMA), rostral
cingulate motor area (CMAr), and the thalamus (represented on the medial
wall on this 3-dimensional reconstruction) during both conditions. A stronger
activation in caudal CMA (CMAc) was seen when the larger forces were
generated. The cerebellum was outside the field of view. See Table 1 for details.
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2. Force-related activations
Talaraich Coordinates
(MNI)

Anatomical Region (functional/cytoarchitectural area)
Small versus large
Left inferior part of the precentral sulcus, area 44a
Cingulate sulcus, CMAr
Right intraparietal sulcus
Right inferior part of the precentral sulcus
(posterior bank), PMVb
Right inferior part of the precentral sulcus, area 44c
Large versus small
Left central sulcus, M1g
Left lateral parietal operculum
Right lateral parietal operculum

BOLD Signal Increase Relative
Baseline
Peak Z
Score

No. of Subjects
With Activation

⫾ 0.022
⫾ 0.019
⫾ 0.031
⫾ 0.019

5.06
4.97
4.90
4.86

5/6
5/6d
5/6
5/6e

0.052 ⫾ 0.031

0.33 ⫾ 0.031

4.50

6/6

0.80 ⫾ 0.019
0.23 ⫾ 0.017
0.14 ⫾ 0.015

0.35 ⫾ 0.018
0.066 ⫾ 0.017
—

8.53
5.17
4.78

6/6
6/6
5/6f

X

Y

Z

Large

Small

⫺64
0
52
48

12
16
⫺44
4

28
32
48
28

0.14 ⫾ 0.022
0.054 ⫾ 0.019
0.22 ⫾ 0.029
0.19 ⫾ 0.018

0.27
0.21
0.48
0.36

64

12

12

⫺40
⫺52
52

⫺24
⫺24
⫺24

52
16
32

Significant increases in the BOLD contrast signal (P ⬍ 0.05, corrected for multiple comparisons). Z ⬎ 4.35 corresponds to P ⬍ 0.05 corrected, Z ⬎ 4.90 to
P ⬍ 0.01 corrected, and Z ⬎ 5.51 to P ⬍ 0.001 corrected. The increase in adjusted BOLD contrast signals in both grip tasks as compared to the baseline condition
is given (expressed as means ⫾ SE in percentages; signals smaller than 0.05% are not reported). Finally, we report the number of individual subjects (of the 6
studied) that showed a peak activation of Z ⬎ 1.66 (corresponding to P ⬍ 0.05 without a correction for multiple comparisons) located at, or close to each focus
detected in the group analysis (see METHODS for details). a The peak activation was located in area 44 (population map of 10 brain, see METHODS for details). b The
peak activation located just posterior to area 44, i.e., in the PMV. (Only 1 of the 10 postmortem brains had area 44 located here.) The cluster of active voxels
extended into area 44. c The peak activation was located in area 44 (population map of 10 brains, see METHODS for details). The cluster of active voxels extended
into area PMV. d The sixth subject showed an activation on the medial wall; the ventral part of the superior frontal gyrus 12 mm superior and 8 mm rostral to
the foci detected in the group analysis. e The sixth subject showed a right-sided PMV activation; it was located 17 mm from the foci detected in the group analysis.
g
The large cluster extended from y ⫽ ⫺44 to y ⫽ ⫺4 in the standard anatomical space. f The sixth subject did show an activation in the right PO, though it
was located 13 mm inferior to the foci detected in the group analysis.

activation extended from y ⫽ ⫹8 to y ⫽ ⫹32 mm in the
standard space) and one located in a more dorsal position, with
the peak of the activation in the PMV (the activation extended
from y ⫽ 0 to y ⫽ ⫹12 in the standard space).
There were also small force specific activations of the right
intraparietal cortex and the CMAr. The activation of the cortex
lining the intraparietal sulcus (IPS) was centered on the lateral
bank of the anterior part of the sulcus (the cluster extended
medially into the sulcus and laterally into the supramarginal
gyrus). The cluster of active voxels extended from y ⫽ ⫺64
mm to y ⫽ ⫺40 mm in standard anatomical space. The
cingulate (CMAr) activation extended from y ⫽ ⫹4 mm to y ⫽
⫹18, and from z ⫽ ⫹28 to z ⫽ ⫹52 mm in the standard space
(with some voxels located in the anterior part of SMA).
The results of the complementary analyses of the fMRI data
from the individual subjects confirmed the results obtained in
the group analysis: we detected increases in activity at the
location of each of the peak activations obtained in group
analysis in at least five out of the six subjects (see Table 2 and
METHODS). Furthermore the general activation pattern—with
increases in activity in bilateral fronto-parietal areas when the
subjects applied the small grip forces—was observed for all
subjects.
LARGE VERSUS SMALL. The regions of the brain that exhibited
significantly stronger BOLD contrast signals when subjects
applied the large force in comparison with when they
employed the small force are indicated in Table 2 and Fig. 5
(large – small) (P ⬍ 0.05 corrected for multiple comparisons).
The left M1 and S1 showed such force specific activations with
a maximum of activity in the depth of the central sulcus. The
active voxels of this cluster extended rostrally into the PMD
and posteriorly into the anterior part of the intraparietal sulcus
(the cluster extended from y ⫽ ⫺44 to y ⫽ ⫺4 in the standard
anatomical space). We also recorded positive force-related
effects bilaterally into the PO. In addition, there were two areas

with weaker increases in activity located on the medial wall of
the frontal lobe: one in the most ventral part of the superior
frontal gyrus (SMA; x ⫽ ⫺16, y ⫽ ⫺8, z ⫽ 48; Z ⫽ 3.89, P ⬍
0.25 after correcting for multiple comparisons) and one in the
cingulate sulcus (CMAc; x ⫽ ⫺8, y ⫽ ⫺24, z ⫽ 40; Z ⫽ 3.94,
P ⬍ 0.25 after a correction for multiple comparisons). The
difference in the activity in these areas did not attain the
statistical criterion of P ⬍ 0.05 after a correction for multiple
comparison in the whole brain space (P ⬍ 0.25 corrected).
Nevertheless we report this finding to show the correspondence
with a previous study (Dettmers et al. 1995).
The activations detected in the group analysis were representative of the pattern of activity observed in at least five of
the six individual subjects (Table 2).
DISCUSSION

The most important finding of the present study is that
several sensory and motor related fronto-parietal areas were
more strongly activated when a small precision grip force was
applied to a stationary object than when a larger force was
used. This result suggests that the bilateral cortex lining the
inferior part of the precentral sulcus (area 44/PMV), CMAr,
and the cortex lining the right intraparietal sulcus are involved
in the control of small fingertip forces in the range typically
used in manipulation.
Precision grip task
All subjects produced accurate force trajectories in the grip
task at both force levels. The subjects had their eyes closed and
did not move the digits. Thus the task used in the present study
tests isometric fingertip force control guided by somatosensory
feedback. The subjects had to control both the amplitude of the
fingertip forces and the temporal sequence to produce proper
cycles. The rhythm was paced by the metronome, and tactile
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FIG. 4. Brain regions with significant increased BOLD contrast signals when the subjects applied small fingertip forces as
compared with large forces (small – large; P ⬍ 0.05 corrected for multiple comparisons). The activations are superimposed on a
3-dimensional reconstruction (A and B) or 2-dimensional slices (C–F) of the template brain (MNI). 3, point to the peak (local
maxima) of the activations. A: the activation of the cortex lining the inferior part of the left precentral sulcus (area 44). B: the 2
right-sided activations located in the inferior part of the precentral sulcus (area 44/PMV) and the activation of the right intraparietal
cortex. C: the right intraparietal activation and the CMAr activation (on this slice some active voxels of the cluster are engaging
the anterior part of SMA). D: the bilateral activation of the inferior part of the precentral sulcus (area 44/PMV) and the CMAr. E:
a more ventral activation of the cortex lining the same sulcus on the right side (area 44). F: the CMAr activation as seen from a
sagittal view through the midline. For the definition of area 44 and PMV in the standard space, see METHODS, and for details of the
activations, see Table 2.

signals from a brief vibration of the object provided feed back
when the requested minimum force was reached. The same
sensory cues were presented to the subjects at both force levels
and in the baseline condition. Thus putative neuronal responses
associated with these sensory signals were probably eliminated
by comparing the two force conditions. Another possible confounding factor could have been increased recruitment of proximal muscles (shoulder, neck) when the larger force was applied. However, there was no consistent muscle activity of
proximal muscles. Another issue relates to whether one of the
force conditions was more difficult to perform and thus required more attention. We find no support for this concern
because the grip task was well trained before the scanning
(both force conditions), the subjects produced the requested
force-trajectories at both force levels, and the variability of the
grip forces in relation to the mean grip force (the coefficient of
variation of the static plateau force) was similar during the two
force conditions (7.3%).

Brain regions with stronger activity when generating the
small precision grip force
Our results showing increased cortical activity in frontoparietal areas suggest that the control of small precision grip
forces is dependent on distributed cortical areas that are more
active during small than large grip forces. Support for this
finding in humans comes from recordings of neurons in the
monkey motor cortex. These studies showed that several M1
neurons tend to code for low forces in a limited range, while
relatively few neurons are found to be recruited specifically at
high force levels (Cheney and Fetz 1980; Evarts et al. 1983;
Hepp-Reymond et al. 1978). Furthermore Hepp-Reymond et
al. (1978) showed that during precision grips a larger number
of cortical motor neurons had a positive correlation between
discharge rate and grip force at low forces, than the forces were
larger. Finally, during precision grips, some populations of
neurons in M1, S1, and PMV show activity that is negatively
correlated with force (Hepp-Reymond et al. 1994; Maier et al.
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1984), while the grasp automatically becomes more stable
when large forces are applied (the friction increases). The
somatosensory signals from the fingertips may also play a more
important role when applying fine forces than large forces.
Indeed if the fingertips are anesthetized, subjects lose their
ability to conduct fine manipulation and start to use excessive
grip forces (Johansson and Westling 1984; Roland and Ladegaard-Pedersen 1977). Furthermore neurons in the monkey
primary motor cortex responded more strongly when a somatosensory stimulus was applied during the performance of fine
finger movements than when the same stimulus was applied
during a more forceful movement (Fromm and Evarts 1977).
This indicates increased processing (central gain control) of the
somatosensory signals in sensorimotor areas during fine force
control.
Brain areas
Previous positron emission tomography (PET)
and fMRI studies suggest that the cortex on the inferior part of
the precentral gyrus and the cortex lining the inferior precentral
sulcus (PMV/area 44 region) are active when healthy subjects
use their right hand to manipulate objects (Binkofski et al.
1999; Ehrsson et al. 2000; Kawashima et al. 1998; Seitz et al.
1991). The pattern of activations in these studies could reflect
the movement of the digits, the hand posture, or the fingertip
force control. Therefore it is interesting that we could show
here that the bilateral cortex lining the inferior part of the
precentral sulcus was specifically activated in association with
the control of small isometric forces applied between the
fingertips. In general terms, these results are consistent with
recent anatomical and electrophysiological studies in non-human primates (Gentilucci et al. 1988; Kurata 1989; Preuss et al.
1996), which show multiple representations of the distal forelimb in the PMV region (parts of which might be homologous
with human area 44 according to some researchers) (e.g.,
Rizzolatti and Arbib 1998), and that neurons in the rostral
PMV region (area F5) are active during specific grip tasks, e.g.,
while grasping small objects with a precision grip (Rizzolatti et
al. 1988).
ROSTRAL CINGULATE MOTOR AREA (CMAr). Electrophysiological and anatomical studies in non-human primates (Dum and
Strick 1991; He et al. 1995; Shima et al. 1991) and functional
imaging studies in humans (Grafton et al. 1993; Jahanshahi et
al. 1995; Kawashima et al. 1996; Larsson et al. 1996; Picard
and Strick 1996) suggest the existence of motor representations
of the hand in the cortex lining the cingulate sulcus rostral to
the anterior commissure line in standard anatomical space
(Talaraich and Tournoux 1988). The present CMAr activation
specific for the small grip forces seemed to engage this “hand
section” of this area (the cluster of active voxels extended from
y ⫽ ⫹4 to y ⫽ ⫹18 in the standard anatomical space). Thus
this observation suggests that the CMAr could be especially
involved in force control during fine-skilled precision grip
actions. More speculatively, the activity could also reflect a
suppression of the motor output to keep the low force level
(Krams et al. 1998).
INTRAPARIETAL CORTEX. The human posterior parietal cortex
(PPC) has been regarded as a multimodal association area
involved in a variety of cognitive functions. However, experiments in primates suggested that the PPC is involved in
PMV/AREA 44.

FIG. 5. Brain regions with a positive relationship between the precision
grip force and the BOLD contrast signals. Areas that showed significantly
stronger BOLD contrast signals (P ⬍ 0.05 corrected for multiple comparisons)
when the subjects generated the large precision grip forces in comparison to
when they employed the small force amplitudes are highlighted (large – small).
The significant activations are indicated with 3 (pointing to the peak of the
activations; P ⬍ 0.05 corrected for multiple comparisons). The activations are
superimposed on a 3-dimensional reconstruction (A and B) and horizontal
slices (C and D) of the template brain (MNI). A: the activation of the primary
sensorimotor cortex (M1 and S1) and the PO of the left hemisphere (note that
the PO activation is represented on the lateral surface of the brain on this
3-dimensional reconstruction). B: the right PO activation. For the horizontal
slices (C and D), the Talaraich coordinates are indicated. C: the strong force
related effects that were observed in M1 and S1, and a weaker activation of the
cortex on the medial wall of the frontal lobe (ventral part of the SMA;
nonsignificant, P ⬍ 0.25 after a correction for multiple comparisons). D: the
significant activation of the left PO. For details, see Table 2.

1993; Wannier et al. 1991). Hence, our fMRI results obtained
in human subjects together with the single-cell recordings in
monkeys suggest that the cortical representation of small precision grip forces involves strong activity of distributed populations of neurons in the frontal and parietal lobes.
Another argument supporting increased neural activity when
small forces are applied can be raised from an ecological
approach. The small force (3.8 N) used in the present experiments is within the normal range of the precision grip, while
the large force (16.6 N) (comparable to lifting a 1.5-l soda
bottle) exceeds this range. Thus a speculative possibility is that
frequent use of finger forces within this smaller force range
will exert an “ecological pressure” to develop a rich neural
representation in this range (Nudo et al. 1996; Sanes and
Donoghue 2000).
The increases in activity while generating small grip forces
could also reflect an additional recruitment of sensorimotor
control mechanisms due to a more sophisticated control of
small forces during hand-object interaction. When humans
grasp objects with a fine precision grip, both the direction and
amplitude of the force vectors applied to the surface of the
object have to be well controlled (Johansson and Westling
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higher-order sensorimotor integration during the planning and
execution of goal-directed actions (Andersen et al. 1997;
Mountcastle et al. 1975). Multiple parallel parietofrontal circuits connect the posterior parietal lobe with the frontal motor
areas (Rizzolatti et al. 1998). The present study demonstrates
that the activity increased in an anterior section of the cortex
lining the right IPS when subjects employed a small precision
grip force to the object. The same section of the right intraparietal cortex (as determined from the Talaraich coordinates)
was also more active during isometric force production with a
precision grip (right hand), than during a power grasp (Ehrsson
et al. 2000). It also showed stronger activity when objects with
complex rather than simple shapes were explored by hand
(using either hand) (Binkofski et al. 1999). Thus the present
study adds to these previous observations in that it indicates
that the right anterior intraparietal cortex is involved in somatosensorimotor integration required for the control of fine
fingertip forces during object manipulation.
Neurons of the anterior part of the intraparietal sulcus in
monkeys are activated by preshaping of the hand for a grasp or
by contact with objects (Murata et al. 2000; Sakata et al. 1995;
Taira et al. 1990). Thus in general terms our results fit with
these observations. However, one should bear in mind that the
homology relation between the posterior parietal cortex of
non-human primates and humans is largely unknown (Eidelberg and Galaburda 1984; Milner 1997).
Brain regions with stronger activity when generating the
large precision grip force
We expected that contralateral M1 and S1 would show
stronger activation when the subjects applied the large precision grip force in comparison to when they employed the small
force (Dettmers et al. 1995, 1996; Kinoshita et al. 2000;
Thickbroom et al. 1998; Wexler et al. 1997). And indeed, the
contralateral M1 and S1 and the bilateral PO did show such
positive force related effects. The increased BOLD signals in
the M1 presumably reflect an increased overall synaptic activity in this area caused by increased firing of corticospinal
neurons and other neuronal elements. In man, the S1 and PO is
activated by tactile stimuli applied to the contralateral hand
(Burton et al. 1997; Disbrow et al. 2000; Ledberg et al. 1995).
Thus the activation of these areas could reflect increased somatosensory feedback arising from increased compression of
the densely innervated pulp of the fingertips in conjunction
with increased tension of the tendons.
Conclusions
There are several implications for the novel finding of increased fronto-parietal activity when subjects employ small
precision grip forces. First, it demonstrates that the sensorimotor control mechanisms associated with the generation of small
fingertip forces is dependent on distributed cortical regions in
both hemispheres in addition to the contralateral M1. Second,
it suggests that the relationship between muscular force and the
general pattern of human brain activity is more complex than
has previously been described (Dettmers et al. 1995, 1996;
Kinoshita et al. 2000; Thickbroom et al. 1998; Wexler et al.
1997). Finally, it suggests that the brain activity during object
manipulation does not merely reflect the grasp configuration
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used (e.g., precision or power grasp), but that the activation in
some areas is increased when small forces are applied at the
fingertip-object interface.
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Abstract
The control of fingertip forces is critical in dexterous manipulation. Here we use
functional magnetic resonance imaging (fMRI) to investigate the functional
organization of the cortical areas controlling different types of fingertip forces applied
to objects in precision grip tasks (between index finger and thumb). We address two
specific issues: (i) whether different cortical areas are active when humans apply lift
forces (load forces) and grip forces to an object, and (ii) if specific areas are recruited
when coordinated grip-load forces are produced. We use fMRI to register the brain
activity in three conditions in which the subjects apply forces to a fixed (immovable)
object using the right index finger and thumb under isometric conditions: (a) when the
subjects squeezed the object, i.e., they applied grip forces only, (b) when they
attempted to lift the fixed object by applying vertical lift forces only (the radial/ulnar
sides of the digits were in contact with a horizontally orientated yoke attached to the
object), (c) when they attempt to lift the fixed object by grasping it, thereby
automatically coordinating the grip forces in parallel with the lift forces. Importantly,
in all three conditions the subjects generated forces of similar time-course and
amplitude, only the direction and coordination of the forces differed. Several regions in
the left posterior parietal cortex showed the strongest level of activity in the conditions
where the subjects employed vertical lift forces to the object. In contrast, when the
subjects applied grip forces only, Broca’s region (area 45/ area 44) showed the
strongest activation. Finally, the production of coordinated grip and load forces was
associated with a specific recruitment of a posterior section of the right intraparietal
cortex. We conclude that (i) humans engage different fronto-parietal networks for the
control of forces internal to the object (grip forces) and forces directed eccentrically
with respect to object which cause (potential) displacement (lift forces), and (ii) that
the automatic coordination of grip and load forces for grasp stability during
manipulation is supported by the posterior parietal cortex. These findings are discussed
in relation to the notion that the brain represents these fingertip forces in different
preferred reference frames and use different internal representations for their
sensorimotor control.
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INTRODUCTION
The skillful and effortless manner which we handle and manipulate objects depend on the
ability to move the digits independently and on a sophisticated sensori-motor control of the
forces applied at the interfaces between the digits and the object. Indeed, dexterous
manipulation requires not only that the amplitude of the force is precisely controlled, but also
that the direction of the force vectors relative to the objects are appropriate (Johansson 1996).
Two primary types of forces used in dexterous manipulation can be distinguished based on the
direction of the force-vectors relative to the object: Grip forces (normal to the grasp surface)
are object-centered forces that are generated between two or more digits. Such forces are
applied when we squeeze, and unless the vector sum of the forces is zero within the object the
object will start to spin or move sideways. In contrast, transportation of objects in space
require that the forces applied to the object by the digits are directed eccentrically with respect
to the object. For example, in the prototypical prehensile task of lifting an object from a
support surface, the subjects apply forces tangential to the grasp surfaces (load forces) so that
the sum of the force vectors acting on the object is directed vertically away from the center of
the object.
The application of forces to objects that cause movement (or potential movement) generally
results in destabilizing load forces tangential to the grasped surfaces, i.e., forces that
potentially cause slippage between the fingertips and the object (Johansson and Westling
1984; Johansson and Cole 1992). However, the sensorimotor programs engaged by humans in
when manipulating automatically control for ‘grasp stability’ (Johansson and Cole 1994).
Specifically, grasp stability during manipulation of natural objects is secured by an
anticipatory control strategy that implies that the grip forces are constrained to automatically
increase and decrease in parallel with changes in the self generated tangential forces (grip-lift
synergy), such that both accidental slipping and excessive fingertip forces are avoided
(Johansson and Westling 1984; Johansson and Cole 1992; Forssberg et al. 1992; Wing 1996).
To get a sense of the subject of the matter I will use an example: If you rapidly move a glass
of milk held in a precision grip up and down in front of you, there are substantial internal
forces acting on the object due to the acceleration and subsequently deacceleration of the
object. However, the object does not slip because the CNS continuously modulates the grip
forces in an anticipatory manner so that the accurate frictional force is always maintained. The
anticipatory control for grasp stability is not innate; children up to about 18 month of age does
no express this force synergy and the mature pattern of parallel coordination of grip and load
forces is not fully completed until the age of about 8 years (Forssberg et al. 1991; Forssberg et
al. 1992).
Here we use functional magnetic resonance imaging (fMRI) to examine the functional
organization of the cortical control systems for different types of forces employed at the digitobject interface during precision grip tasks. We address two specific issues: (i) whether
different cortical areas are active when humans apply lift forces and grip forces to an object,
and (ii) if cortical areas are particularly involved in the control of coordinated grip and load
forces for grasp stability. The first hypothesis is grounded on the notion that the central
nervous system (CNS) represents these actions in different preferred reference frames;
behavioral studies have shown that information relevant to movement planning and control
can be represented in multiple reference frames depending on context and task (Droulez and
Berthoz 1991; Soechting and Flanders 1992; Jeannerod et al. 1995a; Soechting et al. 1996;
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Gentilucci et al. 1997; McIntyre et al. 1997; Graziano and Gross 1998). Thus, the employment
of lift forces which are directed vertically away from the object towards a target in peripersonal space, might use reference frames related to overt arm movements and partly favor
the use of posterior parietal areas (Hyvarinen and Poranen 1974; Mountcastle et al. 1975a;
Rizzolatti et al. 1983; Halligan and Marshall 1991; Roland et al. 1980; Roland 1993a;
Kawashima et al. 1995; Grafton et al. 1996a; Vuilleumier et al. 1998; Desmurget et al. 1999).
In contrast, the production of grip forces which are internal to the object might preferably use
other reference frames (i.e., hand/object centered reference frames) (Iberall et al. 1986a;
Jeannerod et al. 1995b). Secondly, it is not known whether the anticipatory control of grip
forces during self generated load forces in precision grip tasks is subserved by specific
neuronal populations. However, theoretically it can be argued that the parallel coordination of
grip and load forces have to be facilitated by specific control mechanisms; the integration of
efferent copy information about the self produced actions and memory representations about
the objects physical properties (e.g., the surface friction) from previous manipulations are two
functions that have been suggested to be critically involved in anticipatory controlled grip
forces during manipulation (Flanagan and Wing 1997; Johansson 1998; Blakemore et al.
1998a; Jordan and Wolpert 1999; Kawato 1999)
We use fMRI to register the brain activity in three conditions in which the subjects apply
forces to a fixed (immovable) object using the right index finger and thumb under isometric
conditions: (a) when the subjects applied grip forces only, (b) when they produce vertical lift
forces only and, (c) when they applied coordinated grip-lift forces to the object. In all three
conditions, the subjects generated forces of similar time-course and amplitude, only the
direction and coordination of the forces differed.

METHODS
Subjects, general procedure and apparatus
Six healthy male subjects with no history of neurological disease participated in the study.
Their ages ranged from 24 to 29 years. All subjects were strongly right-handed (Oldfield
1971). They were naive as far as the specific purposes of the experiments were concerned.
The subjects had given their written consent and the Ethical Committee of the Karolinska
Hospital approved the study, performed in accordance with the guidelines of the Declaration
of Helsinki 1975. During the experiments the subjects rested in a supine position in the MR
scanner. The extended arms were oriented parallel to the trunk and supported from the elbow
to the radial side of the hand. The subjects used the tips of the thumb and the index finger of
the right hand to manipulate a non-magnetic immovable test object (Fig 1). The test object
had vertical flat parallel contact surfaces covered with sandpaper (grit size 180) that were
spaced 30 mm apart and could be equipped with a horizontally oriented yoke (Fig. 1B).
Optometric transducers in the object allowed measurements to be made of the grip forces
normal (perpendicular) to the contact surfaces and the total load force applied in the vertical
direction. The grip force was defined as the mean of the normal forces measured at the two
grasp surfaces and the load force as the total vertical force. The resultant fingertip force was
represented by the vector sum of the grip and load forces.
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The subjects were blindfolded throughout the experiments and instructed to keep their eyes
closed. They wore headphones to reduce the noise from the MR-scanner and to receive
auditory cues provided by a metronome.
Tasks
The study included three fingertip force tasks where the subject applied different types of
isometric fingertip forces with similar amplitudes and time courses: (i) In an grip force task
the subjects were asked to just squeeze the test object, i.e., they applied grip forces normal to
the opposing grasped surfaces (Fig. 1A). (ii) In a lift force task the subjects were asked to
attempt to lift the test object by using the radial side of the index finger and the ulnar side of
the thumb. These digits were now spaced so that they did not contact the vertical grasp
surfaces of the object, but instead positioned to contact a horizontally oriented yoke as shown
in Fig. 1B. The subject principally applied vertical lift forces to the object without applying
forces normal to the grasped surfaces. Finally, (iii) in the griplift force task the subjects were
asked to attempt to lift the test object by gripping at its vertical grasp surfaces (Fig. 1C). Since
the digits were not in contact with the yoke, the subjects automatically engaged the grasp
stability control that constrained the grip and vertical load force to change in parallel (see load
vs. grip force in Fig. 1C). Thus, in addition to load forces, without receiving an instruction to
squeeze the object, subjects automatically applied grip forces to prevent slippage. In each
task, subjects generated a force pulse once every second, paced by a metronome (1 Hz).
Likewise, in all tasks the resultant force profiles were unimodal and of similar amplitude and
shape (Figs. 1A-C, right panels). To standardize the force amplitude, a brief weak mechanical
load force pulse (10 ms duration and <0.5 N peak force) was delivered through the handle
when the resultant fingertip force reached 6 N (the “tactile cue” in Fig. 1). The subjects were
instructed to reach this force threshold each time they applied the force pulses. Furthermore,
they were told to generate the same forces across the force cycles, and not to produce forces
that greatly exceeded the force threshold. In addition to these three tasks, in a baseline
condition we collected data while the subjects kept the index finger and thumb in contact with
the object, but applied no overt force. In the baseline condition, the subject heard the
metronome and received brief mechanical pulses to the digits identical to those obtained in the
three fingertip force tasks.
Before the brain scanning, the subjects practiced each task for about 5 minutes. All subjects
easily learnt the tasks and found them to be simple. After the training they were able to keep
up a conversation while performing the task, which suggests that the exercises had been well
learned. During the scanning, the force signals were digitized and stored at 400 samples/s
using the SC/ZOOM data acquisition and analyze system (Physiology Section, IMB,
University of Umeå, Sweden). For each fingertip force production task, we measured the peak
forces for each force cycle.
In separate experiments outside the MR-scanner, in four subjects, we measured activity in
proximal muscles of the right arm (biceps brachii and anterior deltoid muscles) during the
manipulatory tasks by surface electromyography (EMG) (Myo115-electodes with 2000X
amplifiers, Liberty Technology, Hopkinton, Massachusetts, USA). With the intention of
checking whether there were synergistic movements in the non-operating hand we also made
simultaneous recordings from muscles of the left arm (first dorsal interosseous, abductor
pollicis brevis, biceps brachii and anterior deltoid muscles) in these subjects.
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Brain Scanning
Functional MRI was conducted on a 1.5 T scanner (Signa Horizon Echospeed, General
Electric Medical Systems) equipped with a head-coil. We collected gradient-echo, echoplanar (EPI) T2*-weighted image volumes with blood oxygenation level-dependent (BOLD)
contrast (Ogawa et al. 1992; Kwong et al. 1992). The imaging parameters were: echo time
(TE)= 60 ms; field of view (FOV) = 22 cm; matrix size = 64 x 64; pixel size = 3.4 mm by 3.4
mm; flip angle = 90°. Twenty-four contiguous axial slices of 4 mm thickness were collected
in each volume. This volume covered the whole brain in all subjects, except the cuadal two
thirds of the cerebellum.
Functional-image volumes were collected in six separate runs. In each run, 114 functionalimage volumes were acquired continuously, with one volume being collected every 6000 ms
(TR= 6 s). The subjects performed the different tasks for periods of 36 seconds (6 fMRI
volumes). Periods of baseline condition were alternated with periods where the force
production tasks were performed (classical blocked design). In each run, we alternated the
order of the tasks to reduce possible time trends. To allow for T1 equilibration effects, we
started each experiment by recording four “dummy” volumes that were not stored. A total
number of 684 volumes were collected for each participant, with the same number of volumes
being collected for each subject and task.
Data analysis and image processing
We used SPM-97 to process and analyze the images (Friston et al.
http//:www.fil.ion.ucl.ac.uk/spm). The volumes were realigned, co-registered to each
individual anatomical T1-weighted image (3D-SPGR) and normalized to the stereotactic
space of Talaraich and Tournoux (Talaraich and Tournoux 1988) using the reference brain of
the Montreal Neurological Institute (MNI). The image volumes were subsequently spatially
smoothed with an isotropic Gaussian filter of 8 mm full width at half maximum (FWHM), and
smoothed temporally with a Gaussian kernel of 4 s width to increase the signal to noise and
conform to the Gaussian assumptions of SPM97. The data was modeled using the General
Linear Model (GLM) (Friston et al. 1995a;Worsley and Friston 1995). We used the standard
SPM hemodynamic response function to filter the boxcar wave form that defined the different
conditions. A high pass filter (cut-off frequency: 2.3 mHz) was used to remove low frequency
drifts and fluctuations of the signal (Holms et al. 1997). Proportional scaling was applied to
compensate for global changes in the signal. To increase the sensitivity of the analysis, we
analyzed the time-series of the images obtained from the six subjects as one group (fixed
effect model).
For every voxel, the activity was modeled as a linear sum of factors in a design matrix. The
design matrix had each of the four experimental conditions and the mean value of the data
from each run as factors (the standard model as implemented in SPM97). By estimating the
task specific effects using linear contrasts in the GLM, we created statistical images (also
called statistical parametric maps, SPMs) with a t-distribution (SPM|t|) that we transformed
subsequently to the Z-distribution (SPM|Z|). These statistical images were thresholded at
Z>3.09 at each voxel. The thresholded images (SPM|Z|) have many clustered voxels (clusters)
with high Z-values in regions where there is a large difference in activity between the
contrasted conditions. The activations were then characterized in terms of peak height and
spatial extent. We report active clusters that corresponded to a p < 0.05 after correction for the
number of multiple comparisons within the whole brain space (omnibus p < 0.05), based on a
combined test for peak height and spatial extent (Poline et al. 1997). Some large clusters
engaged multiple regions, distinguished as separate local maxima of activity. We report such
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multiple local maxima of activation (peaks) within a cluster if they corresponded to a p
< 0.05 after correction for the number of multiple comparisons based on a test for peak height
(Friston et al. 1995b). We also examined statistical contrasts for individual subjects to confirm
that the activations detected in the group analysis were present (not shown). All, or five out of
six of the individual subjects, showed increases in activity at or very near the locations of the
activations detected in the group analysis (Z>1.66).
We defined linear contrasts in the GLM to test our hypotheses. Firstly, for each force
production task we identified brain regions with BOLD contrast signals stronger than the
baseline condition. Secondly, we defined the contrasts (lift force task – grip force task) and
(grip force task – lift force task). These contrasts test for differences in brain activity when
applying grip forces and lift forces to an object using index finger and thumb. Thirdly, to
localize brain activity specifically associated with control of coordinated grip-lift forces, we
contrasted the griplift force task versus the grip force task, and the griplift force task versus
the lift force task, respectively. Areas critically involved in the neural processes related to the
coordination of the grip and load forces should appear in both of these contrasts. Further, to
complement the pair-wise comparisons of the conditions, we defined contrasts where we
compared the brain activity detected during one task with the average activity in the two other
tasks (main effect).
Finally, for brain regions that showed a task dependent activation when we contrasted pairs
of fingertip force production tasks, we only report those voxels that showed some increase in
activity in that task when compared with the baseline condition (at Z>1.66 at each voxel;
corresponding to P<0.05). By this means we focused on brain areas that were activated during
the fingertip force tasks and minimized the possibility that differences between the tasks
merely reflected different degrees of deactivation.
Anatomical localizations
We use the terminology of Roland and Zilles (1996) for the cortical motor areas. The
anatomical localization of the activations in other parts of the brain were related to the major
sulci and gyri distinguishable in a mean standardized anatomical MRI obtained from the six
subjects (Duvernoy 2000).
To investigate whether activations of the left inferior frontal cortex (see Results) belonged
to area 44 or 45 (Broca’s region), we related sites of activation to areas 44 and 45 defined
cytoarchitectonically by Amunts et al (Amunts et al. 1999) for ten post mortem brains.
Briefly, T1 weighted MRI scans (1.5 T Siemens Magnetron SP; 3D flash pulse sequence)
were obtained from these post mortem brains fixed in formalin or Bodian’s solution. After
correcting for deformations related to histological processing, the MRI of each post mortem
brain and the brain volume corresponding to each cytoarchitectonic area was transformed to
the standard anatomical format of the Human Brain Atlas (Div. Human Brain Research, Dept.
Neuroscience, Karolinska Institute, Stockholm, Sweden) and the European Computerized
Brain Data Base (Roland and Zilles 1996; Schormann and Zilles 1998). The locations of the
fMRI activations were transformed to the same standard anatomical format by the same
algorithm (Schormann and Zilles 1998). To estimate the most probable locations with
reference to areas 44 and 45, the allocation of each voxel was defined as the cytoarchitectural
area that had the largest number of post mortem brains associated with the voxel (Roland et al.
1997; Roland and Zilles 1998). To allocate a voxel to areas 44 or 45 rather than to the
surrounding cortex (for which we have no available microstructural data), the voxel had to be
located in the microstructurally defined brain area in at least three of the ten post mortem
brains (Naito et al. 2000). This criterion is justified from the inter-subject variability in
cytoarchitectural areas (Amunts et al. 1999; Roland et al. 1997). Finally, we allocated local
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maxima of fMRI activations (peak activity) to the population maps of the cytoarchitectural
areas in a similar manner. We also described the overlap between the activated cluster and the
population maps of areas 45 and 44 (as a percentage of the cluster volume).

RESULTS

Task performance
Figure 1 illustrates typical grip and load force profiles together with the resultant fingertip
force in the three manipulatory tasks: the grip force task, the lift force task, and the griplift
force task. During the fMRI scanning, the subjects generated the requested time courses of the
force in > 99 % of the force pulses and there was no difference between the tasks in this
respect. Likewise, the resultant forces were similar in the three tasks. For data pooled across
all subjects, the peak resultant force was 7.8 N ± 0.96 N (mean ± SD) for the grip force task,
7.7 N ± 1.0 N for the lift force task and 6.6 N ± 1.2 N for the griplift task. Thus, we
considered these tasks to be almost equivalent in terms of the total force production (see
Discussion Section). We observed no slipping of the test object in any of the tasks.
The biceps-brachii and anterior deltoid muscles showed no reliable EMG activity during the
grip force task, but did during the lift and griplift force tasks. None of the tasks was associated
with EMG activity in the muscles of the left arm and hand.

Brain activation
The fingertip force tasks versus the baseline condition
Figure 2 and Table 1 indicates for each of the three manipulatory tasks brain regions that
had a stronger BOLD contrast signal than the baseline condition (p<0.05 after correction for
multiple comparisons). All three tasks activated several common areas in the left
(contralateral) hemisphere. These included the cortex around the central sulcus (M1 and S1)
with a large cluster that extended rostrally into the dorsal premotor cortex (PMD), the ventral
premotor cortex (PMV; the inferior part of the precentral gyrus, posterior to area 44), area 44,
the supplementary motor area (SMA) with the activation extending into the cingulate sulcus,
parietal operculum (SII region), post-central sulcus and the supramarginal cortex with
activations extending into the anterior part of the intraparietal sulcus. In addition, an activation
of the left posterior inferior frontal gyrus (Broca’s region; area 45) was associated only with
the grip force task. Similarly, the precuneus (on the mesial aspect of the parietal lobule) and a
posterior section of the left angular gyrus showed significant activation only during the lift
force task.
Several brain sites were activated in the right hemisphere, ipsilateral to the acting hand,
when the subjects performed the grip force task and the griplift force task. The lift force task

EHRSSON ET AL.

10

was not associated with right-sided activity, with the exception of one site in the right
lateral prefrontal cortex. The grip force task and the griplift force task both recruited the right
supramarginal cortex and parts of the right posterior inferior frontal lobe. Increased activity
was observed in a section of the right posterior intraparietal cortex and in a part of the right
prefrontal cortex only when the subjects performed the griplift force task.
All tasks activated identical subcortical regions: the motor sections of the bilateral putamen,
the bilateral thalamus and the right anterior cerebellar hemisphere.
Brain activity associated with the control of lift force
To disclose brain regions primarily engaged in the control of vertical lift forces, we
contrasted the functional images recorded when the subjects performed the lift force task with
those during the grip force task. The lift force task was associated with significantly stronger
brain activity (p<0.05 corrected for multiple comparisons) in a set of left-sided posterior
parietal areas, i.e., the cortex lining the intraparietal sulcus (IPS), the cortex lining the
postcentral sulcus, angular cortex and the precuneus (Figs. 3A-B and Table 2). In addition,
stronger BOLD contrast signals were observed in the postcentral gyrus and the central sulcus
(M1/S1).
Since the griplift force task (attempting to lift the grasped object) also involved vertical lift
forces, we examined the contrast (griplift force task - grip force task) to probe for increases in
activity in the left-sided posterior parietal areas. Indeed, trends for increases in activity were
seen in the cortices lining the post-central sulcus, the anterior part of the intraparietal sulcus.
Activity was also found in the central sulcus. However, these increases in activity did not
reach the criterion for statistical significance (P < 0.05 corrected). Even so, we report these
activations to show the correspondence between them and the results from the other contrasts.
The combination of a conservative significance criterion based on corrections for multiple
comparisons in the whole brain space and the weaker lift force component during the griplift
force task may have contributed to this result. Finally, we also examined the main effect of the
lift forces (lift force task - grip force task + griplift force task - grip force task). This showed
that the cortex lining the anterior part of the left intraparietal sulcus (x = -40, y = -44, z = 56;
Z = 5.52), the cortex lining the left post-central sulcus (x = -28, y = -44, z = 68; Z = 4.65), the
cortices of the crown of the left postcentral gyrus (x = -40, y = -28, z = 64; Z = 4.95), and the
central sulcus (x = -32, y = -24, z = 68; Z = 5.01) showed significantly stronger activity when
the tasks that involved lift forces were considered together and compared with the grip force
task (p < 0.05 after a correction for multiple comparisons). In conclusion, the left intraparietal
cortex and post-central cortex of the posterior parietal lobe, and the cortex of the post-central
gyrus and central sulcus, showed the most reliable increases in activation associated with the
employment of vertical lift forces (we focus on these areas in the Discussion).
Brain activity associated with employment of grip force only
To disclose brain regions primarily engaged when only grip forces were employed, we first
contrasted the grip force task with lift force task. The former task was associated with stronger
activity in the left inferior frontal gyrus than was observed for the lift force task (Fig. 3C and
Table 2). The location of the activity in the standard anatomical space corresponded to the
cytoarchitectural areas 45 and 44 (a population map from ten brains, see Methods). More
specifically, the maximum activity was located in area 45 for five out of the ten post mortem
brains; none of the post mortem brains had area 44 at this location. Figure 4 shows that the
peak activation was located in the ventral and posterior part of area 45. Furthermore, 44% of
the voxels in the active cluster (the total volume of cluster was 1665 mm3) were located in
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area 45, 29 % found in area 44, and only the remaining 27 % were located in the cortex
adjacent to Broca’s region. The activation was thus located within the Broca’s region, which
classically refers to areas 44 and 45, (Uylings et al. 1999), with the strongest and most
extensive activation being located in the posterior part of area 45.
We reasoned that if the activation of Broca’s region reflected the application of grip forces
per se, i.e., independent of whether the forces were applied voluntarily (as when squeezing;
grip force task) or automatically coordinated with the self generated load forces (as in the
griplilft force task), this areas should be strongly active also in the griplift task (since this task
included the employment of grip forces). However, this was not the case as evident from the
conspicuous lack of activation of this area when contrasting the griplift force task and the lift
force task (see Tables 1and 2). Instead, when we contrasted the grip force task with the
griplift force task Broca’s region was activated (see Table 2). This shows that the activity in
this region is specifically related to the voluntarily application of grip forces when squeezing
an object, and not to the central representations of automatic grip force modulations in grasp
stability actions. In conclusion, Broca’s region thus appeared to be specifically active when
grip forces are applied voluntarily to the object without any intention to displace it. [Further,
this finding was supported by the contrast testing for the main effect of the voluntarily
generated grip forces [grip force task - lift force task + grip force task - griplift force task),
showing an activation of the same section of Broca’s region (x = -48, y = 20, z = 8; Z =
5.33)].
Brain activity associated with production of coordinated grip-load forces
To detect possible brain activity specifically associated with control of automatically
coordinated grip and load forces, we compared the images recorded during the griplift force
task with those of the lift force task and those of the grip force task, respectively. The
rationale for this was that neither of the latter tasks depended on the ability to appropriately
anticipate the required grip force to maintain grasp stability, but they involved production of
vertical lift and of grip forces (including the production of the same grasp posture of the
hand), respectively. Furthermore, all three tasks involved similar magnitudes and time courses
of the fingertip forces. A posterior section of the cortex lining the IPS and the cortex of the
angular gyrus of the right posterior parietal lobule, the right prefrontal cortex, showed stronger
activity when the griplift force task was compared with the lift force task (Figs. 3D-E and
Table 2). Likewise, when we contrasted the griplift force task with the grip force task, a
significant activation was located in the same part of the right posterior IPS (Fig. 3F and
Table 2). Thus, activity in the right IPS was strongly associated with the condition in which
the subjects produced coordinated grip and load forces (we do not discuss the other areas
further). This finding was further supported by the analysis of the main effect (griplift force
task - lift force task + griplift force task - grip force task; x = 48, y = -60, z = 48; Z = 5.69).

DISCUSSION
We have investigated the neural correlates of three important types of fingertip applied to
objects during precision grips. The results show that cortical activation is affected by the
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direction and coordination of the fingertip forces. Squeezing an object, i.e., applying grip
forces only, strongly activates the Broca’s region; attempting to displace a fixed object using
vertical lift forces increases the activity of the left posterior parietal cortex; and attempting to
lift a fixed object by grasping it, thereby automatically coordinating the grip forces in parallel
with the self generated lift forces, activates a section of the right posterior intraparietal cortex.
These results suggest that object-centered grip forces and forces that potentially displace
hand-held objects engage different fronto-parietal networks in humans. Furthermore, the right
posterior intraparietal cortex appears to be involved in the coordination of load and grip forces
for grasp stability during precision grips.
The three fingertip force tasks examined involved similar amplitudes and time courses of
fingertip forces. Likewise, in all tasks the force production was guided by auditory and tactile
cues, which meant that putative neuronal responses associated with these cues were probably
eliminated in the pair-wise comparisons. As to potential confounding factors, we cannot
exclude the possibility that the recruitment of proximal muscles of the arm contributed
activity in the dorsal parts of the postcentral gyrus and central sulcus during tasks involving
generation of vertical lift forces. However, it is unlikely that this factor could explain the
activations in more posterior parts of the parietal lobule (Ehrsson et al. 1999; Colebatch et al.
1991; Dettmers et al. 1995). Likewise, we do not believe that the small difference in the
overall fingertip force (<1.3 N) that existed from one task to another would have accounted
for significant differences in BOLD contrast signals, not even in the primary motor cortex
(Crelier et al. 2000; Kuhtz-Buschbeck et al. 2001). Furthermore, any eventual differences in
the overall somatosensory afferent input from the digits would hardly explain the strong
activation of the posterior parietal lobule in the lift force task. If there were any differences,
the strongest digital afferent input would have occurred in the griplift force task, which
involved tangential forces in addition to forces normal to the contact surfaces (Macefield et al.
1996a).

Neural control of lift force during precision grip
One factor that could explain the differences in brain activity between the lift force task and
the grip force task is that the CNS uses different reference frames for their sensorimotor
control. The stronger activity in the anterior part of the left intraparietal cortex and left
postcentral cortex observed when the subjects attempted to displace the fixed object indicates
that these structures play a role in the control of the direction of fingertip forces applied to
objects in near-personal space. Interestingly, the left human posterior parietal lobe is known to
be involved in the control of trajectories of overt movements of the right arm and hand in
space (Roland et al. 1980; Deiber et al. 1991; Roland 1993a; Kawashima et al. 1995; Grafton
et al. 1996a; Desmurget et al. 1999). But, since the subjects did not move their fingers, hand
or arm in the present tasks, it can be concluded that these parietal areas are also involved in
manipulatory tasks that require the specification of vertical lift forces applied to grasped
objects under isometric conditions. Possibly, these parietal areas plan the intended movement
trajectories of the hand and object, and then these spatial motor plans are translated into
muscular commands and executed in the frontal motor areas. Indeed, a number of electrophysiological studies in monkeys suggest that the PPC is important in the planning and
control of arm movements by integrating sensory signals and motor signals for actions in
extra-personal space (Mountcastle et al. 1975a; Gnadt and Andersen 1988; Mazzoni et al.
1996; Snyder et al. 1997a; Andersen et al. 1997).
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Neural control of grip force during precision grip
Our results demonstrate that a cortical field located in Broca’s region (peak in left area 45,
cluster also overlapping area 44) is more strongly activated when subjects apply grip forces to
an object without intending to displace it (grip force task), than when they attempt to lift the
fixed objects by applying vertical lift forces only (lift force task) or lifting it by grasping it
thereby automatically applying coordinated grip and load forces (griplift force task). This
finding allows two conclusions. Firstly, the stronger activation of Broca’s region when grip
force as opposed to lift force are produced suggest a preference for the neuronal populations
in this area to represent fingertip executed in object or hand centered reference frames.
Indeed, it has been proposed previously that execution of opposition actions during
manipulation is likely to be specified in an object-centered co-ordinate system (Jeannerod
1994; Jeannerod et al. 1995a; Gentilucci et al. 1996), or in the ‘opposition space’ which is a
hand-centered co-ordinate reference frame contained within the hand (Iberall et al. 1986b;
Jeannerod et al. 1995a; Gentilucci et al. 1996; Paulignan et al. 1997). Secondly, our results
suggest that Broca’s region is preferentially active in precision grip tasks when the grip forces
are applied voluntary. Indeed, activation of this area was only detected when the subjects
squeezed the object (grip force task) and not when they applied automatically coordinated
grip-load forces (griplift force task). In contrast, the anticipatory controlled grip forces
employed in the latter condition recruited the PPC more strongly (see the next paragraph). As
such, this observation is consistent with the general view that the while PPC is important for
automatic coordination and control of goal directed hand actions (Milner and Goodale 1995;
Jeannerod 1997), the frontal lobes are more important for the voluntary control of limb
movement (Passingham 1993).
Since the seminal work of Paul Broca it is well known that Broca’s region in the left
hemisphere is a critically important human language center. However, results from recent
functional neuroimaging studies suggest that this region is also involved in the production of
manual actions. As estimated from their location in the standard anatomical space (Talaraich
coordinates), the most consistent activations of the human ventro-lateral frontal lobe observed
in previous imaging studies related to skilled manipulation and precision grip tasks
correspond to activations of PMV and area 44 (e.g., Matsumura et al. 1996; Kawashima et al.
1998; Binkofski et al. 1999; Ehrsson et al. 2000; Kuhtz-Buschbeck et al. 2001). Our findings
confirm this general activation pattern; these areas were activated in all three fingertip force
production tasks, with no significant differences in activation between tasks (see the Results
section). However, our results indicate that a cortical field located in area 45 /area 44 (Broca’s
area) is preferentially activated when grip forces are applied voluntarily to an object without
intention to displace it. Similar sections of Broca’s region corresponding to (approximately)
areas 45 and 44 have previously been active during action-observation and mental motor
imagery of grasping tools and objects (Decety et al. 1994; Grafton et al. 1996b; Decety et al.
1997). However, in these studies it was not possible to exclude the possibility that the activity
could have reflected automatic association of the actions and objects with verbs or nouns (i.e.,
language processing) (McGuire et al. 1996; Warburton et al. 1996). In the present study, as
well as in our earlier precision grip studies, it should be possible to conclude that the
activations in Broca’s region and reflects neural processing related to the generation of grip
forces to objects since it was detected by contrasting pairs well matched motor tasks meaning
that the net effect could certainly not correspond to language processing. These findings
provides further support for the general hypothesis that neuronal populations in Broca’s
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region represent manual actions, in addition to language functions (Luders et al. 1992;
Rizzolatti and Arbib 1998).
A possible neural substrate for coordinated grip-load forces in the human PPC
The cortex lining a section of the right (ipsilateral) posterior intraparietal sulcus was
activated preferentially when the subjects generated automatically coordinated grip and
tangential load forces for the maintenance of grasp stability. This right-sided parietal region is
also active in fMRI studies when subjects explore objects with complex shapes using either
hand (Binkofski et al. 1999) and when an object is grasped with a right-handed precision grip,
but not with a power grasp (Ehrsson et al. 2000). To prevent slippage and object loss, grasp
stability actions must indeed also support such tasks. Thus, although the human posterior
parietal cortex is functionally heterogeneous (Roland 1993b), the right posterior IPS seems to
be involved in sensorimotor integration during skilled manipulation. In particular, the present
results suggest that this area is involved in control mechanisms that support grip-load force
coordination during precision grips.
Is it possible to say anything more specific about the possible functional role of this parietal
area for the coordination of grip and load force during grasping? We suggest that the posterior
intra-parietal cortex is involved in the anticipatory control mechanisms responsible for the
computation of the grip forces needed to compensate for the self-generated load forces during
manipulation. For the brain to correctly predict the load forces acting on the object as a result of
self-generated actions, it has been suggested that it integrates information (afferent and memory
based) about the object’s physical properties (in our experiment mainly information about the
surface friction), efferent copy information about the self-generated action, and representations
about the state of the skeletomuscular apparatus (Johansson and Cole 1994; Flanagan and Wing
1997; Wolpert et al. 1998; Johansson 1998; Jordan and Wolpert 1999; Kawato 1999). The
friction related information is updated every time an object is touched and this revised
information is retained in the memory throughout the successive manipulations (Johansson and
Westling 1987; Johansson and Cole 1994). Thus the right intraparietal cortex might serve as a
higher-order sensorimotor integration area where the task-relevant somatosensory, motor and
memory signals are compared and combined to provide the information for the motor areas to
produce the appropriate muscular commands for the grip and load forces to change in parallel.
Further, the lack of activation in the right posterior intraparietal cortex when subjects simply
held an object static using a precision grip (and applied grip force and load forces) is in
agreement with this hypothesis, since no self-generated loads are produced (the object is held
still) and thus no anticipatory controlled grip forces have to be generated (Kuhtz-Buschbeck et
al. 2001). Finally, our hypothesis is compatible with physiology and anatomy of the PPC as
described in non-human primates: populations of neurons in more posterior parts of the cortex
lining the intraparietal sulcus and adjacent cortices have tactile receptive fields on the hand and
are activated by movements of the upper limb (Hyvarinen 1982; Mountcastle et al. 1975b;
Colby and Duhamel 1996), and the PPC is capable to integrate sensory signals from different
domains (visual and somatosensory) signals and efferent copy signals from frontal motor
structures and use this information to plan actions (Mountcastle et al. 1975b; Snyder et al.
1997b; Snyder et al. 1998; Andersen et al. 1997).
We should point out that it is unlikely that the human cerebral cortex contains only one
exclusive area for the anticipatory control of the grip forces that subserve grasp stability, and
our results should not be taken to favour of such a view. Firstly, the anticipatory control
policy is a fundamental strategy used by the CNS in motor control for which neural correlates
are likely to be detected at many levels of the neural organization. Secondly, the anticipatory
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control mechanisms are likely to be task-dependent: Different types of manipulative actions
depend primarily on sensory signals from different sensory domains (mainly vision and
somatosensation), and the critical memory-representations for different manipulated objects
might differ (Johansson and Westling 1988; Gordon et al. 1992; Gordon et al. 1993; Flanagan
and Wing 1993; Flanagan et al. 1993; Flanagan and Wing 1997; Jenmalm and Johansson
1997; Jenmalm et al. 1998; Johansson et al. 1999). Even so, the CNS is able to integrate the
different types of sensory and memory information to provide grasp stability in any given
manipulative task; presumably by recruiting different neural networks for different tasks.
Likewise other brain structures, such as the cerebellum, have been implicated in functions
related to anticipatory sensorimotor control, such as the prediction of sensory consequences of
self-generated movements (Blakemore et al. 1998b; Blakemore et al. 1999; Blakemore et al.
2001), and the implementation of ‘internal models’ for hand-object skills (Kawato 1999;
Imamizu et al. 2000). Nevertheless, our results are principally interesting since they provide
the first functional imaging evidence that support the view that the human posterior parietal
cortex participates in the anticipatory sensorimotor control of grip forces during manipulation.
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Figure legends
Figure 1. Hand posture, configuration of the test object and fingertip forces applied in the
grip force task (A), lift force task (B) and the griplift force task (C). A-C: The fingertip forces
were recorded as grip forces normal to the grasped surfaces and vertical load forces tangential
to the grasped surfaced. The time traces show representative grip and load (lift) force
recordings from one subject performing the tasks in the MR scanner (data shown from an
arbitrarily chosen 3 seconds epoch to represent two consecutive force pulses). The time traces
below show the vector sum of the grip and load force components (resultant force) and the
occurrences of the brief weak tactile signals that provided feedback about the target force (6 N
resultant force). Note that the shape and amplitude of the resultant force pulses were similar in
the three tasks. The graph below the hand shows recordings of fingertip forces during all trials
by the same subject by plotting the grip force against the load force. Note that the force
vectors have similar magnitudes in the three tasks but differed in direction.
Figure 2. Brain regions with stronger activity during manipulatory tasks as compared with the
baseline condition. Each column represents one task and significant activations (p<0.05 after a
correction for multiple comparisons) are superimposed on 3D-represenations of the standard
brain (MNI). The top row shows the left hemisphere, the middle row the right hemisphere and
the lower row the medial wall of the left hemisphere. The activation maps were thresholded at
each voxel at Z>3.09 for display purposes. For further details see Table 1. Note that the lower
part of the cerebellum was outside the field of view of the MR scanner.
Figure 3. Task related brain activity profiles obtained by contrasting activation patterns of
different tasks, superimposed on 3D reconstructions (A-D, F) or a coronal slice (E) of the
standard brain (MNI). A Significant BOLD contrast signals in the left lateral (A) posterior
parietal lobule when the subjects performed the lift force task as compared to the grip force
task. B The left posterior parietal cortex was also active when we examined the main effect of
the spatial actions (lift force task vs. grip force task and griplift force task vs. grip force task)
C. Activation of left Broca’s region (area 45) observed by contrasting the grip force task with
the lift force task. D – E. Activation of the posterior intraparietal cortex when the subjects
performed the griplift force task as compared to the lift force task. F. Similar activation of the
posterior intraparietal cortex when the subjects performed the griplift force task as compared
to the grip task. A - F. The activation maps were thresholded at each voxel at Z>3.09; only
activations significant at p<0.05 after a correction for multiple comparisons are shown. For
further details see Table 2. L and R refers to the laterality of the hemispheres (L=Left,
R=Right). The Talaraich coordinate is indicated for the coronal slice in E.
Figure 4. fMRI activation related to cytoarchitectural population maps of areas 45 and 44
(Broca’s region) during the grip force task (vs. lift force task). A. Area of activation (p<0.05
corrected for multiple comparisons, thresholded at each voxel at Z>3.09 for display purposes)
superimposed on a coronal slice (x = -48) of the standard brain (HBA, Div. Human Brain Res.
Stockholm, Sweden). B. Population maps of cytoarchitecturally defined areas 45 (red) and 44
(yellow) on the same slice of the brain derived from histological analyses of 10 post mortem
brains (Amunts et al., 1999; for further details see Methods). C and D Area of activation
superimposed on the population maps of the cytoarchitectural areas (blue = activation in area
45, green = activation in area 44). C a coronal slice and D a horizontal slice (z = + 10, HBA).
Note that the activated zone was located mainly within area 45 (blue).
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Table 1. Fingertip force tasks compared to the baseline condition
Talaraich coordinates (MNI)
Anatomical region
(functional /
cytoarchitectural area)

X

Y

Z

-40
-12
-32
-16
-56
-32
-56
-20
-8
-32
-52
-64
-4

-36
-16
8
-16
-20
-12
-40
-4
64
32
-60
0
-68

60
60
0
12
16
8
24
16
4
16
44
36
36

9.60
8.68
7.81
7.79
7.73
7.69
7.16
6.54
5.13
5.08
4.89
4.88
4.85

8
24
12
36
12

-48
12
-12
48
0

-20
4
12
0
16

8.77
7.06
5.49
5.23
5.18

Left hemisphere
Left central sulcus (M1/S1)
Left medial superior frontal gyrus
Left putamen
Left parietal operculum (SII region)
Left thalamus
Left insula
Left putamen
Left precentral gyrus (PMV)
Left thalamus
Left supramarginal gyrus
Left inferior frontal gyrus, pars opercularis
Left precentral gyrus (PMV)
Left thalamus
Left inferior frontal gyrus, pars opercularisa

-40
-8
-28
-56
-16
-36
-24
-60
-24
-56
-52
-64
-12
-48

-32
-12
8
-20
-16
-16
0
0
-20
-44
4
4
0
20

56
60
4
16
8
8
16
20
16
28
0
32
12
8

9.53
8.34
8.04
7.36
7.35
7.00
7.00
6.58
6.50
6.38
6.18
5.78
5.32
4.68

Right hemisphere
Right anterior cerebellar hemisphere
Right putamen
Right caudate
Right parietal operculum (SII region)
Right putamen
Right medial superior frontal gyrus (SMA)
Right thalamus
Right circular insular cortex
Right supramarginal gyrus
Right supramarginal gyrus
Right cingulate sulcus (CMAr)

8
24
12
64
12
4
12
32
52
64
8

-48
12
0
-28
8
-8
8
20
-52
-44
8

-20
4
16
16
4
68
4
8
40
28
48

8.50
7.05
6.54
6.46
5.78
5.55
5.49
5.33
5.06
5.06
4.68

Lift force task versus baseline condition
Left hemisphere
Left central sulcus (M1/S1)
Left superior frontal gyrus (SMA)
Left putamen
Left thalamus
Left parietal operculum (SII-region)
Left putamen
Left supramarginal gyrus
Left thalamus
Left medial superior frontal gyrus
Left inferior frontal gyrus, pars opercularis
Left angular gyrus
Left precentral gyrus (PMV)
Left precuneus
Right hemisphere
Right anterior cerebellar hemisphere
Right putamen
Right thalamus
Right inferior frontal gyrus
Right thalamus
Grip force task versus baseline condition

Peak Z-score
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Griplift force task versus baseline condition
Left hemisphere
Left central sulcus, (M1/S1)
-40
-36
60
9.54
Left medial superior frontal gyrus (SMA)
-8
-24
56
8.45
Left medial superior frontal gyrus (SMA)
-8
-16
64
8.38
Left thalamus
-16
-12
8
7.89
Left putamen
-32
8
0
8.13
Left posterior lateral fissure/supramarginal
-56
-40
24
7.35
gyursb
Left parietal operculum (SII region)
-56
-20
16
7.29
Left superior frontal gyrus
-8
68
8
6.47
Left frontal operculum
-56
8
-4
5.54
Left precentral gyrus, PMV
-60
0
16
5.81
Left superior frontal gyrus
-4
64
8
4.90
Left superior frontal gyrus
-12
56
24
4.88
Left thalamus
-12
4
8
4.87
Right Hemisphere
Right anterior cerebellar hemisphere
8
-48
-20
8.71
Right intraparietal sulcusc
52
-56
52
5.68
Right thalamus
16
0
16
6.00
Right putamen
24
12
8
7.03
Right posterior inferior frontal gyrus
52
24
8
5.53
Right thalamus
12
4
4
5.30
Right putamen
24
8
-8
5.26
Right supramarginal cortex
64
-52
20
5.13
Significant increases in BOLD contrast signal ( p<0.05 corrected for multiple comparisons). The Z-scores of the
peak activations correspond to the following p-values after correction for the number of multiple comparisons in
the whole brain space: Z = 4.68 (p = 0.05), Z = 5.05 (p=0.01), Z = 5.18 (p= 0.005), Z = 5.54 (p=0.001).
Anatomical locations were related to the mean standardized anatomical EPI.
a
located close to the vertical ramus of the lateral fissure.
b
It was difficult to distinguish between these two structures on the mean EPI (or mean anatomical T1)
c
Located on the lateral upper bank of the sulcus. It was difficult to distinguish between the IPS and the angular
gyrus using the mean EPI.
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Table 2. Task specific activations
Anatomical region
Lift force task vs. grip force task
Left intraparietal sulcus
Left postcentral gyrus
Left intraparietal sulcus
Left central sulcus (M1/S1)
Left postcentral sulcus
Left postcentral gyrus
Left precuneus
Left angular gyrus
Grip force task vs. lift force task
Left inferior frontal gyrus, pars
opercularis, area 45*
Grip force task vs. griplift force
task
Left inferior frontal gyrus, pars
opercularis, area 45
Griplift force task vs. lift force task
Right posterior intraparietal sulcus
Right angular gyrus
Right inferior frontal gyrus
Right inferior frontal gyrus (anterior
area 45)
Right middle frontal gyrus (anterior
area 45)
Right superior frontal gyrus
Right superior frontal gyrus
Griplift force task versus grip
force task
Right posterior intraparietal sulcus
Left postcentral sulcus
Left intraparietal sulcus
Left postcentral sulcus
Left central sulcus

X

Talaraich coordinates (MNI)
Y
Z
Peak
Z-score

Cluster
size (mm3)

P-value
(corrected)

-36
-40
-44
-32
-28
-64
-4
-44

-52
-28
-44
-32
-44
-16
-68
-68

64
64
60
68
68
24
40
40

6.21
6.18
6.09
5.68
5.29
5.43
4.62
4.25

8640
(same cluster)
(same cluster)
(same cluster)
(same cluster)
640
2080
1980

<0.001
<0.001
<0.001
<0.001
0.003
0.006
0.008
0.011

-48

24

8

4.62

1340

0.043

-48

20

8

4.81

1150

0.048

48
40
48
48

-60
-68
44
36

48
36
-4
8

5.73
5.14
5.73
5.31

2820
(same cluster)
4350
(same cluster)

0.003
0.0066
<0.001
0.003

52

40

20

5.31

(same cluster)

0.003

24
24

48
52

12
28

5.30
4.75

4600
(same cluster)

<0.001
0.037

48
-60
-40
-28
-32

-64
-24
-44
-32
-24

44
40
56
64
64

4.20e
(3.84)
(3.67)
(3.16)
(3.16)

1280
(260)
(190)
(130)
(130)

0.050
(>0.05)
(>0.05)
(>0.05)
(>0.05)

Significant increases in BOLD contrast signal (p<0.05 corrected for multiple comparisons). All regions were also active
(Z>1.66 at the voxel) when compared with the baseline condition. Anatomical locations were related to the mean
standardized antomical EPI. We used cytoarchitectural population maps to define areas 44 and 45 (Amunts et al. 1999; see
Methods). The Z-scores of the peak of the activations corresponds to the following p-values after correction for the number
of multiple comparisons in the whole brain space: Z = 4.68 (p = 0.05), Z = 5.05 (p=0.01), Z = 5.18 (p= 0.005), Z = 5.54
(p=0.001).
*
The peak of the activation was located close to the vertical ramus of the lateral fissure. The location of the activation
corresponded to the population map of area 45 (from ten post mortem brains; see the Results Section).
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Abstract
Dexterous manipulation of delicate objects requires exquisite control of fingertip
forces. We have used functional magnetic resonance imaging to identify brain regions
involved in the skillful scaling of these forces when normal human subjects (n=8) held
a small object (weight 200 g) with a precision grip of the dominant right hand. In one
condition, they used their normal, automatically-scaled grip force. The object was held
gently in a second condition, since the isometric grip force was adjusted precisely
above the critical level at which the object would have slipped. In a third condition, the
force was increased to hold the object with a more firm grip. The supplementary and
cingulate motor areas were significantly more active during the gentle force condition
than during both other conditions in all subjects, despite weaker contractions of the
hand muscles. In addition, the left primary sensorimotor cortex, the ventral premotor
cortex, and the left posterior parietal cortex were more strongly activated during gentle
than during normal grasping. These novel results suggest that these regions are
specifically involved in dexterous scaling of fingertip forces during object
manipulation.
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Introduction
The dexterity of the human hand is based on the ability to control movement and force of
the fingertips precisely in relation to a given task. When we hold an object between the thumb
and index finger, the isometric grip force is adjusted automatically to its weight and surface
characteristics (roughness, curvature). This grip force is a certain safety margin greater than
the critical threshold at which the object would slip out of the fingers (Johansson, 1996). The
safety margin is reduced when we cautiously loosen the grip in order to hold an object gently,
with the least possible grip force, e.g. while carefully manipulating readily deformable or
fragile items. A balance between grasp stability and force reduction has to be established,
since the grip force is lowered, yet kept high enough to avoid unintentional slips of the object.
Which brain areas are active during such skillful scaling of the isometric fingertip force?
Graded contractions of intrinsic and extrinsic hand muscles, controlled by the corticospinal
system, play a crucial role in the scaling of the precision grip force (Hepp-Reymond et al.,
1996). Cortico-motoneuronal connections project from the primary motor cortex directly to
spinal motoneurons of finger muscles (Lemon, 1993). Other corticospinal pathways originate
from the supplementary and cingulate motor areas, and the premotor cortex (Dum & Strick,
1991). Previous imaging studies demonstrated activation of these primary and secondary
motor areas during both simple and complex hand movements (Colebatch et al., 1991;
Shibasaki et al., 1993). Activity of the primary and supplementary motor cortex became
stronger and more widespread when finger movements (e.g. key-press tasks) were performed
at increasing levels of force (Dettmers et al., 1995, 1996; Thickbroom et al., 1998, 1999).
Yet, Ehrsson et al. (2000) found stronger activity of secondary motor and parietal areas
during a precision grip than during a power grip task, although the latter task involved more
force with more extensive contractions of hand muscles.
Hence, cortical activity during hand motor tasks seems to depend not only on the amount of
muscular force, but also changes with demands on dexterous control. Activation of
sensorimotor areas by the skillful scaling of fine manipulative forces has not yet been studied.
We used functional magnetic resonance imaging (fMRI) to compare human brain activity
during three precision grip tasks, corresponding to three force conditions. In the first
condition, adult subjects simply held an object between the thumb and index finger and
thereby let the motor system automatically adapt the grip force to the pertinent frictional
conditions. In the second, the key condition, they reduced the grip force skillfully with the
intention of holding the same object gently, without allowing it to slip between the fingers. In
a third condition, the subjects intentionally increased their grip force to hold the object more
firmly between the thumb and index finger. We expected that those brain areas which are
specifically involved in skillful force reduction, controlling grasp stability close to the slip
threshold, would be most active during gentle holding.

Methods
Subjects. Eight healthy male volunteers (age, 22-33 years; mean age, 28.5) took part in the
present study. All were right-handed, and none of them had a previous history of any
neurological disorder. All gave informed consent before the experiments, which had been
approved by the Ethical Committee of the Karolinska Hospital (Stockholm, Sweden).
Behavioral paradigm. The paradigm was practiced one week before the image acquisition
for about one hour, and again for ~30 minutes before magnetic resonance (MR) imaging. This
training ensured stable performance and avoided confounding effects of motor learning
during image acquisition. Subjects wore headphones and lay supine, with their arms extended

-4comfortably. The right hand and forearm rested on a moulded wooden support covered with
thin soft foam. The elbow was nearly extended and the wrist was abducted (ulnar abduction)
by about 20 degrees. The forearm was in a relaxed semiprone posture, and the hand rested on
the support. A grip object (weight 200 g) was placed close to the hand, with its lower edges
1-2 cm above the tips of the thumb and index finger. Upon an acoustic cue, the object was
grasped between the thumb and index finger, lifted with a radial adduction movement
(amplitude about 25 degrees) of the wrist, and then held steadily at a height of 3-5 cm (Fig.
1). Forty seconds later, a second cue signaled that the object should be put down and
released, and the hand relaxed. The object had two flat vertical grip surfaces (35 x 35 mm,
spaced 30 mm apart) covered with sandpaper (grit size 600) and was equipped with
nonmagnetic force transducers. The grip force, applied perpendicular to the surfaces, and the
load force (tangential to the surfaces) were sampled with a time resolution of 400 Hz during
both training and image acquisition. Signals were stored and analyzed using the computerbased SC/ZOOM data acquisition system (Dept. of Physiology, Umeå University, Sweden).
The three force conditions were signaled by different auditory cues. In the first condition,
the object was lifted and held with the self-selected, natural grip force (normal hold) at
constant height before it was put down again after 40 s. In the second condition, the subjects
lifted the object and then reduced their grip force to hold it gently, but without slipping
(gentle hold). In the third condition (firm hold), the object was held with a moderatelyelevated (around 4 N) grip force. The subjects reported that they could maintain this force
level for 40 s without fatigue. Feedback from a computer screen was provided during the
initial 20 minutes of the training, until the subjects grasped the object correctly, adjusted the
forces appropriately, and consistently lifted the object to the desired height. For the rest of the
experiments, the subjects were blindfolded and had to rely on their fingertip sensation when
adjusting force. After training, the subjects were asked to slowly release the object until it
slipped, and we determined the grip force of the slip threshold for each individual. The
maximum voluntary force of a pinch between thumb and index finger was also measured.
Before fMRI scanning, we also recorded and inspected the electromyographic activity (emg)
of the first dorsal interosseus muscle of the right hand during the three force conditions.
Bipolar surface electrodes with an interelectrode distance of 15 mm were used (MYO 115,
Liberty Technology, Hopkinton, MA, USA) were used. In three subjects, we also checked
emg activity of the biceps and triceps.
During fMRI scanning, each subject performed six experimental runs of 520 s duration. In
each run, the subjects alternated between rest periods and precision grip-hold periods, as
signaled by auditory cues that were given every 40 s. Each of the three conditions (normal,
gentle, firm force) was performed twice during a run, and the order of the conditions was
counterbalanced across the different runs. Each subject thus performed 12 trials of each force
condition in six runs, so we collected in total 96 trials of each condition. The static grip force
of each trial was averaged from holding periods of 30 s duration, when the object was held
steadily (Fig. 1). Fluctuations of the grip force during this static holding period (within-trial
variations) were measured as the total (integrated) deviation of the recorded values from the
mean. For each condition (normal, gentle, firm hold), we calculated the mean static force, the
mean variability from trial to trial, and the mean within-trial variability. Data of the three
force conditions were compared using analysis of variance followed by paired t-tests. The
dynamic transitional phases (lifting, releasing the object) were excluded from the analysis.
These phases were characterized by hand movements and rapid changes in force (Fig. 1),
whose slope was somewhat variable from subject to subject. All hand movements were
videotaped.
Image acquisition. A 1.5 Tesla MR system (Echospeed, General Electrics Medical Systems,
Milwaukee, Wisconsin, USA) with a standard radiofrequency head coil was used. For
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50°, TE = 4 ms, TR = 13 ms) generated 124 coronal slices (2 mm thick) with a matrix size of
256 x 128 and a 24 x 24 cm field of view. For fMRI imaging, 21 contiguous axial slices
(3.4 mm thick) were selected, which covered the frontal and parietal lobes. The basal ganglia
and cerebellum were outside the field of view. Functional images with blood oxygenation
level-dependent (BOLD) contrast were acquired by gradient echo planar imaging (flip angle
90°, TE = 60 ms, TR = 5000 ms, a matrix size of 64 x 64, a field of view of 22 x 22 cm, and a
voxel size of 3.4 x 3.4 x 3.4 mm). Image volumes were continuously acquired every 5 s; one
run (520 s) consisted of 104 image volumes. Four volumes preceding each run were discarded
to allow signal equilibration. A plastic bite bar, which had been fitted to the teeth before
scanning started, restricted head movements. To avoid confounding effects of jaw muscle
contractions, we instructed the subjects not to bite strongly, but just to keep their teeth in the
imprints of the plastic.
Data analysis. Images were analyzed using the SPM 96 software (Wellcome Department of
Cognitive Neurology, London, UK; www.fil.ion.ucl.ac.uk/spm), and calculations and image
matrix manipulations were performed in Matlab (Mathworks, Sherborn, MA, USA) on a Sun
Sparc Ultra 10 workstation (Sun Microsystems, Mountain View, CA, USA). To correct the
effect of head motion across scans, the time series of functional image volumes were spatially
realigned, using a least sum of squares method with three-dimensional interpolation (Friston
et al., 1996). The realigned data volumes were coregistered with the anatomical images,
transformed into a stereotactic space (Talairach & Tournoux, 1988; Friston et al., 1995a) as
defined by the standard brain of the Montreal Neurological Institute, and resampled with a
voxel size of 4x4x4 mm. Image volumes were then smoothed spatially with a Gaussian filter
of 8 mm full width at half maximum (to accommodate anatomical variations between
subjects), and the time series were smoothed with a Gaussian kernel of 2.83 s width.
Proportional scaling was applied to remove global (whole volume) changes of signal
intensity, i.e. each scan was adjusted by scaling to the same global intensity value. To
disclose activity that was robust across subjects objectively and to increase the sensitivity of
the analysis, we analyzed the fMRI data from the eight subjects as a group (fixed-effects
model). We also examined statistical contrasts for individual subjects using the same data sets
as before; they were, however, spatially smoothed with a 4 mm Gaussian filter, i.e. less than
in the group analysis. The other procedures were the same as for the group.
The fMRI data were modeled and statistically analyzed using the ‘General Linear Model’
approach (Friston et al., 1995b). To assess brain activation during static force production, we
compared periods of static holding and of rest, which each corresponded to 6 image volumes
(30 s). Four conditions of interest were defined: normal hold, gentle hold, firm hold and rest.
Condition-dependent activations during these periods were modeled with a delayed boxcar
waveform. The fMRI signals of the interspersed, dynamic transitional phases (lift, release; 2
image volumes each) were biased by effects of hand movements and auditory cues. Hence
these phases were treated as conditions of no interest, excluding their effects (which were also
modeled with a delayed boxcar waveform) from the relevant comparisons of the static hold
periods. A design matrix was defined that comprised linear contrasts testing for significant
activation during the holding periods compared to rest (categorical comparisons: [normal hold
- rest], [gentle hold - rest], [firm hold - rest]). Voxels were identified as activated if they
passed the threshold of Z=3.09 (uncorrected p<0.001). From these thresholded statistical
images, we report peaks of activations (Tab. 2) whose height, after correction for multiple
comparisons, passed a significance level of p<0.05 (corrected). The activation volumes, i.e.
the numbers of significantly activated voxels (Z>3.09) of the clusters, are also reported.
Differences in activation between force conditions were statistically evaluated with the
contrasts [gentle vs. normal hold], [firm vs. normal hold], [gentle vs. firm hold]. From these
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significantly active as compared with rest. By this means, we focus on brain areas that were
active during the grip-hold task, and exclude the possibility that the differences between
conditions merely reflect different degrees of deactivation. We used a significance threshold
of p<0.001 at each voxel (corresponding to Z>3.09) for the activation (difference) maps, and
report peaks of activations (Tab. 3) whose height corresponded to a significance level of
p<0.05 after correction for multiple comparisons. Areas, which showed differences in
activation corresponding to p<0.001 (uncorrected) at each voxel, but whose peaks did not
pass the threshold of p<0.05 after correction for multiple comparisons, are furthermore
reported as statistical trends (clearly marked in Tab. 3).
Talairach coordinates (x=left-right; y=posterior-anterior; z=ventral-dorsal) of the local foci
of activity were determined (Talairach and Tournoux, 1988). Prominent sulcal landmarks
(central, precentral sulci, etc.) from an averaged normalized image volume of the eight
subjects were used in the group analysis to assign clusters of activated voxels to anatomical
locations (Duvernoy, 1991; Roland & Zilles, 1996). For display purposes, activated regions
were projected on high-resolution scans of a standard (Montreal Neurological Institute) brain.
We furthermore obtained the time course of the fMRI signal (Figs. 5a, 6a) of selected foci
of activation. For each run, the signal changes of the respective voxels were calculated in
percent. The baseline value of the run, which was set to zero (see Figs. 5a,b and 6a,b), was
the average of all conditions including rest. Such data from all subjects were then used to
calculate the mean fMRI signal profiles of the three (gentle, normal, firm) force conditions.
Hence the resulting curves are based on 96 trials of each condition, which had been collected
from six runs per subject (total of 48 runs). For each of these trials, we also averaged the
fMRI signal of the six scans that had been gathered during 30 s of static holding. This value
was then plotted against the corresponding static grip force of the respective trial. The
resulting scatterplots (Figs. 5b, 6b) show, for each trial (n=288), the relationship between the
force of the fingertips and the corresponding fMRI signal of the focus of activity during static
holding.

Results
Task performance. The posture of the hand during the precision grip, and the mean force
profiles (pooled across subjects) of the three conditions are given in Figure 1. Different time
intervals could be established on the basis of the force curves. During the static holding
periods (duration 30 s), the grip and load forces and the position of the object were almost
constant. Conversely, the dynamic transitional phases (duration 10 s) were characterized by
rapid changes during which the object was gripped and lifted, or put down and released. The
mean grip forces of static holding with a normal, gentle or firm precision grip (Table 1)
differed significantly (F2,21 = 39.8, p < 0.001). Corresponding to the weight of the object, the
load force was always identical (2 N). The critical threshold at which the object began to slip
out of the fingers was, on average, at a grip force of 0.75 N (range 0.69-0.85 N; hatched
segment in Fig. 1). In gentle holding, the static grip force was only 0.4 N above this critical
threshold. The safety margin was larger (1.1 N) during normal and firm (3.0 N) holding.
Hence the gentle but nevertheless secure holding required a precise and steady adjustment.
Accordingly, the trial-to-trial variability of the static grip force was significantly lower during
gentle holding than in the other conditions (F2,21 = 12.8, p < 0.001, Tab. 1). Moreover, the
fluctuations of the static grip force (within-trial variations) differed significantly between
conditions (F2,21 = 14.7, p < 0.001). The grip force was kept most constant during gentle
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observed. The subjects’ performance remained stable throughout the course of the
experiments, and the posture of the fingers (Fig. 1) was the same in all force conditions.
Overall, the grip forces used were low (< 7 %, see Tab. 1) in relation to the maximum
voluntary force. The emg activity of the first dorsal interosseus muscle increased in parallel
with grip force in all subjects. Elbow and shoulder joints did not move during the grip-lift
task, and there was no discernible emg activity of the biceps and triceps muscles.
Activity during static holding. Brain activation was rather weak during normal holding, i.e.
when the static fingertip forces were scaled automatically (Fig. 2, middle column). Compared
with the resting period, only the left primary sensorimotor cortex (M1/S1), left intraparietal
regions and a small right posterior parietal area (Tab. 2) were active. The local peak of
M1/S1 activity was in the central sulcus, but the limited spatial resolution of the statistical
maps did not allow to distinguish between primary motor and primary somatosensory cortical
activation. In firm holding (Fig. 2, right column) the activated area of M1/S1 extended further
rostral to the dorsal premotor cortex (PMD). Here an additional local peak of activity was
present (Tab. 2). A further focus of activity was located in the left inferior precentral gyrus
(Fig. 2, right column, no. 2), i.e. in the tentative ventral premotor cortex (PMV; Roland &
Zilles, 1996). Moreover, the left inferior parietal cortex and right parietal regions were active
during firm holding (Tab. 2). The peaks of posterior parietal activity (Brodmann areas BA
7,40) were, however, somewhat variable from subject to subject. The most pronounced brain
activity was measured during gentle holding, when the grip force was skillfully reduced (Fig.
2, left column). In addition to the specified areas (left M1/S1, left PMV, bilateral posterior
parietal cortex) of the brain, which were strongly activated, there was conspicuous activation
of medial wall areas, as shown in the left column of Figure 2. The activation peak was located
caudal to a vertical line through the anterior commissure (AC-line), and its coordinate (xyz = 4,-8,56) most likely corresponds to the left SMA proper according to Picard & Strick (1996).
Yet, the activated volume extended beyond the midline into the right SMA, rostrally into the
tentative pre-SMA and ventrally to the cingulate sulcus. Therefore both the ventral part of the
SMA and the caudal CMA were involved. The volume of the cluster (Tab. 2) confirms the
widespread activation of the medial wall during the gentle force condition.
Comparison of the force conditions. Statistically significant differences between the gentle,
normal and firm force conditions were identified by contrasts of the respective brain
activation patterns (Tab. 3). Four regions of the brain were activated to a significantly greater
extent in gentle holding than during holding with automated, normal force, namely the
primary sensorimotor (M1/S1) cortex, the left PMV, the left inferior parietal cortex (BA 40),
and the cortex on the medial surface of the frontal lobes (SMA/CMA). Figure 3 gives a view
of these regions, which were particularly active during the skillful reduction of grip force. The
motor areas of the medial wall (SMA/CMA) and the left inferior parietal cortex (BA 40) were
even significantly more active during gentle than during firm holding with increased force,
and the same trend was observed for M1/S1. The respective foci and the volumes of enhanced
activation are listed in Table 3. The moderate increase of the grip force (firm hold) beyond the
normal level had much less effects on brain activity than controlled force reduction.
Compared with normal holding, the fMRI signal in the left PMV, in M1/S1, and in the
precentral gyrus tended to increase (Tab. 3). No brain regions were significantly more active
during firm than during gentle holding.
Results of individual subjects, which provide more anatomical details of the medial wall,
are shown with parasagittal sections of the left hemisphere (Fig. 4). Voxels which were more
active (uncorrected p<0.001; Z>3.09) during the gentle than during the normal force condition
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cingulate sulcus into the superior frontal gyrus, involving the caudal CMA and mainly ventral
parts of the SMA. The active areas are mostly located posterior to the AC-line, but in five
subjects (Fig. 4; A,B,C,F,G), they stretch out anteriorly beyond this line. These individual
data confirm the consistent activation of the left hemispheric medial wall during skillful
reduction of the grip force.
To further illustrate the differences in activity between the three force conditions, we show
mean time courses of the fMRI signal, which were obtained from the data of all subjects
(Figs. 5, 6). Figure 5a displays the signal profiles of the activation peak in the SMA (xyz
coordinates: –4, -8, 56, see Tab. 2). Similar curves were found in the CMA (not shown).
Differences in activity between the conditions are evident during the static holding periods.
Lowering the grip force to 1.2 N (mean value of gentle hold) raised the fMRI signal of the
SMA by about 0.5 %, above the values of the other two conditions and of rest (Fig. 5a). This
is also illustrated with data of all single trials, where the static grip force values are plotted
against the corresponding fMRI signal (Fig. 5b). The signal profiles of the activation focus
in the primary sensorimotor cortex (xyz coordinates: –44, -28, 52) are given in Figure 6.
Regional activity of MI/SI was lower during holding with normal, automatically adjusted
force than during both gentle and firm holding (Fig. 6a,b). Both in the SMA and in MI/SI,
there were similar temporary increases of the fMRI signal in all force conditions during the
phases of dynamic transition, i.e. while the object was lifted or put down. These dynamic
phases had been excluded from the aforementioned comparisons of the static periods.

Discussion
The main finding in the present study is the strong activation of primary and secondary
sensorimotor areas when the subjects reduced the fingertip forces and held the object with a
gentle grip just above the slip threshold. The most important difference between this (gentle)
task and the other two conditions (normal and firm) was that subjects were forced to exert a
precise control of the grip force in order not to drop the object. In both the firm and gentle
conditions the subjects voluntarily adjusted the force level. In both conditions the brain
activation increased in comparison with the automatic scaling of force during the normal
holding task (see Fig. 2, Tab. 2). Partly, the change from automatic to voluntary control may
explain the difference between gentle and normal, but the stronger activation during the gentle
task remained also in a direct comparison with the voluntary firm hold condition.
We found the strongest activation in M1/S1, CMA, SMA, PMV and parietal (BA 7/40)
areas during the gentle holding. Dynamic fluctuations of the force, which would have
enhanced the fMRI signal (Thickbroom et al., 1999), could be excluded as an underlying
cause (see Tab. 1). It is furthermore unlikely that the strong brain activity was due to
contractions of different muscle groups, or due to co-contractions, since such patterns were
not reported by Hepp-Reymond et al. (1996). With intramuscular emg electrodes, these
authors measured the activity of 15 hand muscles. When subjects heightened the isometric
precision grip force from 1 to 3 Newton (comparable to our study), the emg activity of the
prime movers (1st dorsal interosseus, adductor pollicis, flexor digitorum) clearly increased.
Though less markedly, the activity of most other hand muscles increased, too (their Fig. 6).
The stronger brain activity in the gentle force condition may rather be due to the difficulty
of this task. When the object was held cautiously, the natural tendency to scale the grip force
to a higher (‘normal’) level had to be suppressed. Fluctuations of the force had to be avoided
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activation, since watchful perception of cutaneous and proprioceptive information from the
digital pulp and hand muscles is necessary for the precise scaling of force close to the slip
threshold (Johansson & Westling, 1987). By gating mechanisms, this can influence the central
processing of afferent signals and increase the excitability of the primary sensory areas, which
are in turn closely linked to motor areas (Jones et al., 1978; Hyvärinen et al., 1980; Hsiao et
al., 1993).
The least activation of sensorimotor areas was found when the subjects used their normal,
automatically-scaled grip force. When they intentionally applied a higher static grip force
(firm hold), activity of the premotor and primary sensorimotor cortex tended to increase (see
Tab. 3). Previous studies have demonstrated force-dependent increases of activation in M1
during other static and dynamic hand motor tasks (i.e. pressing a key with the index finger,
clenching the fist, precision grip task; Dettmers et al., 1995, 1996; Thickbroom et al., 1998,
Ehrsson et al 2001). This corresponds to an enhanced descending neuronal drive, which
intensifies muscle contraction by recruiting and raising the discharge frequency of motor units
(Hennemann & Mendell, 1981). Increasing activity has also been reported for the SMA and
CMA, and the primary somatosensory cortex (Dettmers et al., 1995). These previous studies
covered the range between 5% and 60% of the maximum voluntary force, sometimes with
considerable irradiations of muscle activity at higher force levels (Dettmers et al., 1995,
1996). The forces were adjusted to cued target values using external feedback, whereas the
subjects in our study had to rely on their fingertip sensation. Furthermore, in the present
paradigm they used less than 7% of the maximum voluntary force. Comparably small
precision grip forces between 1 and 3 N were studied by Crelier et al. (2000), who did not
report any increase in the intensity of the activity in motor-related areas, but found that the
volume tended to increase in parallel with force. Hence, in the present study we can not
determine whether the increase in brain activity in the firm hold task compared with the
normal task is due to the small increase of the exerted finger tip forces, or to the change from
automatic to voluntary control.
Neuronal discharge patterns during grip tasks have been extensively studied in monkeys
(overview in Lemon, 1993). Muir & Lemon (1983) described corticomotoneuronal M1 cells
facilitating hand muscles, which fired specifically during a precision grip. In the dynamic
phases of grasping and releasing, such neurons show a temporary increase in the firing rate
(Picard & Smith, 1992). The corticomotoneuronal activity during the static holding phase
correlates with the isometric grip force (Maier et al., 1993; Hepp-Reymond et al., 1999).
Interestingly, some neurons increase their firing rate when the grip force is decreased, i.e. they
have a negative correlation with force. These cells can provide sensitive force control during
the gradual release of objects from the grip, because they take over when other, positivelycovarying neurons cease to be active (Lemon, 1993). In monkeys, neurons with a negative
correlation between firing rate and force were also found in S1 and the premotor cortex
(Wannier et al., 1991; Hepp-Reymond et al., 1994). If such neurons exist in human primary
and secondary motor areas, they should be particularly active during the controlled reduction
of the grip force.
The ventral premotor cortex is linked to the posterior parietal regions and to the primary
motor cortex (Jeannerod et al., 1995; Rizzolatti et al., 1998). These areas, which were
strongly activated during gentle holding, constitute a circuit which participates in grip
formation and tactile exploration (Seitz et al., 1991; Sakata et al., 1995; Binkofski et al.,
1999). A recent fMRI study demonstrated activation of bilateral ventral premotor and
posterior parietal areas during a precision grip task (Ehrsson et al., 2000). This activity was
stronger than during a power grip, although the power grip involved more force. The parietal
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fine fingertip forces applied to objects (Ehrsson et al., 2001).
The strong activation of the medial wall during gentle holding was particularly noticeable
and consistent. Most likely both the ventral part of the SMA and the CMA were involved,
although the border between these areas is not exactly known (Stephan et al., 1995, 1999;
Picard & Strick, 1996). The SMA can control motoneurons of hand muscles via corticospinal
links, but it also projects directly to the primary motor cortex (Dum & Strick, 1991; Tokuno
& Tanji, 1993). Whereas its role in the preparation of movement, motor imagery and
bimanual coordination is known (Roland et al., 1980; Tanji & Shima, 1994, Stephan et al.,
1999), task-dependent activity of the human SMA in the control of low static precision grip
forces has not yet been demonstrated. Selective ablation of SMA in non-human primates led
to an excessive increase in the grip force of the contralateral hand with persistent difficulties
in releasing objects (Smith et al., 1981). This accords with the concept that the SMA
modulates the activity of the primary motor cortex by suppressing excitatory afferent
feedback loops (Hummelsheim et al., 1986), which in turn enables a reduction of the grip
force and the release of objects. Gating of motor output might involve cortical neurons
targeting spinal inhibitory interneurons, or activation of intracortical inhibitory interneurons
(e.g. in M1; Davey et al., 1994), which reduce the excitatory corticospinal volley to spinal
motoneurons. Congruent with this, Toma et al. (1999) reported activation of contralateral M1
and bilateral SMAs during the voluntary relaxation of forearm muscles. As in our study, the
SMA activity was located near the midline and rather ventral (their Tab. 2).
Caudal cingulate areas, close to the AC line, are usually active during complex motor tasks
(Picard & Strick, 1996) and in precision grip tasks (Ehrsson et al., 2000, 2001). Dettmers et
al. (1995) found a covariation of force and regional cerebral blood flow in the dorsal bank of
the cingulate sulcus. Phase-specific modulations of neuronal activity in both the CMA and
SMA during gripping with thumb and forefinger were reported by Cadoret & Smith (1997).
The respective neurons receive afferent input from hand muscles and relay proprioceptive
feedback during prehension. Enhanced processing of such feedback during the precise
adjustment of small grip forces could underly the activity of the CMA during the gentle hold
condition.
Taken together, brain activity did not merely increase in parallel with force. Indeed, motorrelated regions were least active during automated behavior, and most active during the
demanding task which required skillful reduction of the fingertip force. These differences
were significant, although static force conditions generally evoke less fMRI activity than
dynamic tasks (Thickbroom et al., 1999; see also Ehrsson et al., 2000, 2001). The findings
may be related to the pathophysiology of patients with motor cortical lesions who lose manual
dexterity and often produce excessive grip forces (Eliasson et al., 1992; Hermsdörfer & Mai,
1996).
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TABLES
TABLE 1. Static grip forces of the different conditions (mean, standard deviations)

Condition

Interindividual
averages
Absolute
force

Variability from
Trial to trial #

Grip force
Fluctuations +

Relative
force*

Gentle hold

1.15 ± 0.20 N 1.7 ± 0.4 %

0.21 ± 0.08 N

2.28 ± 0.73 Ns

Normal hold

1.83 ± 0.49 N

2.8 ± 0.8 %

0.39 ± 0.18 N

3.43 ± 1.60 Ns

Firm hold

3.72 ± 0.89 N 5.5 ± 1.2 %

0.75 ± 0.31 N

7.97 ± 3.02 Ns

All conditions differ significantly from each other (ANOVA; post-hoc t-tests, p<0.05)
[N] Newton; [Ns] Newton times second.
* Percentage of the maximum voluntary grip force
# Standard deviation of 12 trials per subject and condition
+ Within-trial variability of the grip force, integrated over 30s of static holding

- 15 TABLE 2. Brain activity during gentle, normal, and firm holding
___________________________________________________________________________
Coordinates
of foci
x
y
z

Brain region

Z – scores
of foci *

Volumes of
activation **

Contrast (Gentle – Rest)
L. central sulcus
L. precentral gyrus
L. inf. parietal cortex
L. intraparietal sulcus

M1/S1
M1/PMD
BA 40
BA 7/40

-44
-36
-64
-56

-28
-24
-36
-40

52
60
36
52

7.35
6.85
7.48
7.54

296
(same cluster)
(same cluster)
(same cluster)

L. inf. precentral gyrus

PMV

-56

4

36

6.18

37

Superior frontal gyrus

SMA/CMA

-4

-8

56

7.82

257

R. inf. parietal cortex
R. intraparietal sulcus

BA 40
BA 7/40

44
52

-44
-40

44
52

4.85
5.17

81
(same cluster)

Contrast (Normal – Rest)
L. central sulcus
L. intraparietal sulcus

M1/S1
BA 7/40

-40
-52

-24
-44

52
52

4.79
5.81

114
(same cluster)

R. inf. parietal cortex

BA 40

44

-48

44

4.57

13

Contrast (Firm – Rest)
L. central sulcus
L. precentral gyrus
L. inf. parietal cortex
L. intraparietal sulcus

M1/S1
M1/PMD
BA 40
BA 7/40

-44
-36
-60
-52

-28
-20
-40
-44

52
60
44
56

6.73
5.25
6.87
6.85

319
(same cluster)
(same cluster)
(same cluster)

L. inf. precentral gyrus

PMV

-56

4

36

5.03

23

R. inf. parietal cortex

BA 40

48

-60

44

5.27

87

L, left; R, right; inf, inferior; M1/S1, primary sensorimotor cortex; PMD, dorsal premotor cortex;
PMV, ventral premotor cortex; SMA, supplementary motor area; CMA, cingulate motor area; BA,
Brodmann area.
* Significant peaks of fMRI signal (p<0.05 after correction for multiple comparisons)
** Number of supratheshold (z > 3.09) voxels of the clusters; voxel size is 4x4x4 mm.

- 16 TABLE 3. Differences in brain activation between force conditions
__________________________________________________________________
Brain region

Coordinates
of foci
x
y
z

Contrast (Gentle – Normal)
L. central sulcus
M1/S1
-52
L. precentral gyrus
M1/PMD -36

Z–
scores
of foci*

Volumes of
Activation **

-24
-24

48
60

5.01
4.96

52
(same cluster)

L. inf. precentral gyrus

PMV

-60

4

36

4.51

13

Superior frontal gyrus
Cingulate sulcus

SMA
CMA

-4
-4

-4
0

56
44

7.11
7.04

140
(same cluster)

L. inf. parietal cortex
(supramarginal gyrus)

BA 40

-64

-36

36

5.77

56

Contrast (Gentle – Firm)
L. central sulcus
M1/S1

-52

-20

48

(3.21) #

14

Superior frontal gyrus
Cingulate sulcus

SMA
CMA

-4
0

-4
-4

56
48

6.85
6.29

134
(same cluster)

L. inf. parietal cortex

BA 40

-64

-36

32

5.13

21

Contrast (Firm – Normal)
L. central sulcus
M1/S1
-48
L. precentral gyrus
M1/PMD -36
L. inf. precentral gyrus
PMV
-60

-24
-20
8

48
64
32

(3.27) #
(3.47) #
(4.35) #

9
8
11

* Significant differences (peaks with p<0.05 after correction for multiple comparisons)
# Uncorrected p<0.001 (z>3.09), but not significant after correction for multiple comparisons
** Number of supratheshold (z>3.09) voxels in the cluster; voxel size is 4x4x4 mm.

- 17 FIGURE LEGENDS
Fig. 1. Posture of the hand while holding the object; view from above. The directions of the
grip force (black arrowheads) and the load force (open arrow) are indicated. Below: Load and
grip force profiles of the three force conditions (gentle, normal, firm). Mean values from 96
trials (12 per subject) per condition. Error bars indicate standard deviation. The range of grip
forces at slip is shown as a horizontal gray bar. The dynamic transitional phases (lift, release)
are marked with asterisks, the holding period is labeled with a black bar.
Fig. 2. Activation maps for static holding. The images show regions that were activated (Z >
3.09; compared with rest) during holding with gentle (left column), normal (middle column)
and firm (right column) grip force. (1) Primary sensorimotor cortex, the activated area
extends to the intraparietal region; (2) ventral premotor cortex; (3) supplementary and
cingulate motor area; left (4) and right (5) inferior parietal cortex. Results from the group
analysis were overlaid on a reference template (MNI standard brain). The Talairach z
coordinates of the axial, and the y coordinate of the left parasagittal slices (bottom row) are
indicated in the left margin. L, left hemisphere; R, right hemisphere.
Fig. 3. Difference maps of gentle vs. normal condition (group analysis). Surface rendering of
brain regions that were more active (Z > 3.09) during static holding with a reduced grip force
than during normal holding with automatic scaling of force. Left hemisphere: (1) primary
sensorimotor cortex; (2) ventral premotor cortex; (3) supplementary and cingulate motor areas
and (4) inferior parietal cortex.
Fig. 4. Results of individual subjects. Parasagittal sections (x= -4) of the medial wall of the
left hemisphere. Voxels that were more active (Z > 3.09) during holding with gentle force
than normal force are labeled. The blue vertical line is the AC-line; anterior is on the right
side. Red arrows indicate location of the central sulcus.
Fig. 5. fMRI signal profiles of the activation focus in the SMA (-4, -8, 56). (a) Average
modulation of the signal during the gentle (open circles), normal (black circles) and firm
(open squares) grip force conditions. The transitional dynamic phases (lift; rel., release) are
marked with asterisks. The holding period is labeled with a black bar. Error bars indicate
SEM. (b) The fMRI signal during the static holding period is plotted against the
corresponding grip force. Dots show data from all trials (n = 288) of all subjects. Mean values
of the gentle, normal and firm force conditions, and of rest are indicated; error bars give
standard deviations.
Fig. 6. fMRI signal profiles of the activation focus (-44, -28, 52) in the primary sensorimotor
cortex. (a) Average modulation of the fMRI signal during the gentle, normal and firm grip
force conditions. (b) The fMRI signal during static holding and the corresponding static grip
forces. Otherwise as in Fig. 5.
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Summary
Human manual dexterity depends on the ability to move digits
relatively independently. Here we use functional magnetic resonance
imaging (fMRI) to investigate the brain activation when subjects
produce two primary types of hand postures. We compare a condition
where all digits flex and extend simultaneously in a synergistic
coordination pattern (open and close the fist), with a condition where
flexion of the thumb was accompanied by extension of the fingers and
vice versa, i.e., with independent movements of the digits. The point is
that the only difference between these conditions is the mode of
coordination of the fingers and thumb (synergistic versus nonsynergistic) since the motor output is matched. The supplementary
(and cingulate) motor area, the bilateral dorsal premotor area,
posterior parietal cortex, and lateral cerebellum showed stronger
activity when the subjects made the non-synergistic flexion/extension
movements of the digits as compared to the synergistic movements.
These results suggest that the ability of humans to produce hand
postures involving independent movements of the digits depend on
activity in non-primary fronto-parietal circuits and the cerebellum.
These results are discussed in relation to the neural substrate for
manual dexterity in humans.

Keywords: functional magnetic resonance imaging, fMRI, independent finger
movements, supplementary motor area, premotor cortex, cerebellum, posterior
parietal cortex, skilled movement
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INTRODUCTION
Hand dexterity in humans depends on the ability to move the fingers and thumb
independently. Such digit movements, where one or several digits move
relatively independently of the movements or posture of the other digits, are used
in many hand maneuvers, such as the skilled manipulation of objects, in tool
usage, gesticulation and when playing musical instruments. The movements and
postures of the digits in such dexterous actions differs greatly from those used in
phylogenetically older movements when all digits move together in simple
‘synergistic’ coordination patterns e.g., when clenching the fist or grasping an
object using all digits in a palmar grasp (power grip) (Napier, 1961). The ability
of an individual to produce synergistic movements of the digits is innate and
these actions are the first produced by young children and the first recovered
after extensive brain damage in adults. In non-human primates lesions to M1 and
the cortico-spinal tract does not abolish the ability to produce synergistic whole
hand movements whereas independent digit actions are greatly impaired
(Lawrence and Kuypers, 1968; Passingham et al., 1983; Rouiller et al., 1998).
These observations suggest that synergistic movements of the digits require less
cortical control than hand actions where the digits move independently. Indeed,
there exist clear-cut evidence that the cortico-spinal motor neurons in the primary
motor cortex play a critical role for the production of independent digit actions
(Lawrence and Kuypers, 1968; Kuypers, 1981; Wiesendanger, 1981; HeppReymond, 1988; Schieber, 1990; Porter and Lemon, 1993; Passingham, 1993).
However, as pointed out by Kuypers (Kuypers, 1981), M1 provides the
individual with the capacity to produce relatively independent movements of the
digits but this area can not control these actions in isolation. Here we examine the
hypothesis that non-primary sensorimotor areas in the frontal and parietal lobes
are specifically involved in the neural control of non-synergistic flexion and
extension movements of the digits during the production of natural hand
postures. This hypothesis is grounded in the observations that impaired
performance of various independent digit actions occurs in human subjects after
secondary motor areas (supplementary motor area, SMA lateral premotor cortex,
PM) and the posterior parietal lobe have been injured, while the basic ability to
move the digits remains unimpaired. (e.g., the ability to flex and extend all the
fingers together) (Kleist, 1907; Luria, 1966; Freund, 1987; Leiguarda and
Marsden, 2000). Furthermore, a vast number of functional imaging studies have
shown increased activity in the primary motor cortex, SMA, PM and other nonprimary fronto-parietal areas when subjects generate various independent digit
actions (Roland et al., 1980; Colebatch et al., 1991; Passingham, 1993; Roland
and Zilles, 1996; Sadato et al., 1996; Rijntjes et al., 1999; Binkofski et al., 1999;
Ehrsson et al., 2000; Ehrsson et al., 2001). However, very simple synergistic
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movements (like opening and closing the fist, or grasping an object with a palmar
grasp) also activate the primary motor cortex and similar non-primary frontal
motor areas (including SMA, PM) and the posterior parietal cortex (Olesen,
1971; Colebatch et al., 1991; Roland, 1993a; Ehrsson et al., 2000). Therefore, it
remains unclear whether the activations in these areas observed during
independent digit actions reflect activity specific for these movement type, and
not just generation of voluntary muscular contractions per se.
Here, we compare a condition in which the subjects flex and extend all digits
simultaneously (synergistic movements) with a condition where flexion of the
thumb was accompanied by extension of the fingers and vice versa (nonsynergistic movements). The key point of this experimental design is that a direct
comparison between these two conditions detects net activity that specifically
reflects the different coordination patterns (synergistic versus independent mode)
since the motor output is matched (same involved muscle groups; similar
velocity, amplitude and frequency of the movements).

RESULTS
We compare a condition with simultaneous flexion/extension movements of
the right thumb and the right fingers (the ‘synergistic digit movements’
condition) (Fig. 1a, c), with a condition where flexion of the thumb was
accompanied by extension of the fingers and vice versa (the ‘non-synergistic
digit movements’ condition) (Fig. 1b, d). The key point is that the former
condition simply involves a synergistic coordination of the digits, while the latter
one requires the thumb and fingers to move in a way that is different from the
synergistic coupling, i.e., with relatively independent movements of the digits.
Thus, a direct comparison of the brain activity observed during these two
conditions (non-synergistic digit movements vs. synergistic digit movements)
reveals increases in activity reflecting the sensori-motor control mechanisms that
are critically necessary for the production of hand postures involving relatively
independent movements of the finger and thumb. In this paradigm we take
advantage of the anatomy of the human thumb; it is the human digit that can be
moved relative to the other digits with the least anatomical constraints (Napier,
1961; Häger-Ross and Schieber, 2000).
Before brain scanning, subjects trained the tasks until they could produce the
requested movements with ease (see Methods). We ensured that the amplitude
and velocity of the movements in the two tasks were equal by recording the
movements with a motion analysis system outside the MR scanner (see Table 1
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and the Methods Section). The frequency of the movements (0.5 Hz) was paced
by auditory signals. We used a standard Fri protocol and the functional images
were pre-processed and analyzed using the statistical parametric mapping
software (SPM99) (for details see the Methods section ). The analysis included
fitting a linear regression model to the fMRI data and testing which regions
showed significant differences in the level of activity between the tasks.
The most important results were that several cortical areas showed stronger
activity during the non-synergistic digit movements than during the synergistic
ones. Increases in activity were detected in the bilateral dorsal premotor area
(PMD), the bilateral SMA/CMA (with the peak of the activation located in the
SMA and the cluster of active voxels extending into the upper bank of the
cingulate sulcus, i.e., the CMA), the cortices lining the left anterior part of the
intraparietal sulcus and the bilateral post-central sulcus, and bilateral cerebellar
hemispheres (lobule VI)(Schmahmann et al., 1999) (see Fig. 2, Fig. 3g-i, and
Table 2).
Both movement conditions activated a very similar set of brain regions in
comparison with the resting baseline condition: left M1, left PMD, left PMV,
bilateral SMA and CMA, the cortices lining the anterior and posterior parts of the
left intraparietal sulcus and the left supramaginal cortex, bilareral putamen,
bilateral cerebellar hemispheres (all significant at p < 0.05 or better after a
correction for multiple comparisons; see Fig. 3 a-f). Thus, the non-synergistic
coordination of the digits is associated with augmented activity in several brain
regions that also control synergistic hand movements. The right PMD and right
postcentral cortex were significantly active only during the independent digit
actions.
To exclude the possibility that the lack of difference in the M1 activation
between the non-synergistic and synergistic digit movements was caused by
nothing more than a conservative the conservative threshold used, we probed the
M1/S1 region using a more liberal statistical criterion. In a purely descriptive
approach, we examined the voxels (using a voxelwise threshold of p < 0.001)
located in a sphere (of diameter 15 mm, corresponding to the “smoothness” of
the statistical images) centered around the peak of the activation (x = 40, y = -24,
z = 56) obtained from the comparison of the hand movements with the rest
condition. No voxels showed stronger activity during the non-synergistic digit
movements in comparison to the synergistic ones in the M1/S1 region, even
when we used this more sensitive approach.
An important issue is whether these results can be generalized to other types of
movement made by the digits. To examine this, we performed a second
experiment that involved abduction and adduction movements of the fingers,
instead of flexion-extension movements, i.e., movements that recruited the
intrinsic hand muscles instead of the long extrinsic muscles. All digits were
spread (that is, the fingers were abducted and the thumb was extended) and
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closed (the fingers were adducted and the thumb flexed) together (this is referred
to ‘synergistic spreading movements’), see Fig 4 a, c), or the thumb was moved
in opposite direction to the other digits (when the fingers were abducted, the
thumb was flexed, and vice versa) (this is referred to as ‘non-synergistic
spreading movements’), see Fig. 4 b, d). We used the same subjects, fMRI
protocols, image processing steps and statistical analysis as in the first
experiment (see the Methods Section below). The same brain regions that
showed stronger the strongest activity during non-synergistic flexion-extension
movements, also showed increased activity when the subjects performed the nonsynergistic spreading movements of the digits in comparison with the synergistic
ones (all foci in the Table 2 showed increases in activity corresponding to p<0.05
at each voxel after a correction for multiple comparisons). Thus, the activation of
these areas reflects the relatively independent mode of control of the thumb in
relation to the fingers, irrespective of the muscle groups used. The results imply
that the findings from the first experiment can be generalized.

DISCUSSION
Our results demonstrate that the activity in the bilateral frontal motor areas
SMA/CMA and PMD, the bilateral posterior parietal cortex, and the bilateral
lateral cerebellum is stronger when the thumb and fingers are moved in a nonsynergistic coordination pattern, than when these digits are moved in a simple
synergistic coupling. The increases in BOLD contrast signals reflect the different
patterns of coordination since the motor output is matched in making a direct
comparison between the two conditions. Thus the increases in activation
associated with the non-synergistic digit movements reflects sensorimotor
processing specific for this movement type. From a motor control perspective,
synergistic hand movements requires fewer degrees of freedom to be explicitly
controlled by the central nervous system than those involving independent
coupling of the digits (Napier, 1961; Bernstein, 1967). Thus it is plausible that
the generation of these simple movements would require less supra-spinal control
than the production of non-synergistic hand postures. More specifically, the
strong activation of the non-primary fronto-parietal areas and the cerebellum
during the production of the non-synergistic digit actions could reflect neural
activity associated with ‘fractionation’ of the movements of the thumb and the
fingers, perhaps reflecting the more sophisticated motor commands to the digits
and an active suppression of innate tendencies to produce the synergistic pattern
(Ioffe, 1992; Schieber, 1996). This activation could also reflect active motor
representations of the learned (non-innate) coordination pattern of the finger and
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thumb movements. The present data does not allow us to differentiate between
these different possible interpretations.
Several potential confounding factors can be excluded: The number and
amplitude of the two movement tasks were the same. The movements were
performed at a slow pace to minimize any putative passive biomechanical
coupling between the digits. The subjects experienced the movements as simple
and performed them as requested in both tasks without mistakes. In both
conditions the subjects alternated between two hand postures. Hence, differences
in the quantity of movements, biomechanical constraints, general task difficulty,
or the sequential organization of the task could not explain the results.
The increased activation in the SMA/CMA and PMD could reflect increased
motor processing to control of digit movements during the production of the nonsynergistic postures. The motor commands from the SMA/CMA and PMD can
be executed directly via cortico-spinal connections from these areas (Dum and
Strick, 1991; He et al., 1993; Dum and Strick, 1996), or indirectly via corticocortical connections to the motor neurons of the hand section of M1 (Tokuno and
Tanji, 1993).
The posterior parietal areas may participate in the planning of the movement
trajectories of the digits or the somatosensory guidance of the digit movements
(Mountcastle et al., 1975; Iwamura and Tanaka, 1991; Gardner et al., 1999).
Indeed, lesions in the monkey postcentral sulcus and the anterior part of the
intraparietal sulcus lead to clumsy finger movements and poor coordination of
the digits (Iwamura and Tanaka, 1991; Gallese et al., 1994). The posterior
parietal areas and the SMA/CMA and PMD are reciprocally interconnected so
the neural computations related to the control of the digits could take place in a
distributed manner in these fronto-parietal circuits (Wise et al., 1997; Rizzolatti
et al., 1998). Thus, together with the activity detected in the SMA/CMA and
PMD, these parietal activations can provide a neurophysiological explanation for
the classical neurological observation that focal lesions in these regions cause a
certain type of apraxia, specifically impairing hand dexterity (known as
innervatory/limb-kinetic apraxia)(Kleist, 1907; Luria, 1966; Freund, 1987;
Leiguarda and Marsden, 2000). Finally, the increased cerebellar activity posterior
to the classical motor section of the anterior cerebellar lobule, corresponds well
to the results of earlier studies showing impairments in the coordination of
skillful finger movements in human subjects and monkeys with damage to the
lateral cerebellum (Holmes, 1939; Thach et al., 1992). This section of the
cerebellar hemisphere (lobule VI) is probably interconnected with the SMA (and
perhaps the PMD) and the posterior parietal cortex (Schmahmann, 1996). Thus,
the cerebellum could participate in the control and coordination of the finger and
thumb movements in conjunction with these cortical areas.
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The absence of further increases in M1 during the non-synergistic movements
can not be taken as evidence for that M1 is not critically important for the
production of independent digit movements. Indeed, there is strong evidence that
the descending out-put signals from the corticospinal motor neurons in M1 are
critically important for the generation of independent finger movements (Muir
and Lemon, 1983; Bennett and Lemon, 1996). Our results, showing that the
BOLD contrast signal in M1 is similar during non-synergistic and synergistic
digit movements are not incompatible with the results from the single-cell
recordings. The BOLD signal is a reliable index of brain activity that correspond
to the overall level of synaptic activity in an area (Turner et al., 1997). Thus it is
possible increased discharge rate of small groups of corticomotorneuronal cells
might not be associated with detectable increases in the BOLD signal because
this index is sensitive to the synapses that have been active rather than the cell
bodies (Roland, 1993b; Frackowiak et al., 1997).
In conclusion, our results suggest a distributed brain circuit for the neural
control of relatively independent movements of the digits during the production
of hand postures involving the SMA, PMD, the posterior parietal cortex and the
cerebellum. This finding explains earlier studies that injuries in any of these nonprimary regions affect the hand dexterity in primates.

METHODS

Performance
Eight strongly right handed male subjects (21 to 33 yrs) with no history of
neurological disease participated in the study (Oldfield, 1971). All subjects had given
their informed consent and the Ethical Committee of the Karolinska Hospital had
approved the study.
The subjects rehearsed the movement tasks for 30 – 40 minutes prior to the brain
scanning. After 5 to 10 minutes of training, the subjects were able to keep up a
conversation and do simple mental calculations while performing the tasks (at 0.5 Hz),
which suggests that the movements had been well learned. We then continued with
training for approx. 30 minutes to assure that the movements were ‘overlearned’. The
slow frequency of the movements (0.5 Hz) ensured that the tasks were simple to
perform and avoided muscular fatigue.
We recorded the movement amplitude and movement velocity of the thumb and index
finger with a quantitative motion analysis system (MacReflex, Sävdalen Sweden). The
subjects had their arm and hand in the same position (supine) as they had during the
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brain scanning. Reflective markers were attached to the tips of the thumb and index
finger and to the wrist. The subjects performed each of the tasks for a 30 second period
during which time motion data was collected (using a sampling frequency of 50 Hz),
which was stored and analyzed on a computer. There was no significant difference in
the amplitude (trajectory length) and velocity of the movements (or the intra-subject
variability of these parameters) for the movements of the thumb and index finger
between the tasks (p > 0.05, paired t-test, without correction for multiple comparisons).
During the brain scanning, the movement performance was monitored with a digital
video camera assuring that the movements were performed as requested (no mistakes
were observed in either task).
Brain scanning
A 1.5 T General Electrics scanner with head-coil provided T1-weighted anatomical
images (3D-SPGR) and functional T2*-weighted echoplanar images with blood
oxygenation level-dependent (BOLD) contrast (64 by 64 matrix, 3.4 mm by 3.4 mm, TE
= 60 ms). A functional image volume comprised 21 slices of 7 mm thickness which
ensured that the whole brain was within the field of view. During the experiments the
subjects rested comfortably in a supine position in the MR scanner. The extended right
arm was oriented in a relaxed supine position parallel to the trunk. It was supported
proximal to the wrist to minimize movement. The subjects were blindfolded. For each
subject functional images were collected in four 450 second runs (TR = 5 s), which
meant that a total of 360 functional volumes was collected in each subject. For each run,
the two motor tasks and a rest condition (the hand relaxed) were performed alternately
in 30 s periods.
We
used
the
Statistical
Parametric
Mapping
software
(SPM99;
http//:www.fil.ion.ucl.ac.uk/spm; Wellcome Department of Cognitive Neurology,
London, K. J. Friston, et al., Hum. Brain Mapp. 2, 189, 1995) to process the images.
The functional images were realigned to correct for head movements. Then, the
functional images were co-registered with each subject’s anatomical MRI and
normalized (linear and non-linear transformations) to the standard coordinate system of
Talaraich and Tournoux using the Montreal Neurological Institute (MNI) reference
brain (and reformatted to isometric voxels using linear sinc interpolation). The images
were scaled to 100 to eliminate the effects of global changes in the signal, and a high
pass filter (cut-off frequency 0.00556 Hz) was used to remove low frequency drifts and
fluctuations of the signal. The functional images were spatially smoothed with a 9 mm
full width at half maximum (FWHM) isotropic Gaussian kernel, and smoothed in time
by a 4 s FWHM Gaussian kernel. Data were analyzed with the program SPM99. We
fitted a linear regression model (general linear model) to the pooled data from all
subjects to increase the sensitivity of the analysis (fixed effects model). Each task was
modeled with a boxcar function that had been filtered with the standard SPM99
hemodynamic response function. The linear contrasts of the parameter estimates
generated statistical images of t-statistics. These statistical images were first thresholded
at t = 3.72 (p < 0.0001 at each voxel, without correction for multiple comparisons).
Only clusters of active voxels and local maximas of activity (peaks) are reported that
correspond to a p < 0.05 after a correction for the number of multiple comparisons in
the whole brain space using tests based on the Gaussian random field theory. For the
brain regions that showed activity when we contrasted pairs of digit movement tasks,
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we only report voxels that were active as compared with the rest condition (using
inclusive masking; for each voxel t = 3.09, corresponding to p = 0.001 without
correction for multiple comparisons). In a complementary analysis, we also confirmed
that the results obtained in the group analysis were consistent with the activation maps
obtained from the majority of the individual subjects (see Table 2).
Complementary experiment
The training and kinematic analysis followed the procedures outlined above for the
flexion/extension movements. The analysis of the kinematic data showed that there
were no significant differences in the amplitude, velocity or variability of these
parameters between the two versions of the finger spread (p > 0.05, paired t-test,
without correction for multiple comparisons). For the brain scanning and analysis of the
functional images, we used the same protocols as described in the first experiment.
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Legends
Fig 1. The movement conditions performed with the right hand
(flexion/extension). a — synergistic movements, b — non-synergistic movement of the
digits. Note that the only difference between the tasks a and b is how the thumb is
moved relative to the fingers. c, d — a representative recording of the movement
trajectories of thumb (red) and index finger (green) from one subject performing the
synergistic digit movements (c) and the non-synergistic digit movements (d) (1/60 s
between each point; scale 1:7).
Fig 2. Neural control of the independent digit movements during the production
of hand postures. The non-synergistic digit movements contrasted with the synergistic
movements activate the bilateral PMD (see Fig. 1) (a), the SMA/CMA (a, c), the
cortices lining the anterior intraparietal sulcus (b) and the bilateral post central sulci (a),
and the bilateral cerebellar hemispheres (lobule VI) (d). Slices shown: a at z = + 52, b at
z = + 60, c at x = -4 and d at z = -24 (Talaraich-coordinates). Activations (yellow;
p<0.05 after correction for the number of multiple comparisons) are superimposed on a
mean anatomical MRI from the eight subjects.
Fig 3. The activations displayed on 3D-reconstructions of the template brain
(MNI). a, b, c the contrast non-synergistic digit movements versus rest. d, e, f,
synergistic digit movements vesus rest. g, h, i, task-dependent increases in the level of
activity detected from the contrast non-synergistic digit movements compared with the
synergistic digit movements (see also Fig. 2 and Table 2) (note that the cerebellar
activation is not visable in i). The top row shows the left hemisphere (a, d, g), the
middle row displays the top view (b, e, h), and the bottom row highlights the left medial
wall (c, f, i). The activation maps have been thresholded at t = 3.79 for display purposes.
For details, see the text.
Fig 4. The conditions used in the complementary experiment. a — synergistic
spreading movements, b — non-synergistic spreading movements. c, d — display a
recording of the movement trajectories of the thumb (red), the index finger (green) and
the 5th digit (blue) from one representative subject performing the synergistic digit
movements (c) and the non-synergistic digit movements (d) (1/60 s between each point;
scale 1:7).
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Table 1. Kinematic analysis of flexion/extension movements
Synergistic digit movements

Non-synergistic digit
movements

mean ± S.D. (mean
intrasubject S.D. ± S.D.)

mean ± S.D. (± mean
intrasubject S.D.)

Thumb amplitude (cm)

9.8 ± 1.2 (1.41 ± 0.50)

10.3 ± 2.6 (1.71 ± 0.67)

Thumb extension velocity (cm/s)

39.5 ± 10.5 (5.65 ± 2.02)

40.9 ± 8.8 (6.85 ± 2.70)

Thumb flexion velocity (cm/s)

38.7 ± 11.3 (6.67 ± 2.36)

43.6 ± 9.9 (8.52 ± 2.28)

Index amplitude (cm)

15.0 ± 2.6 (1.87 ± 0.65)

15.7 ± 2.1 (2.25 ± 1.13)

Movements:

Index extension velocity

(cm/s)

74.4 ± 23.8 (7.49 ± 2.62)

76.8 ± 20.5 (9.79 ± 4.52)

Index flexion velocity

(cm/s)

70.2 ± 22.6 (7.69 ± 1.86)

78.6 ± 20.1 (9.54 ± 4.68)

Group average (and S.D.) of the kinematic data from the eight subjects who participated in the
fMRI scanning. In each person, ten consecutive movement cycles were recorded and analysed at
the end of the training (immediately prior to conducting the fMRI). There were no significant
differences between any of the parameters (or the S.D.) in the two conditions (p>0.05, paired ttests, without correction for multiple comparisons).
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Table 2. Activity specific to the non-synergistic digit movements
(flexion/extension)
Talaraich coordinates (MNI brain)
Functional region,
anatomical region)
value

X

Y

Z

BOLD signal
increase

no. of

Cluster

subjects volume

t-value p(Peak)

(corrected)

Non-synergistic
vs. synergistic

Synerg.

Non-synerg.

Left PMD
Left SMA/CMAa
Left intraparietal
sulcus (anterior part)
Left post central sulcus

-36 -8 52
-4 -4 52
-40 -40 60

0.33±0.03
0.88±0.05
0.64±0.05

0.51±0.03
1.12±0.05
0.82±0.05

7c
7c
7c

1800
2370
3390

6.37
5.32
4.87

<0.001
0.001
0.01

-48 -36 48

0.66±0.05

0.88±0.05

7

4.66

0.025

Right PMD
Right post central
sulcus
Right cerebellar
hemisphere (lobule
VIb)
Left anterior cerebellar
hemisphere (lobule
VIb)

36 -8 52
40 -32 44

0.14±0.03
0.09±0.03

0.23±0.03
0.26±0.03

7
5d

(same
cluster)
1150
580

6.84
5.06

<0.001
0.001

24 -56 -24

0.96±0.04

1.12±0.04

7c

770

4.91

0.009

-24 -56 -24

0.31±0.03

0.47±0.04

8

1790

6.51

<0.001

Significant increases in BOLD contrast signal (p < 0.05 corrected for multiple comparisons) obtained by contrasting
the non-synergistic digit movement condition versus the synergistic digit movement condition. The cluster volumes
(mm3), number of individual subjects (out of the eight) that showed a statistical trend for the activity to increase
(p<0.05 uncorrected), and the adjusted BOLD contrast values detected in the two conditions compared with the
resting conditions are presented. All regions showed significantly stronger activity during the non-synergistic
spreading movements than for the synergistic spreading movements (at each voxel p < 0.001 after a correction for
multiple comparisons).
a
the peak of the activation was located in SMA and the cluster of active voxels extend into the upper bank of the
cingulate sulcus (CMA).
b
the localization of lobule VI refers to the Schmahman atlas of human cerebellum in standard space.
c
the eighth subject showed a weaker increase in activation (p < 0.20)
d
a sixth subject showed a weaker increase in activation (p<0.10)
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Abstract
The purpose of this study was to examine the cerebral control of simultaneous movements of the upper and lower limbs. We
examined two hypotheses on how the brain coordinates movement: (i) by the involvement of motor representations shared by both
limbs; or (ii) by the engagement of speci®c neural populations. We used positron emission tomography to measure the relative
cerebral blood ¯ow in healthy subjects performing isolated cyclic ¯exion±extension movements of the wrist and ankle (i.e. movements
of wrist or ankle alone), and simultaneous movements of the wrist and ankle (a rest condition was also included). The simultaneous
movements were performed in the same directions (iso-directional) and in opposite directions (antidirectional). There was no
difference in the brain activity between these two patterns of coordination. In several motor-related areas (e.g. the contralateral
ventral premotor area, the dorsal premotor area, the supplementary motor area, the parietal operculum and the posterior parietal
cortex), the representation of the isolated wrist movement overlapped with the representation of the isolated ankle movement.
Importantly, the simultaneous movements activated the same set of motor-related regions that were active during the isolated
movements. In the contralateral ventral premotor cortex, dorsal premotor cortex and parietal operculum, there was less activity during
the simultaneous movements than for the sum of the activity for the two isolated movements (interaction analysis). Indeed, in the
ventral premotor cortex and parietal operculum, the activity was practically identical regardless whether only the wrist, only the ankle,
or both the wrist and the ankle were moved. Taken together, these ®ndings suggest that interlimb coordination is mediated by motor
representations shared by both limbs, rather than being mediated by speci®c additional neural populations.

Introduction
Previous functional mapping studies investigating the motor system in
humans have mainly focused on isolated movements of single limbs
(Roland et al., 1980; Colebatch et al., 1991; Roland & Zilles, 1996;
Fink et al., 1997). Yet, movements made in daily life usually involve
several limbs or segments of the body. Some previous studies have
investigated bimanual movements (Tanji et al., 1987; Sadato et al.,
1997a; Donchin et al., 1998; Stephan et al., 1999), but there is no
information available on how the brain controls simultaneous movements of the upper and lower limbs on the same side of the body.
Several authors have suggested that coordinated movements are
controlled by speci®c structures of the brain, e.g. the cerebellum
(Babinski, 1906; Nashner & Grimm, 1978; Dow, 1987; Thach et al.,
1992), the lateral premotor cortex (Kleist, 1907; Luria, 1966; Freund,
1990) and the supplementary motor area (SMA, Brinkman, 1984).
However, interlimb coordination could be mediated by mechanisms
other than speci®c `coordination centres'. Recent studies using
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functional magnetic resonance imaging (fMRI) have shown that
isolated movements of the hand and isolated movement of the foot
engage some common motor representations in the ventral premotor
area (PMV), the parietal operculum (PO) and parts of the SMA
(Ehrsson et al., 1999; Rijntjes et al., 1999). Possibly, such areas could
coordinate movements of different limbs when the movements are
performed simultaneously.
The purpose of the present study was to investigate some principal
issues concerning the control of coordinated simultaneous movements of the upper and lower limbs. The ®rst aim was to determine
which areas of the brain control simultaneous movement. Secondly,
we examined if the coordination of the simultaneous movements
depends on speci®c neuronal populations in addition to those active
during isolated movements. Thirdly, we investigated whether the
control of the simultaneous movements engages motor representations that are shared by both limbs.
Behavioural studies have shown that when the wrist and ankle are
moved simultaneously, they automatically couple either in the same
direction (iso-directionally) or in opposite directions (antidirectionally, Kelso et al., 1979; Baldissera et al., 1982; Swinnen et al., 1997).
There is evidence that initially the antidirectional movements are
more dif®cult to perform (Baldissera et al., 1982; Swinnen et al.,
1997). Another aim of the present study was therefore to explore the
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possibility that the antidirectional and iso-directional simultaneous
movements could be associated with different patterns of cortical
activity.
We used positron emission tomography (PET) to measure the
regional cerebral blood ¯ow (rCBF) in healthy subjects making
isolated movements of the wrist and ankle, or simultaneous
movements of the limbs (iso-directional and antidirectional). First
we detected those regions that, statistically, are active during each
isolated movement, and which regions that were speci®c for
movement of either limb or common to the two limbs. We then
detected regions that were active when performing the simultaneous
movements (both iso- and antidirectional). Finally, we tested for
changes in activity speci®c to the control of the simultaneous
movements by comparing the simultaneous movements with both of
the isolated movements (interaction analysis), thereby eliminating the
effects related to skeletomuscular activity.

Materials and methods
Subjects
Eight healthy male subjects with no history of neurological disease
participated in the study. Their age ranged from 24 to 27 years. All
subjects were strongly right-handed (Old®eld, 1971). The subjects
had given their written consent and the study had been approved by
the Ethical Committee and the Radiation Safety Committee of the
Karolinska Hospital and was performed according to the guidelines of
the Declaration of Helsinki 1975.
Tasks
The subjects performed ®ve tasks while the relative rCBF was
measured with PET. They rested comfortably in a supine position
on the bed of the PET scanner. Each subject had his head ®xed
to the scanner with a stereotaxic helmet that restricted head
movements (BergstroÈm et al., 1981). The right arm and leg were
placed in comfortable positions, and we used appropriate supports
to minimize the movement of proximal joints and other parts of
the body. The extended right arm was supine and abducted 25 °
from the trunk. The right leg was ¯exed 30 ° in the hip joint and
¯exed 30 ° in the knee joint so that the lower leg was parallel to
the scanner bed. The left arm and leg were extended in relaxed
positions. The subjects were blindfolded and also instructed to
keep their eyes closed. Metronome sounds were played at 1 Hz
whilst the PET measurements were being conducted. The subjects
were asked to relax completely, and to make no movement other
than those they were instructed to make.
To perform the movement tasks, the subjects made cyclic ¯exion±
extension movements of the right ankle and/or the right wrist. They
were to perform a smooth continuous action through the whole range
of the movement. The pace was set by the metronome and at each
click sound the limbs were either maximally extended or completely
¯exed (i.e. each complete ¯exion±extension cycle took 2 s). Figure 1
shows the movements of the wrist and ankle for the different
conditions together with the auditory cues. In the FOOT task, subjects
made isolated movements of the right ankle. In the HAND task,
subjects performed isolated movements of the right wrist. In the
SIMULTANEOUS tasks, the subjects moved the right wrist and right
ankle simultaneously. There were two such tasks: in the ISODIRECTIONAL task, the wrist and ankle were moved in the same
directions in the sagittal plane (the wrist and the ankle ¯exed and
extended together). In the ANTIDIRECTIONAL task, the joints were
moved in opposite directions (when the wrist was ¯exed the ankle
was extended and vice versa). Thus, SIMULTANEOUS task refers to

all coordinated movements irrespectively of the movement direction.
During the REST condition, the subjects heard the metronome, but
made no movement.
Because the antiphase movements were initially somewhat dif®cult
to perform, the subjects were trained prior to the PET scanning (the
training lasted 30±45 min and was performed just before scanning).
All tasks were practised. After the training all subjects could perform
the requested antidirectional and iso-directional movements at 1.5 Hz
or faster for 1 min. They could also make the iso-directional and
antidirectional movements at 0.5 Hz while simultaneously performing
a verb-generation task without any errors (no interference,
Passingham, 1996). From this we concluded that all movement tasks
were overlearned before the PET scanning started.
The movements were monitored with goniometers attached to
the lateral aspect of the wrist and ankle. The goniometers were
made of light plastic and did not restrict the movements. The
recordings were stored digitally on a portable PC (DASport, PCI20450P-14 using Visual DesignerTM) and subsequently analysed
off-line (using ZOOM, Department of Physiology, UmeaÊ
University). We analysed the amplitude of the movement of the
joints, the variability (SD) of the amplitudes, and the peak
angular velocity of the movements. For the simultaneous movements we assessed the synchronization of the limbs with a
correlation analysis of the wrist and ankle movements. We also
assessed the synchronization of the limbs by measuring the time
interval between the peaks in the maximal displacement of
the wrist and ankle joints. A negative value indicated that the
movement of the foot occurred earlier than the movement of
the hand. We also monitored the performance with two video
cameras to check for possible involuntary movements of other
body parts; one was positioned to obtain the best view of the
moving limbs on the right hand side and the other was positioned
to give the best view of the left (non-moving) limbs. Surface
electrodes were used to record electromyograms (EMGs) from the
main ¯exor and extensor muscles of the wrist (M. ¯exor carpi
radialis and M. extensor carpi radialis) and ankle (M. tibialis
anterior and M. gastrocnemius, Myo115-electrodes, Liberty
Technology, Hopkinton, MA, USA). EMGs were also recorded
from the ¯exor muscles of the left wrist and ankle to check for
muscle activity in the non-moving limbs. The EMG signals were
recorded, stored and displayed on-line (DASport, PCI-20450P-14
and Visual DesignerTM).
Brain scanning
Each subject, equipped with a stereotaxic helmet (BergstroÈm et al.,
1981), underwent magnetic resonance imaging (MRI) and PET.
An anatomical high-resolution T1-weighted MRI scan was
collected on a 1.5 T GE scanner (Signa Horizon Echospeed,
General Electric Medical Systems, Milwaukee, Winsconsin)
equipped with a head-coil (3D-SPGR; TE = 5 ms; TR = 21 ms; ¯ip
angle = 50 °; FOV = 256 mm; matrix, 256 3 256; 124 slices).
The relative rCBF was measured with an ECAT EXACT HR
PET camera operating in three-dimensional mode (for technical
description see Weinhard et al., 1994). The subjects had a catheter
placed into the right brachial vein for tracer administration. Each
participant underwent 15 PET scans. Each experimental condition
was repeated three times and the order of the conditions followed
a pseudo-randomized schedule to balance out possible time
effects. For each scan, ~ 13 mCi of 15O-butanol was injected
intravenously as a bolus. The radiotracer was synthesized
according to the method of Berridge et al. (1991). Images of
the relative rCBF were generated by summing the activity during
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FIG. 1. The displacement of the right wrist and right ankle in the ®ve
conditions. The subjects made cyclic ¯exion±extension movements.
Representative goniometer recordings are shown from one subject. A
metronome (at 1 Hz) paced the movements; the auditory cues are indicated.

the 50 s immediately following the ®rst increase in cerebral
activity after the intravenous injection. The PET scans were
reconstructed with a 4-mm Hanning ®lter.
Image processing and statistical analysis
Each subject's PET scans were spatially aligned to the ®rst scan
(Friston et al., 1995a). Then each individual's anatomical MRI
was spatially transformed to the standard anatomical format in the
Human Brain Atlas (HBA 1999 standard brain, Roland et al.,
1994). The PET images were then transformed to the HBA
format using the same transformations. Linear and non-linear
transformations were used, and special care was taken to optimize
the ®t of the central sulcus. In the standard format the coordinates
refer to the stereotactic coordinate system of Talaraich &
Tournoux (1988). The PET scans were reformatted to a voxel
size of 2 3 2 3 2 mm and voxels outside the brain were excluded
from the analysis. The PET scans were spatially smoothed with a
10-mm (FWHM) Gaussian ®lter to increase the signal to noise

ratio. Global changes in the activity were removed by applying
linear scaling. The mean rCBF value was then arbitrarily set to
50 mL/100 g/min. The PET images of the eight subjects were
analysed as a group.
The statistical analysis was performed with the general linear
model (GLM, Friston et al., 1995b; Ledberg et al., 1998). For every
voxel the activity was modelled as a linear sum of factors in a design
matrix. The design matrix had tasks, repetitions and subjects as
factors. By estimating the task-speci®c effects using linear contrasts
in the GLM, we created statistical images with a Z-distribution. These
statistical images were subsequently arbitrarily thresholded at
Z > 3.09 at each voxel. The thresholded Z-images have many
clustered voxels (clusters) with high Z-values in those regions for
which there is a large difference in the activity level for the contrasted
tasks. The activations were then characterized in terms of peak height
and spatial extent. We only report those activations with an extent
corresponding to a value of P < 0.05 or better after correction for the
number of multiple comparisons within the whole brain space
(omnibus P < 0.05). The critical size of the activated clusters
corresponding to this level of signi®cance was estimated using the
method developed by Ledberg (2000). This method uses Monte Carlo
simulations (n = 5000) on synthetic noise images, taking into account
the physiological auto-correlation, to derive the probability that a
given cluster size would occur by chance. From this we determined
the threshold to be 1440 mm3 for the critical size for signi®cant
clusters and we adopted this as our signi®cance criterion. All reported
clusters were also found to correspond to a corrected P < 0.05 when
we used SPM-96 (Friston et al., 1994; http//:HTTP://www.®l.ion.
ucl.ac.uk/spm). Because the activated areas were so extensive when
the movement tasks were contrasted with the rest condition, we also
report activations on the basis of peak height (P < 0.05) after a
correction for multiple comparisons in the whole brain space (Friston
et al., 1995b, as implemented in SPM-96).
We compared the different conditions by de®ning contrasts in the
GLM. We employed pair-wise comparisons, a conjunction analysis
and an interaction analysis (see below).
Firstly, we contrasted each movement task (HAND, FOOT,
SIMULTANEOUS, ISO-DIRECTIONAL and ANTIDIRECTIONAL) versus the rest condition (REST). The activation maps
showed the regions that were active when performing each task.
Secondly, we determined which motor regions were speci®c
(somatotopic) to either limb when the contrasts (HAND versus
FOOT) and (FOOT versus HAND) were analysed. Then thirdly, we
characterized the areas common to the movement of either limb with
a conjunction analysis (Price et al., 1997). The conjunction analysis
identi®ed those regions that are signi®cantly (P < 0.05 corrected for
multiple comparisons) commonly active for both movement of the
wrist versus rest, and movement of ankle versus rest, and that do not
show a signi®cant interaction between these conditions (Z < 3.09 for
each voxel). This analysis was limited to those voxels that were found
to be active for both (HAND versus REST) and (FOOT versus REST)
(by a masking procedure, Z > 3.09). Fourthly, we compared the
coordinated movements performed in different directions, i.e. (ISODIRECTIONAL versus ANTIDIRECTIONAL) movements and
(ANTIDIRECTIONAL versus ISO-DIRECTIONAL) movements. It
can be noted here that both of these simultaneous movements
activated identical brain regions (for details, see Results). Fifthly, we
used an interaction analysis (factorial design) in which pairs of
conditions were contrasted (for discussion on interaction analyses and
recent applications see Price et al., 1997; Rees et al., 1997;
Blakemore et al., 1998; Fink et al., 1999). The interaction analysis
tests whether the activity when performing movements simulta-
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neously is different from the sum of the activities of the two isolated
movements. We de®ned the contrast (SIMULTANEOUS ± REST) ±
{(HAND ± REST) + (FOOT ± REST)} to test for increases in
activity, and the contrast {(HAND ± REST) + (FOOT ± REST)} ±
(SIMULTANEOUS ± REST) to test for attenuated responses speci®cally related to the simultaneous movements. Importantly, in these
comparisons, the number of movements of each limb is matched to
eliminate (or `factor out') the effects related to muscular activity.
Hence, this analysis detects effects speci®cally related to the context
of the movements, i.e. it identi®es activity speci®c to how the
actions were performed: simultaneously or in isolation. Finally, we
analysed the contrasts (SIMULTANEOUS versus HAND) and
(SIMULTANEOUS versus FOOT). These tests show areas with
stronger activity when two limbs were moved compared to when one
limb only was moved. Note, however, that these comparisons are not
matched for the motor output and therefore do not reveal changes in
activity speci®c to coordination.
De®ning the functional and anatomical regions
Changes in rCBF from the PET experiment were compared with the
location of the statistically de®ned cytoarchitectonic areas 4a, 4p, 3a,
3b, 1 and 44 (Geyer et al., 1996, 1999; Amunts et al., 1999). The
cytoarchitectonic regions were delineated with observer-independent
techniques in a population of nine post mortem brains, and were
subsequently transformed into the same standard anatomical format
(HBA) as the functional images had been using the same type of
linear and non-linear transformations (Roland et al., 1994; for details
about the anatomical delineation see Amunts et al., 1999; Geyer et
al., 1999; Schleicher et al., 1999). Corresponding areas from different
brains were superimposed in standard three-dimensional space and
spatially ®ltered with a 5-mm (FWHM) Gaussian ®lter. Overlay maps
were calculated for each area (Roland & Zilles, 1998). These overlay
maps are referred to as population maps describing, for each voxel in
standard anatomical space, how many brains that have one particular
cytoarchitectural area located at that voxel. We use these population
maps to estimate the likelihood that a particular location (voxel) in
standard anatomical space corresponds to a certain area. In this study
we de®ne each cytoarchitectural area in standard space as the 50%
population map of that area, i.e. the volume in which the voxels
correspond to that area in > 50% of the post mortem brains (Roland
& Zilles, 1998, for applications of this method and further
documentation see Naito et al., 1999; Larsson et al., 1999;
BodegaÊrd et al., 2000). Because there is little correspondence
between gross morphology and the locations of cytoarchitectural
areas, these 50% population maps are currently the only way to
describe the location and extent of these areas in a valid way (Roland
et al., 1997; Roland & Zilles, 1998). Finally, the rCBF changes were
compared with the location of the cytoarchitectural areas. For peaks
of activity located outside, but close to, a 50% population map of a
cytoarchitectural area, we report the number of post mortem brains
that had a representation of that area at that location.
The premotor cortex and the SMA were de®ned arbitrarily. By the
SMA, we mean the cortex rostral to area 4a on the medial side of the
hemisphere, above the cingulate sulcus. The rostral border of the
SMA was de®ned as the vertical plane at y = 16 (Buser & Bancaud,
1967). In the present study all the activations were located in the
SMA posterior to y = 0, which probably corresponds to the classical
SMA (or SMA-proper) (Picard & Strick, 1996; Roland & Zilles,
1996). The lateral premotor cortex, divided into a dorsal (PMD) and
ventral (PMV) portion, is located rostral to lateral area 4a (Geyer
et al., 1996; Roland & Zilles, 1996). The rostral border of the PMD is
not known. The PMV was de®ned as the cortex posterior to area 44

and anterior to area 4a. The border between the PMD and the PMV
was de®ned as a horizontal plane at z = 45 in this population of
subjects. The cingulate motor areas (CMAs) and their preliminary
parcellation into a rostral part (CMAr) and a caudal part (CMAc)
were described in Roland & Zilles (1996).
The anatomical localizations of the activations in other parts of the
brain were related to the major sulci and gyri distinguishable on a
mean MRI generated from the standardized anatomical MRIs from
the eight subjects (Ono et al., 1990).

Results
Behaviour
During PET scanning, all subjects performed the requested movements at the pace of the metronome (0.5 Hz) without any errors. The
mean amplitude of the wrist movements was 90.7 ° (13.2) (mean of
means 6 SD of means for all subjects) across all tasks, and of the
ankle movements 44.3 ° (16.0) across all tasks. The mean amplitude
of the wrist movements was 91.0 ° (7.5) (mean of means 6 SD of
means) in the HAND task, 87.5 ° (10.5) in the ISO-DIRECTIONAL
task, and 93.7 ° (19.5) in the ANTIDIRECTIONAL task. The mean
amplitude for movements of the ankle was 44.2 ° (15.4) in the FOOT
task, 44.8 ° (14.7) in the ISO-DIRECTIONAL task, and 43.8 ° (14.7)
in the ANTIDIRECTIONAL task. There were no signi®cant
differences in the amplitude of the movement for the different tasks
(P > 0.05 paired t-tests).
The average peak angular velocity was 101.8 °/s (26.1) (mean of
means 6 SD of mean, for all subjects) for the ankle movements
across all tasks, and 237.3 °/s (71.7) for the wrist movements across
all tasks. There were no signi®cant differences in the movement
velocity between the different tasks.
The variability of the amplitude (mean SD) of the ankle
movements was signi®cantly larger in the ANTIDIRECTIONAL
task [4.29 ° (1.51); mean SD 6 SD of mean SD] than in the ISODIRECTIONAL task [2.43 ° (0.82)] or in the FOOT task [2.32 °
(0.70)] (P < 0.05 paired t-tests). There were no signi®cant differences
in the variability of the wrist movements for any of the tasks (P > 0.05
paired t-test).
Correlation analysis showed a high degree of synchronization
for the simultaneous movements (mean of absolute values
0.889 6 0.109). There was a higher degree of synchronization during
the ISO-DIRECTIONAL task (mean 0.973 6 0.016) than during the
ANTIDIRECTIONAL task (mean ±0.789 6 0.074) (P > 0.05, paired
t-test using absolute values). The mean intervals between the peak
amplitudes of the wrist and ankle movements were ±64 ms (33)
(mean of means 6 SD of means) in the ISO-DIRECTIONAL task and
±73 ms (47) in the ANTIDIRECTIONAL task, i.e. the maximum
displacement of the ankle occurred slightly earlier than the maximum displacement of the wrist. These differences between the
coordination tasks were not signi®cant (P > 0.05 paired t-tests).
The EMGs of the main ¯exor and extensor muscles showed similar
levels of muscle activity for the different tasks. There was no muscle
activity and the video recordings revealed no movements in the left
(non-moving) limbs. During the rest condition we did not observe or
record any movements or muscle activity in any limbs.
Isolated movements of the limbs
Active regions speci®c to the movement of either limb
Table 1 and Fig. 2 show the brain regions that displayed a signi®cant
increase in the relative rCBF when we contrasted isolated movement
of either limb with the rest condition [(HAND versus REST) and
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TABLE 1. Isolated and simultaneous movements versus rest
Functional region
(cytoarchitectural area,
anatomical region)
FOOT versus REST
Left SMA/M1a, posterior part of superior frontal gyrus
Right paracentral lobule
SMA, right superior frontal gyrus
Right anterior cerebellum
Left parietal operculum
Left putamen
Left PMV, precentral sulcusb
Left thalamus
Right parietal operculum
HAND versus REST
Left M1, area 4a
Left PMD/M1, precentral gyrusc
SMA, left superior frontal gyrus
Left parietal operculum
Left thalamus
Left superior parietal gyrus
Right PMD, anterior precentral gyrus
Right PMD, precentral sulcus
SMA, right superior frontal gyrus
Left PMV, precentral sulcusd
Right parietal operculum
Right insula
Right anterior cerebellum
Left anterior cerebellum
SIMULTANEOUS versus REST
Left SMA/M1e
Left M1, area 4a
Left PMD, precentral gyrus
SMA, superior frontal gyrus
Right anterior cerebellum
Left parietal operculum
Right paracentral lobule
Left thalamus
Left putamen
Cerebellum, vermis
Right PMD, superior precentral sulcus
Right parietal operculum
Right postcentral sulcus
Right parietal superior gyrus
Left anterior cerebellum
Right PMD, precentral sulcus
Left insula

Talaraich coordinates (HBA)
x

y

z

Peak
Z-score

Volume
(cm3)

6
±10
±6
±12
42
32
54
12
±44

±23
±45
±5
±37
±29
±11
5
±17
±23

68
68
48
±16
24
12
22
8
24

8.79
6.29
8.18
7.22
6.82
5.27
4.97
5.00
4.92

57.5

32
32
6
42
12
18
±26
±36
±12
56
±46
±36
±16
22

±29
±29
±9
±25
±17
±57
±13
±9
±13
5
±21
±9
±45
±53

54
64
51
24
6
64
68
58
56
26
22
14
±16
±20

8.64
8.57
7.83
7.02
5.99
5.91
5.66
5.46
4.66
4.55
5.55
4.62
7.80
4.72

72.1

8
32
26
6
±16
40
±8
12
26
±2
±24
±42
±28
±32
20
±34
38

±23
±29
±21
±9
±43
±27
±47
±19
±5
±57
±15
±25
±35
±43
±43
±7
±3

70
56
68
50
±16
24
66
8
8
±28
70
26
46
62
±20
56
16

9.04
8.70
8.52
8.51
8.36
7.30
7.10
7.06
6.97
6.67
6.07
5.86
5.15
4.92
4.86
4.65
4.59

12.2

1.62

1.16
2.13
15.6
1.84
240

Signi®cant increases in relative rCBF (P < 0.05 corrected for multiple comparisons). Anatomical locations refers to the mean standardized anatomical MRI.
Cytoarchitectural areas were de®ned in nine standardized post mortem brain (see Materials and methods). Note that positive x-coordinates indicate the left
hemisphere. aLocated just anterior to area 4a. Area 4a in 3/9 post mortem brains. bLocated posterior to area 44. Area 44 in 3/9 post mortem brains.
c
Located just anterior to the anterior and lateral borders of area 4a. Area 4a in 4/9 post mortem brains. dPeak corresponds to a corrected P = 0.056. We report
this peak descriptively. Located posterior to area 44. Area 44 in 2/9 post mortem brains. eLocated anterior to area 4a. Area 4a in 1/9 post mortem brains.

(FOOT versus REST)] (P < 0.05 corrected for multiple comparisons).
Isolated movements of the hand and isolated movements of the foot
engaged different sections of the contralateral primary motor cortex
(M1) (4a, 4p), primary sensory cortex (S1) (1, 3b) and the ipsilateral
anterior cerebellum. Figure 3 and Table 2 show the regions that were
speci®c (somatotopic) for either limb when we contrasted isolated
movement of the wrist versus isolated movements of the ankle, and
vice versa. The activated cluster in the M1 region speci®c to the wrist
extended from y = ±55 in the superior parietal lobule to y = ±3 in the
precentral sulcus (PMD). The activated cluster speci®c to the ankle
extended from y = ±44 in the paracentral lobule to y = ±1 in the SMA.
Active regions common to the movement of either limb
Both isolated movement of the wrist and isolated movement of the
ankle activated the contralateral thalamus, the putamen, and,

bilaterally, the SMA and the lateral PO when compared with the
rest condition (Fig. 2 and Table 1). Isolated movement of the ankle
activated the contralateral PMV (P < 0.05 after correction for multiple
comparisons), while the contralateral PMV activation during isolated
wrist movements did not reach the signi®cance criterion (Z = 4.55,
P = 0.055, after a correction for multiple comparisons using a test for
peak-height, Friston et al., 1995b). Yet, we still choose to report this
foci descriptively to show the similarities with the foot activation.
The local maxima of the PMV activation were located just posterior
to the 50% population map de®ning area 44. The activated cluster
extended both anteriorly and posteriorly, into area 44 and into the
precentral gyrus, respectively. Hand movements also activated the
PMD bilaterally. When subjects moved the right foot, activity
extended into the PMD from the medial wall activation (see Fig. 2,
top row).
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FIG. 2. From left to right, the columns represent the brain activity detected when making isolated movements of the right wrist (HAND versus REST), the right
ankle (FOOT versus REST) and simultaneous movements of the two limbs (SIMULTANEOUS versus REST). Signi®cant increases in the relative rCBF (P < 0.05
corrected for multiple comparisons) are superimposed on the standard brain (HBA). Each row displays an axial slice and the Talaraich coordinates are indicated.
Some relevant functional regions are identi®ed by numbers: 1, primary motor cortex (foot section); 2, dorsal premotor cortex; 3, primary motor cortex (hand
section); 4, supplementary motor area; 5, ventral premotor cortex; 6, parietal operculum; 7, putamen; 8, thalamus; 9, anterior cerebellar hemisphere.
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FIG. 3. Regions that were common or speci®c (i.e. somatotopic) for isolated movement of the right wrist and isolated movement of the right ankle (A±E).
Signi®cant activations for HAND versus FOOT are shown in red, FOOT versus HAND in blue, and common areas in green (conjunction analysis). The
results are superimposed on the HBA standard brain (P < 0.05 corrected for multiple comparisons). The Talaraich coordinates are indicated for each slice.
See also Table 2

FIG. 4. Regions that showed less activity for
simultaneous movements compared with the
sum of the activities for both isolated
movements {P < 0.05 corrected for multiple
comparisons: [(HAND ± REST) + (FOOT ±
REST)] ± (SIMULTANEOUS ± REST)}. In the
contralateral PMV (B and D) and PO (B and
D) this meant that the activity was almost
identical regardless of whether only the wrist,
only the ankle or both limbs were moved. In
the PMD (A and C), the activity evoked by
isolated wrist movement was somewhat larger
than when the wrist was moved in combination
with the foot. See also Fig. 5.
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TABLE 2. Speci®c and common regions for wrist and ankle
Functional region
(cytoarchitectural area,
anatomical region)
HAND versus FOOT
Left M1, area 4a
Left PMD/M1, left precentral gyrusa
Right anterior cerebellum
Left anterior cerebellum
Right PMD, right precentral sulcus
FOOT versus HAND
Left SMA/M1, left precentral gyrusb
Left M1, area 4a
Right M1, area 4a
Right anterior cerebellum
Common regions (conjuction analysis)c
Left SMA
Left SMA
Left postcentral sulcus
Left precuneus
Right SMA
Right PMD, superior precentral sulcus
Left parietal operculum
Left insula
Left putamen
Left PMV, precentral sulcus
Left thalamus
Right anterior cerebellar hemisphere
Right parietal operculum

Talaraich coordinates (HBA)
x

y

z

Peak
Z-score

Volume
(cm3)

32
34
±22
14
±30

±27
±29
±45
±50
±15

54
64
±20
±18
62

8.64
8.62
6.02
5.83
4.94

25.3

4
10
±12
±12

±23
±35
±35
±33

68
68
68
±18

8.64
8.46
7.13
5.93

32.2

6
14
26
14
±10
±20
42
34
28
54
12
±14
±46

±9
±19
±39
±55
±15
±13
±14
±11
±5
5
±17
±41
±23

52
72
64
64
58
68
12
14
8
24
8
±16
22

8.68
8.32
7.72
6.05
5.77
4.90
7.97
5.25
4.81
5.21
6.23
8.00
5.96

14.4

4.85
1.78

3.31

7.96
0.86
3.24
3.60
1.12

Signi®cant increases in relative rCBF (P < 0.05 corrected for multiple comparisons). Anatomical locations refers to the mean standardized anatomical MRI.
Cytoarchitectural areas were de®ned in nine standardized post mortem brains (see Materials and methods). Note that positive x-coordinates indicate the left
hemisphere. aLocated just anterior to area 4a. Area 4a in 3/9 post mortem brains. bLocated just anterior to area 4a. Area 4a in 3/9 post mortem brains.
c
Regions commonly active for both isolated wrist movement versus rest and isolated ankle movement versus rest (see Materials and methods).

In Fig. 3 and Table 2 we show the results from the conjunction
analysis testing for regions in common to isolated movement of the
wrist and isolated movement of the ankle. The activations included
the contralateral PMV, PMD, superior parietal cortex (postcentral
sulcus and precuneus), thalamus and putamen, and part of the right
anterior cerebellar hemisphere (a region between the somatotopic
®elds). In addition, the bilateral SMA and lateral PO were commonly
engaged when moving either limb.
Simultaneous movements of the limbs
Simultaneous movements versus rest
Figure 2 and Table 1 show that simultaneous movements activated the
same set of regions that was active during the isolated movements
[(SIMULTANEOUS versus REST), P < 0.05 corrected for multiple
comparisons]. This included activity in the contralateral M1, S1
(hand and foot sections), SMA, putamen and thalamus, PMD,
bilateral PO and the ipsilateral anterior cerebellar hemisphere. The
activation extended into the contralateral PMV (with a local maxima
at x = 54, y = 5, z = 22, Z = 3.84, P > 0.05 after correction for multiple
comparisons). As presented in detail below, the iso-directional and
antidirectional movements activated identical brain regions.
Changes in activity speci®c for simultaneous movements (interaction
analysis)
We compared the simultaneous movements with both isolated
movements in the interaction analysis. There was no increase in
activity speci®cally related to the coordination of the simultaneous
movements, i.e. none was identi®ed with the contrast
(SIMULTANEOUS ± REST) ± {(HAND ± REST) + (FOOT ± REST)}.
This was con®rmed by using a descriptive very liberal statistical

threshold (Z < 2.58, no clusters were found of extent > 200 mm3). On
the contrary, we found lower activity levels during the simultaneous
movements than expected in several sensory and motor regions.
Table 3 and Fig. 4 show a signi®cant interaction effect when we
compared both isolated movements with the simultaneous movements using the contrast {(HAND ± REST) + (FOOT ± REST)} ±
(SIMULTANEOUS ± REST) (P < 0.05 corrected for multiple comparisons). These effects were located in the contralateral PMD, PMV
and PO. Figure 5 shows the plotted normalized relative rCBF for
these areas for the different tasks. In the PMV and PO, the activity
was practically identical regardless of whether only the wrist, only the
ankle, or both the wrist and ankle were moved. In the PMD, the
activity evoked by isolated wrist movement was somewhat higher
than when the wrist was moved in combination with the foot. Hence,
the interaction analysis has shown that, for these three areas, the sum
of the activities for both of the isolated movements was stronger than
the activity measured during the simultaneous movements.
It can be noted that we obtained equivalent results from the
interaction analysis when we used the ISO-DIRECTIONAL task or
the ANTIDIRECTIONAL task instead of the SIMULTANEOUS
tasks (not shown).
Simultaneous movement versus isolated movement of one limb only
In Table 4 we list the results from the comparison of simultaneous
movement versus isolated movement of the hand, or isolated
movement of the foot, respectively [(SIMULTANEOUS versus
HAND) and (SIMULTANEOUS versus FOOT)]. We detected
stronger activity for SIMULTANEOUS versus HAND in contralateral M1 and SI (foot section), the right anterior cerebellar
hemisphere (foot section) and the SMA. SIMULTANEOUS versus
FOOT gave increases in rCBF in contralateral M1 and S1 (hand
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TABLE 3. Interaction analysis
Functional region
(cytoarchitectural area,
anatomical region)

Talaraich coordinates (HBA)
x

{(HAND ± REST) + (FOOT ± REST)} ± (SIMULTANEOUS ± REST)
Left parietal operculum
44
52
Left PMV, precentral sulcusa
Left PMD, precentral sulcus
42

y

z

Peak
Z-score

Volume
(cm3)

±25
5
±11

24
24
54

4.72
4.77
4.29

7.81
1.81
2.21

The sum of the activities for both isolated movements was signi®cantly stronger than the activity measured whilst performing simultaneous movements
(interaction effect, P < 0.05 corrected for multiple comparisons). Anatomical locations refers to the mean standardized anatomical MRI. Cytoarchitectural
areas were de®ned in nine standardized post mortem brains (see Materials and methods). Note that positive x-coordinates indicate the left hemisphere.
a
Located posterior to area 44. Area 44 in 2/9 post mortem brains.

section), the right anterior cerebellum (hand section) and the SMA.
Because these comparisons are not matched in terms of the
skeletomotor output, they do not reveal increases in activity speci®c
to the coordination of the limbs. For the SMA this was demonstrated
by the fact that there was a statistical trend for less activity during
SIMULTANEOUS then for the sum of the activities for HAND and
FOOT (interaction analysis, Z = 4.16, P < 0.25 after a correction for
multiple comparison at x = 6, y = ±10, z = 50), which rules out the
possibility that the activity in SMA speci®cally re¯ected interlimb
coordination.
Antidirectional and iso-directional movements
Table 5 lists the regions that were signi®cantly activated when we
contrasted ISO-DIRECTIONAL versus REST, and ANTIDIRECTIONAL versus REST (P < 0.05 corrected for multiple
comparisons). The iso-directional and antidirectional movements
engaged the same set of sensorimotor regions with only small
differences in the locations and occurrences of the local maxima of
activity that could be detected. Importantly, when we contrasted
the two tasks directly, we found no signi®cant differences in
activity anywhere in the brain [(ANTIDIRECTIONAL versus ISODIRECTIONAL), or (ISO-DIRECTIONAL versus ANTIDIRECTIONAL)]. To exclude the possibility that this lack of difference
merely re¯ected the conservative statistical threshold used, we also
examined the activity of known motor sections of the brain (M1, PM,
SMA, anterior and posterior parietal cortex, striatum and cerebellum)
using a more liberal statistical criterion. In a purely descriptive
approach, we used the threshold of Z > 2.58 for the Z-images, but still
no trends for increases in activity were found (i.e. no clusters larger
than 200 mm3 were found). From this we conclude that there were no
relevant differences in the level of rCBF between the two
coordination patterns.
Principal component analysis
To further con®rm that the activity patterns during the iso-directional
and antidirectional coordinated movements were the same, we applied
a singular value decomposition (principal component or eigenimage
analysis) to the adjusted rCBF data (Friston et al., 1993). This
descriptive method characterizes the changes in the variance±
covariances introduced by the experimental design and can give
further information about changes in activity in both the spatial and
temporal domains. For each subject we used three average scans
generated from the ISO-DIRECTIONAL, ANTIDIRECTIONAL and
REST conditions, respectively. The result of this analysis is principal
components that can be described in a spatial domain (eigenimage) and
a pro®le over the conditions (condition loading). The ®rst principal
component (i.e. the eigenimage) could explain 96.9% of the total
variance±covariance structure. The conditional loadings for the ®rst

principal component showed that it represented the differences
between both the simultaneous movements and the rest condition.
The positive component of this ®rst principal component represented a
functional network of well-known motor-related areas, including the
primary sensori-motor region (hand and foot sections), PMD, PMV,
SMA, PO, superior parietal cortex, putamen, thalamus and cerebellum
(not shown). This set of regions corresponded to all the areas that we
found to be active in the statistical analysis when we contrasted the
simultaneous movements with the rest condition. The second principal
component was very small (3.1% of the total variance±covariance
structure) and the conditional loadings showed that this was related to
differences between the iso-directional and antidirectional movements. These changes were small and spatially widely distributed and
were not localized to any relevant sensorimotor-related brain regions.
From these results and those of the statistical analysis, we conclude
that the iso-directional and antidirectional movements were associated
with practically identical activation maps.

Discussion
This is the ®rst functional mapping study that has investigated the
cerebral control of simultaneous movements of the upper and lower
limbs. One of the principle ®ndings is that simultaneous movements
of limbs are coordinated by the same regions that control each of the
limbs when moved separately. Thus, the coordination of the limbs is
not dependent on any additional speci®c brain structure. On the
contrary, in contralateral PMV, PMD and PO, the activity measured
while the simultaneous movement was being performed was less than
the sum of the activity for the isolated movements (interaction effect,
P < 0.05 after correction for multiple comparisons). Importantly,
several of the motor representations controlling simultaneous movements (e.g. the contralateral PMV, the anterior part of the PMD, the
SMA, the PO and the posterior parietal cortex) were active for
isolated movement of the wrist and ankle. In conclusion, these
®ndings indicate that coordination of the wrist and ankle is mediated
by cortical areas shared by both limbs, rather than being controlled by
speci®c additional neural populations.
In all tasks the subjects executed smooth continuous cyclic
¯exion±extension movements of the right wrist and ankle. To
perform the simultaneous movements it was required that the speed
and position of the wrist and ankle were synchronized so that a
constant phase relationship was maintained throughout each cycle.
This synchronization of the limbs was not required when making the
individual movements of wrist or ankle. Thus, during the simultaneous movements the subjects had to coordinate the movements in
addition to generating the individual movements. Before the brain
scanning started, the subjects were trained in performing the tasks
until they could make the requested movements in a relaxed manner.
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FIG. 5. Adjusted relative rCBF values (adjusted
responses) in some relevant motor regions.
Note the similar responses in the PMD, PMV
and PO in the bottom row evoked by
movements of the wrist only, the ankle only,
and wrist and ankle simultaneously. The Zvalue and Talaraich coordinates for each peak
of activity are indicated. The experimental
conditions are indicated by letters: F, FOOT;
H, HAND; I, ISO-DIRECTIONAL; A,
ANTIDIRECTIONAL; R, REST.

This ensured that the tasks were well matched in terms of general
dif®culty and that no motor learning occurred during the scanning.
We monitored the performance during the scanning and found no
signi®cant differences in the amplitude or the velocity of the
movements between the tasks. A metronome paced the movements
and metronome-clicks were also present for the rest condition.
Thereby, the effects of the auditory stimuli were matched.
The present study was not designed to investigate somatotopy.
Previous PET and fMRI studies have suggested that it is preferential
to do this by examining the activation patterns of single subjects
(Grafton et al., 1993; Nitschke et al., 1996; Fink et al., 1997;
Kleinschmidt et al., 1997; Ehrsson et al., 1999). Activation maps
derived from a population of subjects might obscure subtle changes in
the location of some activations because of the averaging of the
functional anatomy across subjects, spatial ®ltering applied to the
images, and image standardization procedures.
One of the topics of particular interest in this study was to examine
changes in activity speci®cally related to the control of simultaneous
movements. To investigate this we applied an interaction analysis
which localizes non-additive (i.e. non-linear) effects when comparing
the activity during two simultaneously performed movements with the
sum of the activities for the isolated movements. Neuronal populations

encoding movement of particular segments of the body are found not
only in the M1, but also in a number of premotor and parietal areas, as
well as in subcortical structures (Pen®eld & Boldrey, 1937; Thach
et al., 1992; He et al., 1993, 1995; Rizzolatti et al., 1998). Thus, if each
limb was controlled independently by somatotopic neuronal populations, then simultaneous movements would engage the neuronal
populations of both limbs. One would then anticipate that the sum of
the activations for the two isolated movements would correspond to
the activation during the simultaneous movements. Areas exhibiting a
pattern of activity that does not correspond with this expectation (the
null hypothesis) can then be identi®ed statistically in the interaction
analysis. The principal ®nding in the present study was that in several
sensorimotor-related areas (contralateral PMV, PMD and PO) the
activity levels during the simultaneous movements were less than
expected, i.e. less than the sum of the activity measured during isolated
movements of the wrist and ankle. This suggests that combined
movements of two body parts on the same side of the body are
ef®ciently controlled by the supraspinal centres with relatively little
demand for additional cortical processing (see below).
A related methodological concern is whether we can exclude the
possibility that the relative rCBF becomes `saturated' (i.e. reaches a
`ceiling') during the isolated movements and therefore does not show
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TABLE 4. Simultaneous movements versus movement of one limb alonec
Functional region
(cytoarchitectural area,
anatomical region)
SIMULTANEOUS versus HAND
Left SMA/M1, posterior part of superior frontal gyrusa
Left M1, area 4a
Left CMA, cingulate sulcus
Right cerebellar hemisphere
Right putamen
SIMULTANEOUS versus FOOT
Left PMD/M1, precentral gyrusb
SMA, left superior frontal gyrus
Right anterior cerebellar hemisphere

Talaraich coordinates (HBA)
x

y

z

Peak
Z-score

Volume
(cm3)

4
12
8
±12
26

±23
±42
±3
±35
±5

68
66
44
±18
12

8.90
8.63
5.59
7.02
4.22

49.3

32
6
±16

±27
±9
45

64
50
±16

8.69
6.38
7.35

16.8
2.24
35.0
16.5

Signi®cant increases in relative rCBF (P < 0.05 corrected for multiple comparisons). Anatomical locations refers to the mean standardized anatomical MRI.
Cytoarchitectural areas were de®ned in nine standardized post mortem brain (see Materials and methods). Note that positive x-coordinates indicate the left
hemisphere. aLocated just anterior to area 4a. Area 4a in 3/9 post mortem brains. bLocated just anterior to area 4a. Area 4a in 2/9 post mortem brains.
c
Comparisons are not matched for the skeleto-muscular output and thus, do not detect activity-speci®c for coordination per see (see Materials and methods).

any additional increases during the coordinated movements. Given
the fact that the frequency of the movements in the present tasks was
slow (0.5 Hz), and that previous studies have shown almost linear
increases in the relative rCBF in motor areas (M1 and SMA) for
frequencies of up to 2 Hz (Sadato et al., 1997b), it should be possible
to discount this concern.
The functional representation of simultaneous movements of
the upper and lower limbs
When the subjects performed isolated movements of either limb
we found activity in a multitude of well-known sensorimotor
regions, in agreement with previous functional mapping studies
(Roland et al., 1980; Colebatch et al., 1991; Grafton et al., 1991;
Nitschke et al., 1996; Roland & Zilles, 1996; Fink et al., 1997;
Kleinschmidt et al., 1997). Also in agreement with earlier work, we
detected somatotopic activity in the contralateral primary sensorimotor cortex and the ipsilateral anterior cerebellar hemisphere
(Grafton et al., 1991; Nitschke et al., 1996; Fink et al., 1997;
Kleinschmidt et al., 1997). An interesting result was that isolated
movements of each limb activated common cortical representations
in contralateral PMV, the SMA, the PMD, the PO, and the anterior
and posterior parietal cortex. This ®nding supports the observations
of Rijntjes et al. (1999), who found that in the PMV, PO and part of
the SMA, the representations of simple isolated ®nger movements
(zigzag movements) overlapped with the representations of simple
isolated foot movements. In addition we also found that the
representations of the two limbs overlapped in the thalamus, putamen
and part of the right cerebellar hemisphere. However, for these small
subcortical regions we can not exclude the possibility that the overlap
is caused by the limited anatomical resolution of the PET images.
An important and novel ®nding of the present study was that the
simultaneous movements of the upper and lower limbs engaged the
same regions of the brain as were active when making isolated
movements of the same limbs. This included the motor representations in the lateral premotor cortex (left PMV, and a rostral section of
PMD) and SMA, as well as activity in the parietal lobe (left PO,
postcentral sulcus and precuneus) that were common for the wrist and
ankle. Electrophysiological and anatomical studies in non-human
primates suggest that the SMA, PMD and perhaps the PMV include
representations of both the upper and lower limbs (Mitz & Wise,
1987; Barbas & Pandya, 1987; Gentilucci et al., 1988; Kurata, 1989;
He et al., 1993; Dum & Strick, 1996). The existence of projections to
the lumbar and cervical enlargements (He et al., 1993; Galea &

Darian-Smith, 1994; Dum & Strick, 1996) and to M1 (Muakkassa &
Strick, 1979; Stepniewska et al., 1993; Tokuno & Tanji, 1993)
suggests that these regions are involved in the control of movements
made by the hand and foot. Because our PET data showed that there
was no speci®c region dedicated to the control coordinated movements, and because there are practically no direct anatomical
connections between the sections of M1 controlling hand and foot
movements (see, e.g. Ghosh et al., 1987), the common representations in these non-primary motor areas could play an important role
for mediating interlimb coordination.
We did not detect any increases in the relative rCBF speci®cally
related to coordination anywhere in the brain when the simultaneous
movements were compared with the two isolated movements (there
were not even any weak statistical trends, for details see Results).
This contrasts with the commonly held conception that combined
movements would require speci®c `coordination centres' for their
execution. It should be noted, however, that the spatial resolution of
imaging techniques, e.g. PET does not allow us to examine the
possibility that small subpopulations of neurons encode coordinationspeci®c parameters within those regions we found active. However,
our data strongly suggest that simultaneous movements of upper and
lower limbs are coordinated by the macro-anatomical regions of the
brain that control isolated movements.
Control of simultaneous versus isolated movements
In contralateral PMV, PMD and PO, the activity during the
simultaneous movements of the limbs was less than the sum of the
activities of both of the isolated movements [i.e. {(HAND ±
REST) + (FOOT ± REST)} ± (SIMULTANEOUS ± REST), P < 0.05
corrected for multiple comparisons]. In the PMV and PO, this
interaction meant that the activity was almost identical regardless of
whether only the wrist, only the ankle, or both limbs were being
moved. In the PMD, the activity evoked by moving the upper limb was
attenuated when simultaneously moving the ankle. The pattern of
responses in PMV and PO and the fact that these regions were
commonly active for isolated movement of either limb, indicate that
these areas are shared by the two limbs whilst performing
simultaneous movements. This is because, if each limb was being
controlled by separate neuronal populations within these areas (but
perhaps not anatomically separable in our PET images), the level of
activity would have increased. The task of the subjects in the present
study was to perform rather similar ¯exion±extension movements with
the right wrist and ankle. Thus, a motor program for these movements
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TABLE 5. Iso-directional and antidirectional movements versus rest
Functional region
(cytoarchitectural area,
anatomical region)
ISO-DIRECTIONAL versus REST
Left SMA/M1a
Left M1, area 4a
Left PMD, precentral gyrusb
SMA, left superior frontal gyrus
Right anterior cerebellum
Left parietal operculum
Left thalamus
Cerebellum, vermis
Left putamen
Left postcentral sulcus
Cerebellum, vermis
Left anterior cerebellum
Right PMD, superior precentral sulcus
Right parietal operculum
ANTIDIRECTIONAL versus REST
Left SMA/M1c
Left M1, area 4a
SMA, left superior frontal gyrus
Left parietal operculum
Right paracentral lobule
Left thalamus
Left putamen
Right PMD, precentral gyrus
Right parietal operculum
Right superior parietal gyrus
Right PMD, precentral sulcus
Right anterior cerebellum
Cerebellum, vermis

Talaraich coordinates (HBA)
x

y

z

Peak
Z-score (cm3)

Volume

6
30
32
6
±16
44
12
0
26
±14
±2
20
±24
±44

±23
±29
±27
±9
±45
±23
±19
±59
±5
±41
±57
±41
±13
±23

68
56
66
50
±15
24
8
±14
8
66
±28
±20
70
24

8.85
8.54
8.53
8.35
8.17
6.70
6.47
6.35
6.23
6.13
6.07
4.95
4.99
5.16

159

8
32
6
38
±8
14
26
±26
±42
±30
±34
±16
±2

±23
±29
±9
±27
±47
±17
±3
±15
±25
±45
±5
±43
±57

68
62
48
22
64
8
8
66
24
60
54
±18
±28

8.86
8.45
8.20
7.16
6.89
6.70
6.58
5.91
5.49
4.87
4.64
8.09
5.83

123

3.55

38.5

Signi®cant increases in relative rCBF (P < 0.05, corrected for multiple comparisons). Anatomical locations refers to the mean standardized anatomical MRI.
Cytoarchitectural areas were de®ned in nine standardized post mortem brain (see Materials and methods). Note that positive x-coordinates indicate the left
hemisphere. aLocated anterior to area 4a. Area 4a in 3/9 post mortem brains. bLocated anterior to area 4a. Area 4a in 1/9 post mortem brains. cLocated
anterior to area 4a. Area 4a in 3/9 post mortem brains.

could be shared by the two limbs, and the speci®cation of which
muscles should be used could take place `downstream' in the motor
system (Lashley, 1930; Luria, 1966). Hence, the PMV activation in the
present study displays the characteristics that would be expected of a
region involved in generalized motor control (Lashley, 1930; Luria,
1966), i.e. the encoding of movement irrespective of the skeletomuscular elements involved. The PMV activation was located just
posterior to the population map of cytoarchitectural area 44, which
is the tentative location of area 6. In the monkey brain this region is
highly interconnected (Preuss & Goldman-Rakic, 1989) with the
somatosensory and motor representations in the PO (Robinson &
Burton, 1980a,b; Ledberg et al., 1995; Ehrsson et al., 2000; Disbrow
et al., 2000). Thus, the similar patterns of activity detected in PMV and
PO are in accordance with the anatomical connectivity between these
areas described in the monkey.
There is a possibility that the lack of further increase in activity
during the simultaneous movements could re¯ect additional demands
for motor control during isolated movements. The vast majority of the
movements we perform in daily life are executed as components of
compound movements involving different segments of the body.
Hence, the `default' for the cerebral motor system could be to control
combined movements. Behavioural studies of patients with brain
lesions have shown that involuntary synergistic movements of nonmoving limbs are more often seen in patients with cortical lesions,
suggesting that the ability to perform purely isolated movements is
associated with a high demand on cortical control (Cambier & Dehen,
1977; Woods & Teuber, 1978; Chiang & Lu, 1990). It is therefore
tempting to speculate that some of the cortical activity associated

with isolated movements re¯ects additional processing needed for
this type of movement.
Although the movements in the present study involved fractionated
movements of muscles on the distal part of the limbs, which is
thought to be highly dependent on cortical control (Passingham,
1993), some aspects of the coordination of the limbs might be
mediated at the spinal level via the propriospinal system or via the
branching of supraspinal ®bres to different segments of the spinal
cord (Miller et al., 1973, 1975; Abzug et al., 1974; Armand &
Aurenty, 1977; Shinoda et al., 1979).
Antidirectional versus iso-directional coordinated movements
There was no difference in the pattern of cortical activity when
the simultaneous movements were performed in the same (isodirectional) or opposite directions (antidirectional). Thus, the
direction of the movements seems to be of little importance in
terms of increases in rCBF. This was also con®rmed by
descriptively examining the data using liberal statistical thresholds
and by a principal component analysis. In this experiment the
coordinated movement tasks were well learned before the brain
scanning so the performance, kinematics and overall dif®culty of
the tasks were well matched. Although the behavioural studies of
Baldissera (Baldissera et al., 1982) and Swinnen (Swinnen et al.,
1997) suggest that the anti- and iso-directional movements are
controlled differently by the central nervous system (CNS), and
we recorded larger variability of the movement amplitudes
(P < 0.05 for ankle movements) and less synchronization of the
limbs (correlation analysis, P < 0.05) for the antidirectional
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movements, our PET data show that anti- and iso-directional
movements depend on the same regions of the brain.
It needs to be pointed out that these ®ndings do not exclude the
possibility that antidirectional movements performed under more
demanding conditions could be associated with additional increases
in brain activity, e.g. when performed at very high frequencies.
Behavioural studies have shown that antidirectional movements
performed at high frequencies show non-stable performance and
occasional transitions into the iso-directional pattern (Baldissera
et al., 1982, 1991).
The result of the present study supposedly contrasts with the results
from two recent functional mapping studies comparing mirror-like (inphase) and parallel (antiphase) bimanual movements (Sadato et al.,
1997a; Stephan et al., 1999). In these reports, stronger responses were
recorded from the medial wall areas (including the SMA) during the
antiphase movements. One important difference between the present
study and the previous investigations is that bimanual coordination
involves interhemispheric coupling, which is known to be mediated by
the SMA (Rouiller et al., 1994), whereas this mechanism is unlikely to
play a role for movements of the ipsilateral wrist and ankle.
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Summary

Precise coordination in time is crucial for many motor skills, but the
organization of the neural control systems for timing has remained
controversial. Without practice, rhythmic bimanual movements can
typically be performed in two fundamental modes of coordination:
synchrony and alternation. In contrast, complex coordination, e.g. during
movements at different frequencies with a non-integer ratio
(polyrhythms), requires training. We demonstrate, first, large differences
in brain activity during the two inherent coordination modes, with
synchrony characterized by activation of the anterior cerebellum, and
alternation by extensive fronto-parieto-temporal cortical activations.
Secondly, we show that the posterior cerebellar vermis is specifically
activated when the hands are decoupled during polyrhythmic tapping,
providing direct evidence for cerebellar involvement in complex, learned
temporal coordination in humans.

Introduction

Bimanual tasks, from the everyday knotting of a tie to the virtuoso playing of a trained
concert pianist, require a highly precise coordination of the hands in both space and time.
However, the neural basis for the coordination of different patterns of timing between the
hands has remained poorly understood. An inherent preference for synchronous or
alternating coordination has been demonstrated for all studied rhythmic bimanual tasks, e.g.
finger tapping (Tuller and Kelso, 1989; Yamanishi et al., 1980), finger oscillations (Kelso,
1984) and wrist rotations (Lee et al., 1996), as well as for tasks involving concurrent
movements of other body parts (Amazeen et al., 1998; Heuer, 1996; Kelso, 1995; Schmidt
and Lee, 1999). Synchronous coordination, the more stable pattern, is performed with
higher accuracy (Yamanishi et al., 1980), less sensitivity to perturbations (Scholz et al.,
1987) and larger persistence over frequency changes than alternation (Amazeen et al.,
1998; Kelso, 1984; Kelso et al., 1988). More complex temporal coordination patterns, such
as polyrhythmic coordination, where the limbs move at different frequencies with a noninteger ratio, are common in e.g. in dance and musical performance. These are more
variable and require training (Peper and Beek, 1998; Summers et al., 1993a,b).
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Neurobiological studies of bimanual movements have focused on the coordination
of movement trajectories in space, rather than timing, thus showing the importance of the
supplementary motor area (SMA; Brinkman, 1984; Sadato et al., 1997; Stephan et al.,
1999), the premotor cortex (Sadato et al., 1997), and the primary motor cortex (Donchin et
al., 1998) for spatial coordination. Premotor cortex and SMA have also, together with the
cerebellum (Ivry, 1997) and the basal ganglia (Harrington and Haaland, 1998; Rao et al.,
1997) been implied in explicit timing functions (Halsband et al., 1993; Ivry, 1996; Rao et
al., 1997).
Here, we use functional magnetic resonance imaging (fMRI) to address two basic
questions regarding the neural organization of the control systems for bimanual temporal
coordination. Modelling studies of the two main inherent modes of temporal coordination synchrony and alternation - have often assumed that they are controlled by the same two
oscillatory neural circuits, coupled in different ways (Amazeen et al., 1998; Yamanishi et
al., 1980). However, a fundamental difference between these two patterns is that
synchronous tapping involves a coactivation of homologous muscles on the left and right
sides, while alternation requires the generation of precisely timed, independent commands
to the two sides. Studies on a split-brain subject have furthermore indicated that subcortical structures may play an important role for synchronous movements of the hands
(Ivry and Hazeltine, 1999; Tuller and Kelso, 1989). We therefore investigate, first, whether
synchronous and alternating coordination are controlled by the same or different networks
of cortical and subcortical regions, by contrasting the brain activity during these two tasks.
Behavioral data indicates that polyrhythms are performed as a single rhythmic
pattern formed by integrating the rhythms of the two hands into a single sequence
(Summers et al., 1993a). The polyrhythmic tasks could thus be regarded as prototypical
examples of learned, temporally complex sequences involving both hands. Secondly, we
investigate if some brain areas are specifically involved in the temporal control of such
sequences. Since the polyrhythmic tasks included in the present study include elements
both of synchrony and alternation, we addressed this issue by contrasting the polyrhythmic
conditions with each of the two inherent patterns.

Results

Behavioral data
The subjects performed bimanual rhythmic tapping movements with the index fingers. All
tasks were rehearsed an equal amount of time until they were over-learned (see Methods).
Tap forces were recorded on two optical force transducers during the fMRI recordings, to
ensure that all tasks were performed with high accuracy and that the number of taps and tap
forces (motor output) were matched in the different tasks. A continuation tapping paradigm
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(Wing and Kristofferson, 1973) was used, i.e. subjects started tapping in synchrony with an
auditory metronome set at 1.33 Hz (80 bpm). After 6 s the metronome was turned off, and
the subjects continued with self-paced tapping for 30 s, during which fMRI recordings were
made (see Methods). Figure 1A shows typical examples of tap force recordings from the
four bimanual tasks: synchronous tapping (Synch) where both hands tapped in phase;
alternating tapping (Alt) with an anti-phase coordination between the hands; and two
symmetrical polyrhythmical tasks (3:2 and 2:3) where the fast hand continued at the
metronome frequency, with three beats against two beats in the slow hand. Two
polyrhythmical tasks were included so that left/right asymmetries could be avoided by
considering these two conditions together (see below). Subjects were highly accurate in
their reproduction of all tasks. The relative timing of the hands, i.e. the mean phase of the
beats of one hand in the cycle of the opposite hand is shown for all subjects in Figure 1B.
In all tasks, the deviation from the ideal value (Synch: 0; Alt: 1/2; 3:2 and 2:3: 1/3 and 2/3
for the fast hand, 1/2 for the slow hand) was less than 0.006 cycles (S.E.M. < 0.003 cycles).
The tapping frequency (mean values, all subjects) for the different tasks is shown in Figure
1C. For Synch and Alt, the mean frequencies deviated less than 0.03 Hz from the period of
the metronome (1.33 Hz). During 3:2 and 2:3 a slight drift in frequency was seen, with
mean frequencies for the fast hand of 1.45 Hz and 1.44 Hz, respectively. Figure 1D shows
the mean left hand and right hand tap forces. Mean forces varied between 1.32 N and 1.70
N, and the difference in mean force of the same hand between tasks was always less than
0.33 N.

fMRI data
The overall motor output was closely matched for Synch and Alt. To reveal differences in
brain activity between the two inherent coordination patterns, the contrasts Synch versus
Alt and Alt versus Synch were used, respectively. To identify brain regions specifically
involved in learned, polyrhythmic coordination, the activity during 3:2 and 2:3 was
averaged and contrasted with either Synch or Alt. In this way, the total motor output of the
hands during the polyrhythmic tasks was symmetrical and lower than during Synch and Alt,
in spite of the slight frequency drift seen during polyrhythmic tapping (see above).
Importantly, all differences in brain activity discussed below can thus be considered to be
essentially due to the different temporal patterns of the tasks.
Differences in the pattern of brain activity were found between Synch and Alt.
Contrasting Alt with Synch (Table 1; Figure 2A) revealed large bilateral fronto-parietotemporal activations, that included the inferior part of the precentral sulcus, the superior
temporal gyrus, the supramarginal gyrus and, on the right side, the intraparietal sulcus.
Additional strong activity in Alt versus Synch was seen in the ventral premotor cortex, the
prefrontal cortex, the anterior pole of the superior temporal gyrus, and the thalamus (Figure
2A; Table 1). When contrasting Synch with Alt, fewer active regions were seen (Table 1).
Notably, a strong activation was seen in lobules III and IV of the right anterior cerebellar
lobe (Schmahmann et al., 2000), in the region of the motor representation of the right hand
(Nitschke et al., 1996; Figure 2B; see Discussion). Additional activations were seen in the
caudal cingulate motor area, left prefrontal cortex, precuneus and cuneus (Table 1).
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The only region which was activated when contrasting the polyrhythmic tasks both
with Synch and Alt (Figure 3A-B) was situated in lobules VI and VIIA of the posterior
cerebellar vermis (Figure 3B). Importantly, increased activity in the same region was also
seen both during 3:2 and 2:3 when these conditions were analyzed separately (Figure 3B):
this region was thus specifically involved in polyrhythmic coordination. Contrasting the
polyrhythmic tasks (2:3 and 3:2) with Synch demonstrated strong activity also in a number
of cortical motor areas, including the dorsal and ventral premotor cortex and the
supplementary and cingulate motor areas (see Table 1 for details), as well as large bilateral
activations in lateral cerebellum (Figure 3A; Table 2). In addition, major activations were
found in the right superior temporal gyrus, the supramarginal and postcentral cortex, and
thalamus (Table 2). When contrasting the polyrhythmic tasks with Alt, the only activated
region apart from vermis was the left precuneus (Table 2).

Discussion

Two important conclusions can be drawn from these findings. First, synchronous and
alternating rhythmic finger tapping are associated with distinct patterns of brain activity.
Interestingly, our data showed a differential involvement of cortical and subcortical
structures in the two tasks: synchronous tapping was characterized primarily by a
conspicuous increase of activity in the anterior cerebellar lobe, while extensive activations
of non-primary cortical areas in the frontal, temporal and parietal lobes were seen during
alternation. Synchronous tapping involves the coactivation of homologous muscles. Our
finding of increased cerebellar activity during synchronization of the hands fits well with
split-brain subject data, indicating that subcortical structures are more important than
intrahemispheric connections for synchronous hand movements (Ivry and Hazeltine, 1999;
Tuller and Kelso, 1989). The increased cerebellar activation was located in lobules III-IV
of the right anterior cerebellum, which are interconnected with motor cortex and have been
shown to be activated during hand movements (Nitschke et al., 1996). Indeed, that both
hands may be controlled by a single control system in synchronous tapping has been
suggested on the basis of behavioral data on the variance in tap intervals (Vorberg and
Wing, 1996). In contrast to Synch, Alt requires a precisely timed alternation of independent
commands to muscles controlling the left and right fingers. This is most likely the main
explanation for the activity in sensori-motor related fronto-parietal areas, seen when
contrasting Alt with Synch. Activity in the inferior precentral sulcus, the supramarginal
cortex, and the cortex lining the intraparietal sulcus has earlier been shown to be high
during unilateral skilled finger movement (Binkofski et al., 1999; Ehrsson et al., 2000).
Activation of superior temporal cortex has been observed earlier during self-paced tapping
in continuation paradigms, and may reflect internal rehearsal of the metronome pulse (Rao
et al., 1997). The larger activation in this area during Alt could reflect a higher demand on
internal auditory processing: since each hand maintains the frequency given by the
metronome, the total movement frequency will be twice that of the metronome.
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Secondly, we show that the posterior vermis region is specifically activated during
the execution of learned, temporally complex (polyrhythmic) bimanual movements. The
polyrhythmic tasks require the execution of a bimanual sequence with a precise temporal
structure, that includes elements both of synchrony and alternation (Summers et al., 1993a).
The fact that the posterior vermis was the only common active region when contrasting
polyrhythms with both Synch and Alt, is thus a strong indication of a specific role for the
posterior medial cerebellum in temporally complex coordination. Vermal involvement in
sequential finger movements has been shown in earlier studies, where the temporal
organization of the movements was not considered (Jueptner et al., 1997; Sadato et al.,
1996). The importance of cerebellar circuits for the control of explicit timing and temporal
coordination is supported by a growing body of neurological and experimental evidence
(Ivry, 1996,1997). Notably, precise representations of movement duration in populations of
vermal Purkinje cells have recently been demonstrated for saccadic eye-movements in
monkey (Haas et al., 2000; Thier et al., 2000). Our results provide a clear demonstration
that medial cerebellar circuits play a specific role for the control of temporally complex,
learned bimanual movements in humans.

Experimental Procedures

Subjects
Eleven healthy, right-handed male subjects (21-27 yr) participated in the study. No subjects were
professional musicians or music students. Each subject practiced all tasks (see below) in one 1 h
rehearsal session 1-3 days before the experiment. Only subjects that after this were able to perform
all tasks robustly while simultaneously maintaining a conversation with the experimentor (n=6)
were used for fMRI recordings. One additional shorter (30 min) rehearsal was performed
immediately before the MR recording. All tasks can therefore be considered to be overlearned.
Behavioral tasks
The subjects performed bimanual and unimanual rhythmic brisk tapping movements with the index
fingers; results from the unimanual tasks will be presented in an independent study. Subjects rested
comfortably in a supine position in the MR scanner, with the arms extended parallel to the trunk, so
that they could comfortably tap on two nonmagnetic optic force transducers with the index fingers.
The vertical tap forces were recorded on a PC computer using the SC/ZOOM data acquisition
system (Dept of Physiology, University of Umeå) with a sampling frequency of 0.8 kHz. All tasks
were performed in epochs lasting 36 s, using a continuation paradigm: During the first 6 s of each
epoch, the subjects heard a metronome at 80 beats per minute and started to tap in synchrony with
the metronome. After 6 s the metronome was turned off, and the subjects continued with self-paced
tapping for the remaining 30 s of the epoch. Four bimanual tasks were used (see Figure 1A and
Results): synchrony (Synch), alternation (Alt), and two polyrhythmic tasks (3:2 and 2:3). A Rest
condition, where subjects relaxed without any active movements, was used as control. To ensure
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that the tasks were correctly performed, behavioral records from all epochs were inspected
qualitatively. The behavioral data from the two first runs (four epochs per task) of all subjects was
analyzed quantitatively (see Figure 1B-D and Results).
Data acquisition: fMRI
Functional magnetic resonance imaging (fMRI) was conducted on a 1.5 T scanner (Signa Horizon
Echospeed, General Electric Medical Systems). Gradient-echo, echo-planar (EPI) T2*-weighted
image volumes with blood oxygenation level dependent (BOLD) contrast were collected, using the
following parameter values: echo time, 60 ms; field of view, 22 cm; matrix size, 64 × 64; pixel size,
3.4 mm × 3.4 mm; flip angle, 90°. Twenty-four contiguous axial slices of 6.0 mm thickness were
collected, from the dorsal surface of the brain down to the caudal edge of cerebellum. A plastic bite
bar was used to restrict head movements. Initially, a high-resolution, three-dimensional gradient
echo T1-weighted anatomic image volume of the whole brain was collected. Functional image
volumes were then collected in seven separate runs for each subject. In each run, all tasks were
performed twice in the same order, while functional image volumes were acquired continuously
every 6 s (TR), giving a total of 84 volumes per run. Five different task-orders were used for
different runs, to reduce possible time effects.
Data Analysis and Image Processing
Data was analyzed using the SPM-99 software package (Friston et al.). The volumes were
realigned, coregistered to each individual's T1-weighted image and normalized to the stereotactic
space of Talaraich and Tournoux (Friston et al., 1995a; Talaraich and Tournoux, 1988), using the
template brain of the Montréal Neurological Institute. Proportional scaling was applied to eliminate
the effects of global changes in the signal. The time series were smoothed spatially with an isotropic
Gaussian filter of 8 mm full width at half-maximum, and temporally with a Gaussian kernel of
width 4 s. The fMRI data was modeled with a standard linear regression model, as implemented in
SPM-99, where we defined seven conditions of interest corresponding to the 30 s periods when the
subjects performed the tasks without hearing the metronome. The significance of the effects was
assessed using t statistics for every voxel from the brain to create statistical parametric maps
(SPMs), which were subsequently transformed into Z statistics. To increase the sensitivity of the
analysis, we pooled the data from all subjects, performing a group analysis (fixed effects model).
Peaks of activity, i.e. local maxima which, after correction for the total number of comparisons for
the whole brain volume, corresponded to P < 0.05 on the basis on a test of peak height (Friston et
al., 1995b) are reported. For the brain regions that differences in activity between tasks, we only
report voxels that were active also versus Rest (p < 0.001 at each voxel), using an inclusive mask
procedure. By this means we focused on brain areas that showed a stronger activity during hand
movements than when the hand was relaxed, and excluded the possibility that differences between
the tasks merely reflected different degrees of deactivations. Differences in neural activity between
the two inherent forms of bimanual coordination were examined by using the contrasts (Alt Synch) and (Synch - Alt), with (Alt - Rest) and (Synch - Rest), respectively, as inclusive masks. To
reveal brain activity specifically related to the generation of polyrhythmic tapping, the contrasts (3:2
- Synch + 2:3 - Synch) and (3:2 - Alt + 2:3 - Alt) were used in order to match the number of
movements and avoid left/right asymmetries. Here, the contrasts (3:2 - Rest) and (2:3 - Rest) were
used as inclusive masks. The consistency of the activations found in the group analysis was
confirmed by examining the activation maps obtained in individual subjects (not shown).
Anatomical localizations of the activated regions were determined from an average image made
from normalized and intensity standardized T1-weighted images from all subjects.
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Figure Legends
Figure 1. Recordings of Tapping Forces during the fMRI Scans. (A) Typical examples of
tapping force recordings for the different conditions from a single subject. (B-D) show
mean values for all subjects; error bars indicate standard error of the mean. (B) Relative
timing between the hands. Filled symbols show the phase of the right hand taps in the left
hand cycle; open symbols show the phase of the left hand taps. Dashed lines show ideal
phase values (1/2 for Alt; 1/3, 2/3 and 1/2 for 3:2 and 2:3). (C) Tapping frequency for the
left (open bars) and right (filled bars) hand. (D) Tapping forces for the left (open bars) and
right (filled bars) hand.

Figure 2. Differences in Brain Activity between Synchronous and Alternating
Coordination. (A) Activation maps for an Alt versus Synch contrast. Coronal (y= -20) and
axial (z = 24) slices show responses around the cortices lining the left and right lateral
fissure (LF), right prefrontal cortex (PF), left supramarginal gyrus (SMG) and left and right
thalamus (Th). The histogram shows mean adjusted BOLD responses for each task for the
peak voxel in the left LF. (B) Activation maps for a Synch versus Alt contrast. Coronal (y=
-40) and axial (z = -24) slices show the response in the lateral right anterior cerebellar lobe
(C). The histogram shows mean adjusted BOLD responses for each task for the peak voxel
in this cluster.

Figure 3. Differences in Cerebellar Activity between Polyrhythmic and Synchronous or
Alternating Coordination. (A) Activation maps for a polyrhythms (3:2 and 2:3) versus
Synch contrast. Transversal (y= -76) and axial (z = -32) slices show responses in vermis
(V) and bilaterally in lateral cerebellum (L). The histogram shows adjusted BOLD
responses for each task for the peak voxel in the left L. (B) Activation maps for a
polyrhythms versus Alt contrast. Transversal and axial slices at the same levels as in (a)
show a response in vermis (V). The histogram shows mean adjusted BOLD responses for
each task for the peak voxel in this cluster.
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Table 1 Activated Brain Regions in Synch and Alt
Anatomical region

Side

X

Y

Z

Z-score*

Right 64

-36

20

Inf

Left

-72

-24

20

6.70

Lat fissure

Left

-64

-44

24

6.26

Supramarginal gyrus

Left

-60

-32

28

6.05

Precentral gyrus (PMV/PMD)

Left

-56

-8

40

6.25

Inf frontal gyrus, pars triangularis

Right 32

44

24

6.16

Sup temporal gyrus

Right 52

12

-8

5.48

52

24

-8

5.40

-60

12

0

5.40

-64

4

4

4.67

Alt vs Synch
Lat fissure, sup temporal gyrus,
supramarginal gyrus

Left

Insula

Left

-40

12

0

5.39

Lat fissure

Left

-48

16

-8

4.93

Intraparietal sulcus (ant part)

Right 44

-32

40

5.35

Inf precentral sulcus (PMV/area 44)

Left

8

16

5.30

Right 60

8

12

5.14

Left

-16

-24

12

4.18

-12

-16

0

4.01

-20

8

4.37

-16

-4

4.31

Thalamus

-64

Right 16
8
Synch vs Alt

10

Cerebellum, anterior lobe (lobule III-IV)†

Right 12

-40

-24

5.19

Cingulate sulcus (CMAc)

Right 12

-32

48

4.89

Prefrontal cortex

Left

-8

60

32

6.37

Precuneus

Left

-8

-56

12

5.27

Cuneus

Right 4

-84

24

5.45

*Only significant activations (p=0.05), corrected for multiple comparisons, that were active
also versus Rest are shown. X, Y, and Z give the Talaraich coordinates of the activity peak.
†The terminology for cerebellar lobules follows Schmahmann et al. (2000).
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Table 2 Activated Brain Regions in the Polyrhythmic Conditions
Anatomical region

Side

X

Y

Z

Z-score*

Polyrhythm (3:2 + 2:3) vs Synch
Cerebellum, post vermis (lobule VI-VIIA)†

Right 8

-64

-24

5.39

Cerebellum, post. hemisphere (lobule VI)†

Left

-32

-68

-32

6.53

-24

-60

-28

4.77

Right 28

-60

-32

5.70

Left

-24

-24

8

7.09

-16

-4

12

4.83

Right 12

-16

8

5.99

Right 52

16

-8

5.82

Right 64

-32

16

5.63

Postcentral sulcus

Right 40

-28

44

4.57

Precentral gyrus (PMV/PMD)

Left

-60

0

40

5.39

-48

-12

44

5.15

Thalamus

Sup. temporal gyrus

Inf. precentral sulcus (PMV/area 44)

Right 56

12

24

5.13

Cingulate sulcus (CMA)

Left

-4

52

5.73

Sup. frontal gyrus (SMA)

Right 16

-16

64

5.83

Supramarginal gyrus

Left

-56

-24

32

4.63

Cerebellum, post. vermis (lobule VI-VIIA)†

Med

0

-76

-32

4.75

Precuneus

Left

-12

-52

28

5.31

-8

Polyrhythm (3:2 + 2:3) versus Alt

12

-4

-48

12

4.63

*Only significant activations (p=0.05), corrected for multiple comparisons, that were active
also versus Rest are shown. X, Y, and Z give the Talaraich coordinates of the activity peak.
†The terminology for cerebellar lobules follows Schmahmann et al. (2000).
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Illusory Arm Movements Activate Cortical Motor Areas: A Positron
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Vibration at ;70 Hz on the biceps tendon elicits a vivid illusory
arm extension. Nobody has examined which areas in the brain
are activated when subjects perceive this kinesthetic illusion.
The illusion was hypothesized to originate from activations of
somatosensory areas normally engaged in kinesthesia. The
locations of the microstructurally defined cytoarchitectonic areas of the primary motor (4a and 4p) and primary somatosensory cortex (3a, 3b, and 1) were obtained from population maps
of these areas in standard anatomical format. The regional
cerebral blood flow (rCBF) was measured with 15O-butanol and
positron emission tomography in nine subjects. The left biceps
tendon was vibrated at 10 Hz (LOW), at 70 or 80 Hz (ILLUSION),
or at 220 or 240 Hz (HIGH). A REST condition with eyes closed
was included in addition. Only the 70 and 80 Hz vibrations
elicited strong illusory arm extensions in all subjects without
any electromyographic activity in the arm muscles. When the
rCBF of the ILLUSION condition was contrasted to the LOW

and HIGH conditions, we found two clusters of activations, one
in the supplementary motor area (SMA) extending into the
caudal cingulate motor area (CMAc) and the other in area 4a
extending into the dorsal premotor cortex (PMd) and area 4p.
When LOW, HIGH, and ILLUSION were contrasted to REST,
giving the main effect of vibration, areas 4p, 3b, and 1, the
frontal and parietal operculum, and the insular cortex were
activated. Thus, with the exception of area 4p, the effects of
vibration and illusion were associated with disparate cortical
areas. This indicates that the SMA, CMAc, PMd, and area 4a
were activated associated with the kinesthetic illusion. Thus,
against our expectations, motor areas rather than somatosensory areas seem to convey the illusion of limb movement.
Key words: positron emission tomography (PET); kinesthetic
illusion; cytoarchitectural areas 4a, 4p, 3a, 3b, and 1; supplementary motor area (SMA); caudal part of cingulate motor
cortex (CMAc); dorsal premotor cortex (PMd); human

Perception of limb movements does not necessarily require the
actual movement of the limbs. Vibration stimuli, of ;70 Hz, on a
tendon elicit a vivid illusory limb movement (Eklund, 1972;
Goodwin et al., 1972a,b; Craske, 1977; Roll and Vedel, 1982).
The vibrations excite muscle spindles and tendon organs. The
primary endings are most sensitive (Goodwin et al., 1972a,b;
Burke et al., 1976; Roll and Vedel, 1982). The frequency of action
potentials in afferents from muscle spindle primary endings and
tendon organs increases during muscle lengthening (Roll and
Vedel, 1982; Ribot-C iscar and Roll, 1998). The increased afferent
activity from spindles and tendon organs during vibrationinduced illusory movement therefore might simulate the proprioceptive discharge occurring during true muscle stretch, although
the muscles do not increase in length.
Signals from muscle spindles play a very important role in

kinesthesia, the perception of limb movements (Burke et al.,
1976, 1988; Capaday and Cooke, 1981, 1983; Roll and Vedel,
1982; Rogers et al., 1985; Edin and Vallbo, 1990; Frederick et al.,
1990; Macefield et al., 1990; Cordo et al., 1995; Ribot-Ciscar and
Roll, 1998). There is evidence that areas 3a and 2 predominantly
receive kinesthetic inputs from muscle afferents and joint afferents in cats (Rasmusson et al., 1979; Dykes, 1983) and monkeys
(Phillips et al., 1971; Iwamura et al., 1983, 1993; Pons et al., 1992).
We consequently expected that areas 3a and 2 would be active in
humans as well even when kinesthetic illusions were produced
only by vibration. Vibrotactile information arising from skin
mechanoreceptor afferents on the other hand would, in accordance with studies in the monkey, be expected to activate predominantly cortical areas 3b and 1 (Jones and Friedman, 1982;
Garraghty et al., 1990; Pons et al., 1992; Recanzone et al., 1992;
Lebedev and Nelson, 1996; Romo et al., 1998).
In addition, high-amplitude vibrations applied to humans, usually of 100 or 110 Hz, have been reported to activate the primary
somatosensory cortex, the secondary somatosensory cortex, the
cortex of insula, the supplementary motor area (SMA), and the
anterior lobe of cerebellum (Fox et al., 1987; Seitz and Roland,
1992; Burton et al., 1993; Coghill et al., 1994). Although these
strong vibrations also activated the M1 and the SMA, they were,
however, often associated with paresthesias of the hand and
fingers and often even elicited a grasp reflex. In a recent study,
Weiller et al. (1996) found that not only the somatosensory cortex
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but also the SM A and motor cortex were activated by passive
movements of the arm.
To detect brain areas that were exclusively activated in association with kinesthetic illusions, we attempted to distinguish the
effect of kinesthesia from the effect of vibration. For this reason,
we vibrated the biceps tendon at frequencies that elicited kinesthetic illusions and at frequencies that elicited no illusion. The
activations related to the kinesthetic illusion we hypothesized to
originate from areas 3a and 2, perhaps associated with activations
of motor areas. In this study we relate the activations to population maps of the quantitatively defined cytoarchitectural areas 4a,
4p, 3a, 3b, and 1 (Roland et al., 1997; Roland and Z illes, 1998;
Schleicher et al., 1999).

MATERIALS AND METHODS
Psychophysical e xperiment. T wenty healthy right-handed male subjects
participated in the psychophysical experiment. Their age ranged from 23
to 33 years. They were blindfolded, and their left arms were fixed to a
plastic plate with adhesive tape. This kept the angle of the elbow fixed at
130°. We asked the subjects to completely relax their left arm and close
their eyes during the vibrations. Ear plugs and headphones prevented the
subjects from hearing the sound of the vibrator. We used a vibrator
(Mini-shaker type 4810, 1935497; Brüel & Kjär, Närum, Denmark) and
stimuli from 10 to 240 Hz. The frequency was changed from 10 to 100 Hz
in 10 Hz steps and from 100 to 240 Hz in 20 Hz steps to find the optimal
frequency that elicited a clear and strong illusion of elbow extension and
to find other frequencies that did not elicit any illusions. An additional
measurement at 190 Hz was also included. Each frequency was tested
three times in each subject, with the exceptions of 120, 140, and 160 Hz,
which were only tested once in each subject. The amplitudes of vibration
ranged from 0.2 to 3 mm (Fig. 1 A). The vibrations were rectangular pulse
sequences. The tendon was vibrated tangentially. The order of frequencies was randomized. The duration of each vibration was 60 sec. We
vibrated the biceps tendon of the left arm applying a light pressure on the
surface of the skin over the tendon. We told the subjects that we were
going to vibrate here (on the tendon) and that this might cause a feeling
of the arm moving. We asked the subjects to say “start” when they felt the
start of an eventual illusory movement of the arm and to say “stop” when
the sense of movement disappeared. From these responses, the start time
and the duration of the illusion were calculated. After 60 sec of vibration,
we asked the subjects to evaluate the subjective psychological experiences of illusion by scoring from 0 to 10 the vividness, duration, and
strength of the illusion. Vividness was defined as the clarity of the
experience compared with an actual arm movement. When they felt the
illusory arm movement as if their arm were actually moving, they should
have scored 10. The continuance was their subjective scaling on how long
they felt the illusion during the 60 sec. If they felt the illusion throughout
the whole period of stimulation, they should have scored 10. The strength
of illusion was how much the arm moved. If they felt that the arm had
been maximally extended, they should have scored 10. When they did not
feel any illusion at all, they should have scored 0 in all three questionnaires. We calculated the correlation coefficients between the mean
values of the durations of illusions across all subjects and the mean
continuance scores to assess the reliability of psychological rating.
Subjects and conditions in positron emission tomography scan. Nine
subjects from our psychophysical experiment, who experienced a strong
illusion of arm extension at 70 or 80 Hz and no illusion at 10 and 220 or
240 Hz, participated in the positron emission tomography (PET) experiment. Their age ranged from 23 to 33 years. The study was approved by
the Ethics Committee of the Karolinska Hospital and the Radiation
Safety Committee of the Karolinska Institute and Hospital and performed following the principles and guidelines of the Declaration of
Helsinki, 1975. The blindfolded subjects rested comfortably in a supine
position with their ears plugged. The subjects had their heads fixed to the
scanner by a stereotaxic helmet (Bergström et al., 1981), which was also
used for fixation during the magnetic resonance imaging (MRI) scan.
Otherwise, the conditions were identical to the psychophysical experiment, with the exception that no psychological scoring was done.
Each subject had a catheter placed into the right brachial vein for
tracer administration and another inserted, under local anesthesia, into
the left radial artery for measurement of arterial radioisotope activity
and partial pressure of arterial C O2 (PaC O2). The arterial PaC O2 was
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sampled once during each PET scan. Each subject had 12 PET scans. The
experiment consisted of four conditions, each having three repetitions.
The subjects were instructed to focus their attention on the feeling
coming from their left arm without thinking about psychological scores.
The subjects were not allowed to say “start” and “stop” in the PET
experiment. The four conditions were as follows: (1) REST; the subjects
were instructed to relax completely; during rest, the vibrator was on but
did not touch the skin; this was done to balance the humming of the
vibrator across conditions; (2) 10 Hz vibration (L OW); (3) 70 or 80 Hz
vibration (IL LUSION); either 70 Hz or 80 Hz was selected, depending
on which frequency was optimal to produce the illusion in each subject;
and (4) 220 or 240 Hz (HIGH); 220 Hz or 240 Hz was selected,
depending on which frequency did not produce any kinesthetic illusion.
The order of REST and test conditions was randomized after a balanced
randomized schedule. The vibration site was ;1 cm 2 and was marked on
the surface of the skin over the left biceps tendon. The experimenter
vibrated this site as precisely and constantly as possible to keep the
amplitude of the waveforms constant during the scan. The amplitude was
shown on an oscilloscope and monitored with an accelerometer (Cubic
Deltatron accelerometer type 4503, 1873682; Brüel & Kjär) mounted on
the top of the vibrator.
Electromyogram recording. We recorded the electromyogram (EMG)
from the biceps and triceps. T wo electrodes (Neuroline disposable neurology electrodes, type 700 01-A 12; Ölstykke) were put on the surface of
the skin, over the biceps belly and triceps belly. The gain of the amplifier
was 2000, and the high-cut filter was set at 20 kHz.
PET and MR I scanning and anal ysis. The methods for regional cerebral
blood flow (rCBF) measurement were as described earlier (Hadjikhani
and Roland, 1998). Each subject, equipped with a stereotaxic helmet, had
a magnetic resonance tomogram and a PET scan. The magnetic resonance tomograms were obtained from spoiled gradient echo sequences
obtained with a 1.5 T General Electric (Milwaukee, W I) Signa scanner
[echo time, 5 msec; repetition time, 21 msec; flip angle, 50°, giving rise to
a three-dimensional (3D) volume of 128 3 256 3 256 isotropic voxels of
1 mm 3; field of view, 256 mm 2]. The rCBF was measured with a PET
camera (ECAT E xact HR; Siemens, Erlangen, Germany) in 3D mode.
Approximately 15 mC i of 15O-butanol were injected intravenously as a
bolus. The arterial input f unction was continuously monitored, and the
rCBF was calculated on the basis of the data from 0 to 50 sec by an
autoradiographic procedure (Meyer, 1989). The sinograms were reconstructed with a 4 mm ramp filter. The reconstructed images were filtered
with a 5 mm 3D isotropic Gaussian filter. The PET scans from each
subject were spatially aligned on the first PET scan, using the AIR
software (Woods et al., 1992).
Each individual’s MR image of the brain was transformed to the
standard anatomical format of the Human Brain Atlas (HBA), and
subsequently the PET images were transformed by the HBA to standard
brain format (Roland et al., 1994). Affine and nonaffine transformations
were used, and special care was taken to optimize the fit of the central
sulcus. The anatomically standardized images had a voxel size of 2 3 2 3
2 mm 3. All voxels outside the brain were excluded from the statistical
analysis. The statistical analysis was done by describing the data by a
general linear model (Ledberg et al., 1998). The design matrix had tasks
and subjects as factors. The common effect of vibration was detected by
contrasting L OW, IL LUSION, and HIGH conditions versus REST. The
effect of illusion was detected by contrasting IL LUSION versus L OW
and HIGH conditions. The effect of pure vibration was detected by
contrasting L OW and HIGH conditions versus REST. The results of
these contrasts in the general linear model are z images, having high z
values where the differences between the contrasted conditions were
conspicuous. Regions of significant clusters of voxels having high z values
were determined using the cluster method of Ledberg et al. (1998). The
probability of false-positive clusters in the whole brain was estimated by
Monte C arlo simulations of 9652 noise images (Ledberg et al., 1998).
The simulations gave a cluster size of 576 mm 3 and a z threshold of 2.58
as significant ( p , 0.05) for the whole brain space. We only report
clusters of a size corresponding to an omnibus p , 0.05 or better and
present the images containing these significant clusters of activations.
The activations covering the sensorimotor cortices were examined for
localization within cytoarchitectonic areas 4a, 4p, 3a, 3b, and 1 (Geyer et
al., 1996; Roland et al., 1997; Schleicher et al., 1999). The cytoarchitectonic regions were delineated with observer-independent techniques in a
small sample of four postmortem brains and were subsequently transformed into the same standard anatomical format as were the f unctional
images. Corresponding areas from different brains were superimposed in
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Figure 1. Amplitudes of vibration ( A), psychological scores of illusion (continuance, duration, and strength) ( B), and actually measured duration and
onset time of kinesthetic illusion ( C) in the psychophysical experiment. The actually measured duration and psychological scores changed in the same
manner as a function of vibration frequency. B, Dark filled bars represent psychological scores for continuance of the illusion; gray bars represent
vividness; and white bars represent strength. C, W hite bars represent the onset time, i.e., delay between the onset of the vibration and the onset of the
illusion; dark bars indicate duration of illusion. The duration of illusion was getting longer as vibration frequency increased from 10 to 70 Hz. It was
maximal at 70 Hz and declined again with f urther increases in frequency. Changes in the onset time of the illusion after the start of the vibration
corresponded to the changes of the duration.

3D space, and overlay maps were calculated for each area. The activated
fields were then compared with the spatial extent of each cytoarchitectural area defined as the 50% population map of this area, i.e., the voxels
in which this area can be found in $50% of population brains (Roland
and Z illes, 1998).
The active fields were thus located in relation to cytoarchitectural
areas 4a, 4p, 3a, 3b, and 1. This left the premotor cortex (PM) and SM A
to be defined arbitrarily. By the SM A, we understand the cortex rostral
to area 4a on the medial side of the hemisphere, above the cingulate
sulcus. The rostral border of the SM A is arbitrarily set at the vertical
plane y 5 16 (Buser and Bancaud, 1967). The lateral PM is located
rostrally to lateral area 4a (Geyer et al., 1996; Roland and Z illes, 1996).
Its rostral border is not known. The cingulate motor areas (C M As) and
their preliminary parceling into a rostral part and a caudal part (C M Ac)
were described in Roland and Z illes (1996).

RESULTS
Psychophysical data
All 20 subjects perceived an illusory arm movement during the 70
or 80 Hz vibration of the biceps tendon. The direction of the
illusory movement was consistently an arm extension. The psychological scores (continuance, vividness, and strength) changed
in the same manner when the vibration frequency changed. The
subjects experienced that the duration of the illusion increased as
the vibration frequency increased from 20 to 70 Hz. The continuance was the longest at 70 Hz; after that it gradually decreased
as the frequency increased (Fig. 1 B). The 20 subjects also felt that
the delay between the onset of the vibration and the onset of the
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illusion decreased with frequencies increasing from 10 to 60 Hz.
Once the illusion started, it usually persisted as long as the tendon
was vibrated at frequencies close to 70 Hz. The duration was the
longest at 70 Hz; after that the duration decreased gradually as
the frequency increased (Fig. 1C). The correlation coefficients
between the mean psychological scores (continuance, vividness,
and strength) and mean measured duration were 0.98, 0.99, and
0.97, respectively. From this we concluded that the psychological
rating was reliable.
From this psychophysical experiment in the 20 subjects we
found that 70 or 80 Hz (IL LUSION condition) was the optimal
frequency to elicit the illusion of arm extension and that 10 Hz
(LOW) and 220 or 240 Hz (HIGH) were appropriate frequencies, which in almost all subjects did not elicit any illusion at all
(Fig. 1 B,C). However, some subjects still felt minute illusory
movements even when we used 10 or .220 Hz. We excluded
these subjects from the PET study. A total of nine subjects were
selected for the PET experiments. We retested every one of these
nine subjects, who participated in the PET experiment, a few
months after the PET experiment and did the psychophysical
experiment again using 10, 70 or 80, or 220 or 240 Hz to make
sure that the experience of illusion was reproducible. All subjects
experienced the same strong illusion at 70 or 80 Hz but no illusion
at 10, 220, or 240 Hz. We concluded that the experience of the
illusion was very stable.

Behavioral aspects and EMG activity during
PET scanning
After each PET experiment, all nine subjects reported continuous
and slow illusory arm extensions when their tendons were vibrated at 70 or 80 Hz. None of the nine subjects experienced any
illusion at 10 and 220 or 240 Hz. We did not find any EMG
activity from the biceps or the triceps in any subject. This also
meant that none of the nine subjects had any tonic vibration reflex
or any response to the vibration in an antagonist muscle.

The main effects of vibration
We first contrasted (L OW 1 IL LUSION 1 HIGH) versus
REST. We found four significant clusters, whose local maxima
were located in the contralateral (right) postcentral gyrus, parietal operculum, frontal operculum, and ipsilateral parietal operculum (Fig. 2 A–D, Table 1). The activation in the precentral and
postcentral gyri covered cytoarchitectural areas 4p, 3b, and 1
(Table 1). Area 4a, dorsal premotor cortex (PMd), SMA, and
CMAc were not activated.

Active fields for ILLUSION versus REST and (LOW 1
HIGH) versus REST
We contrasted IL LUSION and REST. We found three significant
clusters, whose local maxima were located in the contralateral
(right) SM A, postcentral gyrus, and anterior part of the parietal
operculum (Table 2). The SM A activation extended into the
CMAc. The activation in the postcentral gyrus covered cytoarchitectural areas 3b and 1 and extended anteriorly into areas 4p
and 4a and f urther into the PMd. Posteriorly, this activation
extended into the cortex lining the postcentral sulcus (Table 2).
The SM A, C M Ac, PMd, areas 4a, 4p, 3b, and 1, and the
cortex lining the postcentral sulcus were not significantly activated when the L OW and HIGH conditions were contrasted to
REST (Table 2).
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Active fields for ILLUSION contrasted with
(LOW 1 HIGH)
We made a contrast image ILLUSION versus (LOW 1 HIGH).
In this contrast, the procedures and effects of vibration were
supposedly balanced. Two clusters appeared significant in this
contrast. The first was located in the contralateral (right) SMA
extending into the CMAc. A large part overlapped with the
activation that was found in the ILLUSION versus REST condition. The second cluster had its local maximum in area 4a (224,
232, and 60) but covered cytoarchitectural areas 4p, 3b, and 1 as
well (Fig. 3A–D, Table 3). Rostrally it extended into the PMd
(Fig. 3C, Table 3). The parietal operculum and the cortex lining
the postcentral sulcus were not significantly activated in this
contrast.

Volume of interest analysis: rCBF increases in areas
4a, 4p, 3b, and 1
The cluster images showing the statistically significant fields of
activation and their engagement of cytoarchitectural areas 4a, 4p,
3b, and 1 do not answer the question of whether each of these
cytoarchitectural areas was statistically significantly activated.
The evaluation of whether a cytoarchitectural area is significantly
activated is best done by examining the mean blood flows in the
part of the cytoarchitectural area covered by the cluster. In the
image showing the statistically significant clusters of the contrast
ILLUSION versus REST, the parts of the sensorimotor cluster
engaging cytoarchitectural areas 4a, 4p, 3b, and 1 were used as
volumes of interest (VOIs). Because cytoarchitectural area 3a was
not activated in .12 mm 3 in any of the contrasts, the area 3a
engagement was clearly insignificant, and area 3a was not included in the VOI analysis. The mean rCBF of these VOIs was
then calculated for each PET scan. The effect of repetition of the
same condition was then removed by calculating the mean rCBF
for each condition. When ILLUSION was contrasted to REST,
each of areas 4a, 4p, 3b, and 1 was significantly activated ( p ,
0.01 for each area, one-tailed t test after Bonferroni correction for
four comparisons). When these VOIs were also used to evaluate
the contrast between HIGH and REST, it turned out that areas
4p and 3b were significantly activated ( p , 0.04 for each area,
one-tailed t test after Bonferroni correction). Similarly, areas 4a,
4p, 3b, and 1 were significantly activated in the contrast LOW
versus REST ( p , 0.04 for each area, one-tailed t test after
Bonferroni correction). This meant that areas 4p and 3b were
activated in each condition when contrasted to the REST.
When ILLUSION was contrasted to (HIGH 1 LOW), only
area 4a was significantly more activated in ILLUSION ( p , 0.02,
one-tailed t test after Bonferroni correction) (Fig. 4).

DISCUSSION
When ILLUSION was contrasted with LOW and HIGH, the
contralateral (right) SMA, CMAc, PMd, and area 4a were significantly activated. None of these areas were activated in the
contrast of (LOW 1 ILLUSION 1 HIGH) versus REST. This
demonstrated that the effects of illusion and vibration were associated with different sets of cortical fields. The activity in motor
areas SMA, CMAc, PMd, and 4a was associated with the illusion
of kinesthesia. This was in contrast to our hypothesis that somatsosensory areas should be active when kinesthetic illusions were
experienced.
Vibration of the left biceps tendon at 70 or 80 Hz (ILLUSION)
elicited a vivid kinesthetic illusion of arm extension in all subjects,
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Figure 2. The main effects of vibration. Common active fields were obtained from (L OW 1 IL LUSION 1 HIGH) versus REST. The fields were
superimposed on the standard brain. A, Horizontal section at z 5 160. Contralateral activation occurred in the postcentral gyrus (SI ). Area 4a, PMd,
SMA, and CMAc were not activated. B, Horizontal section at z 5 121. Bilateral activation occurred in the parietal operculum (PO). C, Horizontal
section at z 5 114. Contralateral activations occurred in the frontal operculum (FO), extending into the insular cortex. D, Coronal section at y 5 227,
showing bilateral activations of the parietal operculum (PO).
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Table 1. Locations and sizes of significant activations in (LOW 1 ILLUSION 1 HIGH) versus REST
Coordinates of peak z value
(HBA; Roland et al., 1994)
(mm3)
Structures
Right hemisphere
SI, M1a
Cytoarchitectonic areas
Area 4p
Area 1
Area 3b
Parietal operculum
Frontal operculumb
Left hemisphere
Parietal operculum

x

y

z

Volume

Peak z value

230

236

50

1704

4.01

4.38
4.29
3.39

240
238

227
24

20
15

121
256
148
816
616

44

234

27

584

a

The peak was located in the postcentral gyrus. This activation overlapped with cytoarchitectonic areas 4p, 3b, and 1.
Overlaps smaller than 50 mm3 are not shown.
b
This extended into the insular cortex.

Table 2. Locations and sizes of significant activations in the ILLUSION versus REST and (LOW 1
HIGH) versus REST
Coordinates of peak z
value (HBA; Roland et al.,
1994) (mm3)
Structures
ILLUSION vs REST
Right hemisphere
SI, M1a
Cytoarchitectonic areas
Area 4a
Area 4p
Area 3b
Area 1
SMAb
Parietal operculum (anterior)
(LOW 1 HIGH) vs REST
Right hemisphere
Anterior cingulatec
Frontal operculumd

x

y

z

Volume

Peak z value

232

238

63

3680

5.17

4.28
4.89

4.23
4.22

25
240

222
228

49
21

330
388
191
293
1000
624

22
238

30
26

30
15

640
952

a

The peak was located in the postcentral gyrus. This activation overlapped with cytoarchitectonic areas 4a, 4p, 3b, and 1.
Overlaps smaller than 50 mm3 are not shown. This field extended anteriorly into area 6 and posteriorly into the gyri lining
the postcentral sulcus.
b
This was extending into the CMAc.
c
This extended into the left anterior cingulate cortex.
d
This also extended into the right cortex of the insula.

whereas 10 Hz (L OW) and 220 or 240 Hz (HIGH) did not. The
stimulus conditions were matched for attention, inasmuch as
the subjects in all three conditions were requested to pay
attention to the feelings coming from the arm. We did not
observe any arm movements or any EMG activity, meaning
that there were no tonic vibration reflexes (Eklund and Hagbart, 1966; Tardy-Gervet et al., 1986) in any of the conditions.
The kinesthetic feeling of the subjects at 70 Hz vibrations was
thus a true illusion, because the phenomenon could not be explained by actual movement of the arm or by any muscular
activity. The vibrator produced a hum having the same frequency
as the vibration. Although the subjects had their ears plugged and
covered by the helmet, a faint hum might have reached their ears.

In the REST condition, however, a hum matching the three
vibration conditions was also presented. The vibration conditions,
however, were not matched for stimulus energy and frequency of
the vibrations. It is unlikely that the differences in stimulus energy
could explain the activations of the somatosensory and motor
cortices. The energy of the 240 Hz stimulus was much higher than
the 70 or 80 Hz stimuli.

Active fields specific for illusion
The contralateral SMA, CMAc, PMd, areas 4a, 4p, 3b, and 1, and
the cortex lining the postcentral sulcus were activated in the
ILLUSION versus REST. The SMA, CMAc, PMd, and area 4a
were significantly more activated when ILLUSION was con-
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Figure 3. Active fields obtained from IL LUSION versus (L OW 1 HIGH). The active fields were superimposed on the standard brain. A, Horizontal
section at z 5 160. The contralateral primary motor cortex (area 4a), postcentral gyrus, PMd, and SM A were activated. B, Sagittal section at x 5 24,
showing SMA and CMAc activation. C, Horizontal section at z 5 160. The significant clusters are white. Engagement of cytoarchitectural areas 4a (red)
and 1 ( green) is shown. Rostrally the activation extends into area 6 (PMd, white). D, Horizontal section at z 5 150. The engagement of cytoarchitectural
area 4p is shown (orange).

trasted to the L OW and HIGH conditions. This contrast revealed
no statistically significant differences in rCBF in the cortex lining
the postcentral sulcus and the cortex of the parietal operculum,
thus no indications that these somatosensory regions would be

engaged in the production of kinesthetic illusions. This meant
that the activations of the contralateral SMA, CMAc, PMd, and
area 4a were specific for the 70 Hz vibration and the kinesthetic
illusion. The main effect of vibration, as mentioned, was associ-
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Table 3. Locations and sizes of significant activations specific to the
illusion [ILLUSION versus (LOW 1 HIGH)]
Coordinates of
peak z value
(HBA; Roland et
al., 1994) (mm3)
Structures
Right hemisphere
M1, SIa
Cytoarchitectonic areas
Area 4a
Area 4p
Area 3b
Area 1
SMAb

x

y

z

Volume

Peak z
value

224

232

60

2112

4.85

60

437
257
99
116
664

4.19

24

214

4a seem specifically associated with the experience of kinesthetic
illusions.
Perceptual illusions of kinesthesia probably are produced by
the neuronal populations engaged in computation of kinesthesia
under normal conditions. In the visual system, for example, illusory motion has been shown to be associated with activation of
functional areas engaged in computation of correlated motion
(Zeki et al., 1993; Tootell et al., 1995). Stimulation of the SMA
and CMA in awake humans sometimes produces a kinesthetic
illusion (Fried et al., 1991; Lim et al., 1994). The surprising
finding is that the motor areas 4a, PMd, SMA, and CMAc, and
not the somatosensory areas, seem associated with kinesthetic
illusions.

Kinesthesia

a

The peak was located in cytoarchitectonic area 4a. This activation extended
anteriorly into the PMd and posteriorly into areas 4p, 3b, and 1. Overlaps smaller
than 50 mm3 are not shown.
b
This also extended into the ventral part of SMA and the CMAc.

Figure 4. rCBF increases in areas 4a, 4p, 3b, and 1. Mean relative rCBF
for VOIs of cytoarchitectural areas 4a, 4p, 3b, and 1 is shown. The VOIs
were the intersections between these areas and the significant cluster from
the contrast ILLUSION versus REST. W hite bars represent mean relative
rCBF for HIGH condition; gray bars represent IL LUSION; black bars
represent LOW condition. Error bars indicate SEM. The mean relative
rCBF of these VOIs was then calculated for each PET scan, divided by the
mean of the REST rCBF. The effect of repetition of the same condition
was then removed by calculating the mean rCBF for each condition.

ated with activations in a different set of cortical fields, demonstrating that the activations of SM A, C M Ac, PMd, and area 4a
could not have been attributable to the condition of vibration per
se. It appears consequently that the SM A, C M Ac, PMd, and area

Weiller et al. (1996) showed that the SMA, sensorimotor cortices,
and inferior parietal cortex were activated when they flexed and
extended the elbow in normal passive subjects compared with
rest. Their activation in the inferior parietal lobule (coordinates
142, 232, and 20) might have been attributable to the lack of a
sensory control, because this activation was close to our activations in the right parietal operculum when the ILLUSION was
compared with the REST (240, 228, and 21) (Table 2). However,
when ILLUSION was contrasted to the sensory controls (LOW
1 HIGH), only the activations of the motor areas remained.
Thus, given the data of Weiller et al. (1996) and the appropriate
sensory controls, there is a remarkable correspondence in the
cortical areas active in kinesthesia and during kinesthetic
illusions.
If the motor areas are conveying the illusion of arm movement,
one may ask how the signals set up by vibrating the biceps tendon
reach these areas, and whether the motor areas have any known
role in kinesthesia. Passive movements activate receptors in
joints, receptors in the skin responding to skin stretch and touch,
as well as muscle spindles. Afferents from all these receptors thus
are usually active in microneurographical studies (Vallbo, 1974;
Burke et al., 1988; Edin and Vallbo, 1988, 1990; Edin, 1990, 1992;
Edin and Abbs, 1991; Edin and Johansson, 1995; Vallbo et al.,
1995). Vibration on the tendon of a muscle excites muscle spindle
afferents (Goodwin et al., 1972a,b; Burke et al., 1976; Roll and
Vedel, 1982) and skin mechanoreceptors (Johansson et al., 1982)
but presumably does not activate joint and cutaneous stretch
receptors, making tendon vibration a more specific kinesthetic
stimulus than passive movement.
The afferent activity from skin mechanoreceptors is quite different at 10 and 240 Hz because only the Pacinians are able to
follow 240 Hz vibration with one impulse per cycle (Johansson et
al., 1982). The afferents from muscle spindles presumably end in
area 3a (Landgren et al., 1967; Landgren and Silf venius, 1969,
1971; Phillips et al., 1971; Hore et al., 1976; Jones and Porter,
1980; Maendly et al., 1981; Iwamura et al., 1983, 1993). The
muscle spindle primary endings are able to follow 10 and 70 Hz
vibrations in a one-per-cycle manner, but not 240 Hz (Burke et
al., 1976). This means that area 3a should be expected to get the
most afferent input from muscle spindles at 70 – 80 Hz. Area 4p
was activated in all three conditions of vibration, but area 3a was
not significantly activated in any of the contrasts, giving no
support for an engagement of area 3a from the present data.
Reasons for the lack of area 3a engagement may also be its small
volume (Roland et al., 1997), the variance in the position of the
bottom of the central sulcus, and the small number of cytoarchitecturally mapped brains (Roland et al., 1997).
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Area 3a has major connections to areas 4a, 4p, SMA, and
CMA (Huerta and Pons, 1990; Darian-Smith et al., 1993;
Stepniewska et al., 1993). In the IL LUSION condition, one may
then think that the muscle spindle afferent signals are spread to
area 4a, the PMd, the SM A, and C M A. There is some independent support for this from single-unit recording in monkeys. First
area 4a (and probably also 4p) neurons fire in response to muscle
stretch (Rosén and Asanuma, 1972; Lemon and Porter, 1976;
Lemon et al., 1976; Wong et al., 1978; Fetz et al., 1980; Lemon,
1981a,b; Tanji and Wise, 1981; Strick and Preston, 1982; Ghosh et
al., 1987; Colebatch et al., 1990; Crutcher and Alexander, 1990;
Picard and Smith, 1992; Aizawa and Tanji, 1994; Widener and
Cheney, 1997). Second, neurons in the SM A and PMd respond to
passive elbow flexions and extensions (Brinkman and Porter,
1979; Wise and Tanji, 1981; Wiesendanger et al., 1985; Wiesendanger, 1986; Hummelsheim et al., 1988). Third, many neurons in
the CM A respond to proprioceptive input, such as joint rotation
and muscle stretch (C adoret and Smith, 1995). If the signals from
the muscle spindles do not reach the motor cortex via area 3a,
another possibility is that area 4a, PMd, SM A, and C MAc were
specifically activated by thalamocortical afferents from the VLo
and V PL o nuclei, which project to area 4a, PMd, SMA, and
CMA (Horne and Tracy, 1979; Lemon and van der Burg, 1979;
Asanuma et al., 1980; Schell and Strick, 1984; Brinkman et al.,
1985; Greenan and Strick, 1986; Holsapple et al., 1991; DarianSmith and Darian-Smith, 1993). We cannot exclude this on the
basis of the present data. What speaks against this hypothesis is
the lack of cerebellar, basal ganglia, and thalamic activations in
the present study. What according to the present data seems to be
the most plausible interpretation is that the character of the
afferent signals at 70 Hz vibration of the tendon is such that area
4a, PMd, C M Ac, and SM A are recruited either by afferent input
via 3a or from subcortical sources when the subjects experience
the kinesthetic illusion.
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Lim SH, Dinner DS, Pillay PK , L üders H, Morris HH, K lem G, Wyllie
E, Awad IA (1994) Functional anatomy of the human supplementary
sensorimotor area: results of extraoperative electrical stimulation. Electroencepharogr Clin Neurophysiol 91:179 –193.
Macefield G, Gandevia SC, Burke D (1990) Perceptual responses to
microstimulation of single afferents innervating joints, muscles and skin
of the human hand. J Physiol (L ond) 429:113–129.

J. Neurosci., July 15, 1999, 19(14):6134–6144 6143

Maendly R, Ruegg DG, Wiesendanger M, Wiesendanger R, Lagowska J,
Hess B (1981) Thalamic relay for group I muscle afferents of forelimb
nerves in the monkey. J Neurophysiol 46:901–917.
Meyer E (1989) Simultaneous correction for tracer arrival delay and
dispersion in CBF. Measurements by the H2 15O autoradiographic
method and dynamic PET. J Nucl Med 30:1069 –1078.
Phillips CG, Powell TPS, Wiesendanger M (1971) Projection from low
threshold muscle afferents of hand and forearm to area 3a of baboon’s
cortex. J Physiol (L ond) 217:419 – 446.
Picard N, Smith AM (1992) Primary motor cortical responses to perturbations of prehension in the monkey. J Neurophysiol 68:1882–1894.
Pons TP, Garraghty PE, Mishkin M (1992) Serial and parallel processing of tactual information in somatosensory cortex of rhesus monkey.
J Neurophysiol 68:518 –527.
Rasmusson DD, Dykes RW, Hoeltzell PB (1979) Segregation of modality and submodality information in SI cortex of cat. Brain Res
166:409 – 412.
Recanzone GH, Merzenich MM, Jenkins W M, Grajski KA, Dinse HR
(1992) Topographic reorganization of the hand representation in cortical area 3b of owl monkeys trained in a frequency-discrimination task.
J Neurophysiol 67:1031–1056.
Ribot-C iscar E, Roll JP (1998) Ago-antagonist muscle spindle inputs
contribute together to joint movement coding in man. Brain Res
791:167–176.
Rogers DK , Bendrups AP, Lewis MM (1985) Disturbed proprioception
following a period of muscle vibration in humans. Neurosci Lett
57:147–152.
Roland PE, Z illes K (1996) Functions and structures of the motor cortices in humans. Curr Opin Neurobiol 6:773–781.
Roland PE, Z illes K (1998) Structural divisions and f unctional fields in
the human cerebral cortex. Brain Res Rev 26:87–105.
Roland PE, Graufeld C J, Wåhlin J, Ingelman L, Andersson M, Ledberg
A, Pedersen J, Åkerman S, Dabringhaus A, Z illes K (1994) Human
Brain Atlas: for high-resolution f unctional and anatomical mapping.
Hum Brain Mapp 1:173–184.
Roland PE, Geyer S, Amunts K , Schormann T, Schleicher A, Malikovic
A, Z illes K (1997) C ytoarchitectural maps of the human brain in
standard anatomical space. Hum Brain Mapp 5:222–227.
Roll JP, Vedel JP (1982) K inaesthetic role of muscle afferent in man,
Studied by tendon vibration and microneurography. Exp Brain Res
47:177–190.
Romo R, Hernandez A, Z ainos A, Salinas E (1998) Somatosensory
discrimination based on cortical microstimulation. Nature 392:387–390.
Rosén I, Asanuma H (1972) Peripheral afferent inputs to the forelimb
area of the monkey motor cortex: Input-output relations. Exp Brain
Res 14:257–273.
Schell GR, Strick PL (1984) The origin of thalamic inputs to the arcuate
premotor and supplementary motor areas. J Neurosci 4:539 –560.
Schleicher A, Amunts K , Geyer S, Morosan P, Z illes K (1999) Observerindependent method for microstructure parcellation of cerebral cortex:
a quantitative approach to cytoarchitectonics. NeuroImage 9:165–177.
Seitz RJ, Roland PE (1992) Vibratory stimulation increases and decreases the regional cerebral blood flow and oxidative metabolism: a
positron emission tomography (PET) study. Acta Neurol Scand
86:60 – 67.
Stepniewska I, Preuss TM, Kaas JH (1993) Architectonics, somatotopic
organization, and ipsilateral cortical connections of the primary motor
area (M1) of owl monkeys. J Comp Neurol 330:238 –271.
Strick PL, Preston JB (1982) T wo representations of the hand in area 4
of a primate. II. Somatosensory input organisation. J Neurophysiol
48:150 –159.
Tanji J, Wise SP (1981) Submodality distribution in sensori-motor cortex
of the unanesthetized monkey. J Neurophysiol 45:467– 481.
Tardy-gervet M F, Gilhodes JC, Roll JP (1986) Interaction between visual and muscular information in illusions of limb movement. Behav
Brain Res 20:161–174.
Tootell RBH, Reppas JB, Dale AM, L ook RB, Sereno MI, Malach R,
Brady TJ, Rosen BR (1995) Visual motion aftereffect in human cortical area MT revealed by f unctional magnetic resonance imaging.
Nature 375:139 –141.
Vallbo ÅB (1974) Afferent discharge from human muscle spindles in
non-contracting muscle. Steady state impulse frequency as function of
joint angle. Acta Physiol Scand 90:303–318.

6144 J. Neurosci., July 15, 1999, 19(14):6134–6144

Vallbo ÅB, Olausson H, Wessberg J, Kakuda N (1995) Receptive field
characteristics of tactile units with myelinated afferents in hairy skin of
human subjects. J Physiol (L ond) 483:783–795.
Weiller C, Juptner M, Fellows S, Rijntjes M, Leonhardt G, K iebel S,
Muller S, Diener HC, Thilmann AF (1996) Brain representation of
active and passive movements. NeuroImage 4:105–110.
Wiesendanger M (1986) Recent developments in studies of the supplementary motor area of primates. Rev Physiol Biochem Pharmacol
103:1–59.
Wiesendanger M, Hummlesheim H, Bianchetti M (1985) Sensory input
to the motor fields of the agranular frontal cortex: a comparison of the
precentral, supplementary motor and premotor cortex. Behav Brain
Res 18:89 –94.
Widener GL, Cheney PD (1997) Effects on muscle activity from micro-

Naito et al. • Fields Active during Kinesthetic Illusion

stimuli applied to somatosensory and motor cortex during voluntary
movement in the monkey. J Neurophysiol 77:2446 –2465.
Wise SP, Tanji J (1981) Supplementary and precentral motor cortex:
Contrast in responsiveness to peripheral input in the hindlimb area of
the unanesthetized monkey. J Comp Neurol 195:433– 451.
Wong YC, Kwan HC, MacKay WA, Murphy J T (1978) Spatial organization of precentral cortex in awake primates. I. Somatosensory inputs.
J Neurophysiol 41:1107–1119.
Woods RP, Cherry SR, Mazziotta JC (1992) Rapid automated algorithm for aligning and reslicing PET images. J Comput Assist Tomogr
16:620 – 633.
Z eki S, Watson JD, Frackowiak RS (1993) Going beyond the information given: the relation of illusory visual motion to brain activity. Proc
R Soc L ond B Biol Sci 252:215–222.

Kinesthetic illusion of wrist movement activate
motor areas
Eiichi Naito1,2 and H Henrik Ehrsson1,3

1

Division of Human Brain Research, Department of Neuroscience, Karolinska
Institute, Berzelius Väg 3, S 171 77 Stockholm, Sweden: 2Faculty of Human Studies,
Kyoto University, Sakyo-ku, Kyoto, 606-8501, Japan: 3Motor Control Laboratory,
Dept. Woman and Child Health, Karolinska Institute, Stockholm, Sweden
Corresponding author: Eiichi Naito, PhD,
Division of Human Brain Research, Department of Neuroscience, Karolinska
Institute, Berzelius Väg 3, S 171 77 Stockholm, Sweden
Tel 46-8-728-7298, 7784 Fax 46-8-309045 e-mail eiichi.naito@neuro.ki.se

Kinesthetic illusion 2

Abstract
We used positron emission tomography (PET) to test the hypothesis that illusory
movements of the right wrist activate the motor-related areas. We vibrated the tendons of
the relaxed right wrist extensor muscles which elicits a vivid illusory palmar flexion. In a
control condition, we vibrated the skin surface over the processes styloideus ulnae, which
does not elicit the illusion, using the identical frequency (83 Hz). We provide evidence that
kinesthetic illusory limb movements activate the contralateral primary sensory-motor
cortices, supplementary motor area (SMA) and cingulate motor area (CMA). Furthermore,
these areas are also active when humans execute the limb movement.

Introduction
Vibration stimuli of approximately 80 Hz applied to the tendons of muscles can elicit illusory
movements by stimulating the muscle spindle afferents (Goodwin et al., 1972a,b; Craske, 1977;
Naito et al., 1999). Naito et al. (1999) showed that illusory elbow extension elicited by 80 Hz
vibration on the skin over the left biceps tendon activated the right primary sensory-motor cortices
(SM1) and a region located at the ventral part of the right supplementary motor area (SMA) and
cingulate motor area (CMA). In this previous study, we could not fully exclude the possibility that
these motor-related areas were partly activated by an 80 Hz vibration applied to the skin, since the
control conditions involved vibration of the skin at different frequencies (10 Hz and 220 or 240 Hz).
Thus, the aim of the present investigation was to test the hypothesis that SM1 and SMA/CMA are
more active during kinesthetic illusions than when the skin surface beside the tendon is vibrated at
the same frequency, but in a way that does not elicit any illusion.
In our previous study, we vibrated the tendons of left biceps muscles. In the present study
we therefore vibrated the tendon of the right wrist extensor muscles to determine whether
kinesthetic illusion would consistently activate the contralateral motor-related areas.
It remains unclear whether the sections of the motor-related areas that are activated by
illusory movement of a body part are active during movement execution of the same body part.
Therefore, we compared the activation pattern observed when subjects perceived the kinesthetic
illusion of wrist movement with the activation pattern obtained in a previous study when subjects
performed real wrist movement (Ehrsson et al., 2000). We expected that the illusion would activate
the same parts of the primary sensory-motor cortices and SMA/CMA that are activated during
movement execution because the illusion is elicited mainly by afferent inputs from muscle spindles
(Burke et al., 1976; Roll & Vedel, 1982, Roll et al., 1989), which are also recruited during actual
movement.

Materials and methods
Subjects and experimental conditions
Five right-handed healthy subjects participated in the PET experiment (their ages ranged from 23 to
29 years). The study was approved by the Ethics Committee of the Karolinska Hospital and the Radiation
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Safety Committee of the Karolinska Institute and Hospital, and carried out following the principles and
guidelines of the Declaration of Helsinki, 1975.
The subjects were blindfolded and positioned comfortably in a supine position on the bed of the PET
scanner with their ears plugged. The right forearm of the subjects was supported proximal to the wrist and
the wrist hung freely as demonstrated in Figure 1. The wrist was completely relaxed in this position with the
hand flexed at 42.0 ± 2.4° (mean ± SD) at the wrist joint. The subjects were instructed to relax completely,
refrain from moving, and to concentrate on the feeling in their right wrist. The experiment consisted of three
conditions:
(1) In a rest condition (REST), the vibrator was held in the air close to the right wrist (approx. 5 cm),
but did not touch the skin. This ensured that the humming sound from the vibrator was matched in the
comparisons with the other conditions.
(2) In a skin vibration condition (VIBRATION), we vibrated the skin surface over the processes
styloideus ulnae at 83 Hz by placing the vibrator in contact with the skin. This stimulus did not elicit an
illusory wrist movement.
(3) In the tendon vibration condition (ILLUSION), we vibrated the surface of the skin over the tendon
of the right extensor carpi ulnaris at 83 Hz. This stimulus elicits a vivid illusion of wrist palmar flexion.
After each condition the subjects were asked to describe what they had felt, and they were explicitly
asked whether they had sensed an illusory wrist movement. If so, we asked them to demonstrate the
experienced maximum angle of illusion by moving their right wrist. We then measured the illusory
displacement of the wrist as the angle from the original position (Figure 1).
In all conditions we used a vibrator with a small plastic spherical cap of about 1 cm diameter (SasuriVib EV258-A, Matsushita Electronics, Osaka, Japan). The contact surface on the skin was approximately
1 cm2 for both test conditions and was marked on the surface of the skin. The mean distance between this
tendon site, and the processes styloideus ulnae was 3.7 ± 0.7 cm. An experienced experimenter applied the
vibrator at these sites with a constant pressure. During the experiments we monitored the muscle activity
from the wrist flexor and extensor muscles of the right arm with surface electromyograms (EMGs)
PET scanning, image processing and statistical analysis
The relative rCBF was measured with a PET camera (ECAT EXACT HR SIEMENS) operating in 3D mode.
Twelve scans were collected for each subject. For each scan, about thirteen mCi of 15O-butanol were injected
intravenously as a bolus with each of the three conditions being repeated four times (the order of the
conditions following a balanced pseudo-randomized schedule). Images of the radioactive counts per voxel
(corresponding to rCBF) were generated by summing the activity during the 50 s immediately following the
first increase in cerebral activity after the intravenous injection. The PET scans were reconstructed with a
4 mm Hanning filter and filtered with a 5 mm 3D isotropic Gaussian filter. For each subject we also acquired
a high resolution T1 weighted anatomical MRI (1.5 T, Signa Horizon Echospeed, General Electric Medical
Systems).
For each subject, all PET scans were spatially aligned to the first scan and co-registered to the MR
image. The MR and co-registered PET images were normalized to the coordinate system of Talairach &
Tournoux (1988) using the standard brain (ECHBD: Roland et al., 1998) by a fast, automated full-multigrid
(FMG) method (Schormann & Zilles, 1998). The PET images were reformatted to isometric voxels (2 × 2 ×
2 mm3), voxels outside the brain were excluded from the analysis. The statistical analysis was done in two
parts. First, we analyzed the activity in the whole brain. This allowed us to examine the general pattern of
brain activity associated with the two tasks (ILLUSION and VIBRATION). Then, to increase the sensitivity of
our analysis, we used volume-of-interest (VOI) analysis for the SMA/CMA.
Whole brain analysis
We fitted a general linear model (GLM) to the PET data for every voxel in the brain (Ledberg, 2000). In this
model the design matrix had tasks and subjects as regressors. We defined linear contrasts between the
conditions in the GLM, and the results of these contrasts are t-images (statistical images). We used the
cluster simulation method of Ledberg (2000) to determine the extent threshold for significantly active
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clusters (omnibus p < 0.05). The probability of finding false positive clusters throughout the whole brain
space was estimated by Monte Carlo simulations of 2000 noise images (Ledberg, 2000). This gave us a
cluster size of 688 mm3 and a t threshold of 2.68 as corresponding to an omnibus p < 0.05 or better. Local
maxima, (determined as a single voxel having the highest t value among all its neighboring 26 voxels), were
also identified. Monte Carlo simulations showed that a t-value of 5.6 corresponded to omnibus p < 0.05 at
the voxel level.
Identification of the regions that are active during real wrist movements
We used PET data from an independent group of eight right-handed healthy subjects (Ehrsson et al., 2000) to
identify the regions in the primary sensory-motor cortices (SM1) and the SMA/CMA that are active during
real wrist movements. In this study, blindfolded subjects made auditory-paced alternating continuous
extension and flexion movements of the right wrist at 1 Hz. This task was contrasted with a rest condition
when the subjects made no movements. The PET scanning protocol was the same as used in the present
kinesthetic illusion experiment. We analyzed these PET data using identical image processing steps (e.g., a
5 mm 3D-Gaussian spatial filter, and normalization using the FMG method) and statistical analysis as used
for the present experiment. At a threshold of t = 3.25 at each voxel, a cluster size of 400 mm3 was significant
(Ledberg, 2000). We used this significance criterion since it gave us one cluster covering the left SM1 and
one cluster located in the SMA/CMA (used to define the volume-of-interest, see below). Finally, we describe
the overlap between the active clusters associated with the kinesthetic illusions and the active clusters related
to movement execution (in a purely descriptive approach).
Anatomical definitions
We used cytoarchitecturally defined areas from ten post-mortem brains, to indicate the probable locations of
cytoarchitectonic areas 4a, 4p, 3a, 3b and 1 in the standard anatomical space (Geyer et al., 1996; Schleicher
et al., 1999). The brains were corrected for deformations attributable to histological processing and the
images were warped to the same standard anatomical format as the PET images using the FMG method
(Schormann & Zilles, 1998). The cytoarchitectural area assigned to each voxel in standard anatomical space
was that with the largest number of post-mortem brains associated with it (Roland & Zilles, 1996a, 1998). To
allocate a voxel to an area rather than to parts of the cortices for which we have no available microstructural
data (e.g., anterior to area 4a), the voxel had to be located in the microstructurally defined brain area in at
least three of the ten post-mortem brains. The result of this procedure is a probability map that provides a
working definition of the probable location of each area in the standard anatomical space. The significant
clusters were superimposed on the map and overlapping volumes were measured in mm3 within each
cytoarchitectonic area. The results are summarized in Table 1. For each site of the local maxima, we describe
how many post-mortem brains (as a percentage of the ten brains) have cytoarchitectonic areas 4a, 4p, 3a, 3b
and 1 represented at these locations. We summarized the result for each cytoarchitectonic area in Table 2.
We used the definitions of the functional areas (dorsal premotor cortex (PMD), SMA and CMA) in
the cortical motor system as defined by Roland & Zilles (1996b).
Volume of interest (VOI) analysis
For the SMA/CMA, the volume-of-interest (VOI) was defined as the cluster (obtained from the independent
group of subjects executing the wrist movements) located in the left hemisphere on the medial to the sagittal
plane at x = + 10. We normalized the mean global PET data from all subjects and scans as 50. This gave us a
coefficient for normalization of each scan. Then, we normalized the mean PET data in the VOI by
multiplying by the corresponding coefficient scan by scan. We did the same procedure in all three conditions.
The analysis was made using GLM as implemented in the statistical software package SPSS (Version 10.0J,
SPSS Japan Inc., Tokyo Japan). Tasks, subjects and the interaction between them were included as factors.
Since the effect of task was significant in the VOI, we used a t-test to compare tasks (with a Bonferroni
correction for multiple comparisons).
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Results
All subjects reported that they experienced a vivid illusory sensation of a palmar flexion of the right
wrist in ILLUSION, but not in VIBRATION or REST. Their wrists did not move in any of the three
conditions. Surface EMG showed no reliable activity from the flexor (agonistic) muscle of the
wrist. The mean illusory angle of palmar flexion was 18.7 ± 5.0° from the original relaxed position.
In the whole brain analysis, a cluster covering the contralateral (left) primary sensory-motor
cortices (SM1; cytoarchitectonic areas 4a, 4p, 3b and 1) extending anteriorly into the dorsal
premotor cortex (PMD) was significantly activated when we used the contrast of ILLUSION versus
REST (Table 1). In addition, a trend for increases in activation was observed in the contralateral
SMA/CMA (at the threshold of a cluster size of 624 mm3, omnibus p = 0.0825). VIBRATION did not
activate the precentral gyrus, SMA or CMA, but did activate the left primary somatosensory cortex
(SI; cytoarchitectonic area 1), supramarginal gyrus, parietal operculum (PO) and insular cortex
when compared with REST (Table 1 and Figure 2a).
When ILLUSION was contrasted with VIBRATION, differentiating the effect of illusion from
that of vibration, a cluster covering the contralateral SM1 (cytoarchitectonic areas 4a, 4p, 3b and 1)
was significantly activated (Table 1 and Figure 2b). The local maxima of the activation were
located in the population map of cytoarchitectonic areas 4a and 1 (Table 2).
When real movement was contrasted with rest in order to identify the regions in the SM1,
SMA and CMA that are active during real movements of the right wrist, a cluster covering the left
SM1 (cytoarchitectonic areas 4a, 4p, 3a, 3b and 1), SMA, CMA, PMD, PO and insular cortex was
significantly activated (Table1). The cluster associated with the illusory movement (ILLUSION vs.
VIBRATION) corresponded to a sub-volume of SM1 section activated during the real movements
(Figure 2b).
In the VOI analysis, we found that the SMA/CMA region activated during the real
movement (Figure 2c) was more active in ILLUSION than it was in VIBRATION (p < 0.05 after
Bonferroni correction for multiple comparisons) (Figure 3).

Discussion
The present results suggest that kinesthetic illusion of a right wrist movement activate the
contralateral primary sensory-motor cortices (SM1; cytoarchitectonic areas 4a, 4p, 3b and 1) and a
field located in the SMA and CMA in the absence of real movement. The increases in activity in
these areas probably reflect the kinesthetic illusions because, in the control condition, the skin was
vibrated at the identical frequency of 83 Hz without eliciting an illusion. This result, together with
the results from our previous study (Naito et al., 1999), strongly suggests that kinesthetic illusion of
limb movement activate motor-related areas. In addition, these active motor areas are contralateral
to the illusory limb movement when vibrating the right wrist and left biceps muscles (Naito et al.,
1999). Furthermore, our results indicate that the motor fields activated during kinesthetic illusion of
a limb movement are active during movement execution of the same limb.
In the two conditions, we vibrated two sites over the skin of the wrist, less than 4 cm apart.
We think that it is unlikely that afferent inputs from different population of skin receptors on the
wrist could produce the conspicuous differences in activation patterns seen in the two conditions
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(Figure 2a). Thus, the activation associated with the illusion reflect afferent inputs from vibrated
tendon. The activation we found in the SM1 associated with the kinesthetic illusion probably
engaged the primary motor cortex (M1), at least in part. Our reasoning behind this is that (i) the
active cluster engaged the precentral gyrus in all subjects (as determined from the normalized MR
images of individual subjects), and (ii) the local maxima of the activation was located in the
population map of cytoarchitectonic area 4a (See Methods and Table 2). One should bear in mind,
however, that the restricted spatial resolution of activation maps (PET data from a group of
subjects) means that we can not exclude the possibility that some of the activity we observed in the
cytoarchitectonic map of each area might to some extent reflect activity from the adjacent
cytoarchitectural fields.
Our main result shows that motor-related areas are involved in processing of inputs from
muscle spidles and central processing of human kinesthesia. The activation of contralateral M1 fits
well with the notion that this area is one of the cortical targets for muscle spindle afferents as shown
in monkeys (Colebatch et al., 1990). Indeed, the physiological mechanism underlying the illusory
experience is the central processing of the afferent inputs from muscle spindles (Burke et al., 1976;
Roll & Vedel, 1982; Roll et al., 1989). Furthermore, in the monkey brain, neurons in SMA and
CMA are activated by passive movements of the limbs (Hummelsheim et al., 1988; Cadoret &
Smith, 1995). And passive movements activate human SMA (Weiller et al., 1996). Furthermore,
electrical stimulation at certain sites in human SMA and CMA can elicit movement sensation
without generating actual movements (Fried et al., 1991; Lim et al., 1994).
The activity in these motor areas might reflect the up-dating of the on-line internal
representation of the limb positions (Lackner & Taublieb, 1983; Lackner, 1988). Future studies
should attempt to distinguish between the brain activation related to afferent input from the muscle
spindles and the up-dating of the internal representation of the limb positions.
A second observation was that the kinesthetic illusion activated fields of the SM1 and the
SMA/CMA that are active when subjects executed wrist movements. We are aware that when we
compare the PET images from one group of subjects performing real movements with another
group of subjects experiencing the illusion, we can only conclude that similar regions were
activated, but we can not determine whether exactly the same small groups of neurons (or single
voxels, as this is the limit of our resolution) were activated. However, the SM1 section activated
during the wrist illusion is most probably the wrist section of SM1 because real wrist movements
performed by the independent group of subjects also activated the very same part of this area. This
suggests that the section active in SM1 during kinesthetic illusion of a given limb might be
somatotopically organized. Indeed, it is known that identical neurons, which are associated with the
generation of movements, in the primary motor cortex, SMA and CMA in monkeys are also
recruited by passive movements of the identical limb (Lemon et al., 1976; Fetz et al., 1980;
Hummelsheim et al., 1988; Colebatch et al., 1990; Cadoret & Smith, 1995). Thus, the present
results, together with these earlier single cell recordings, suggest that kinesthetic illusions and
movement execution engage some common neural populations in the motor cortices.

Conclusion
In summary, we conclude that kinesthetic illusion of a right wrist movement activate the
contralateral primary sensory-motor cortices (SM1; cytoarchitectonic areas 4a, 4p, 3b and 1) and a
field located in the SMA and CMA in the absence of real movement. This finding corroborates the
results from our previous study (Naito et al., 1999) and strongly suggests that kinesthetic illusion of
limb movement activate the contralateral motor-related areas. Furthermore, our results indicate that

Naito and Ehrsson

7

the motor fields activated during kinesthetic illusion of a limb movement are active during
movement execution of the same limb.
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Naito and Ehrsson
Tables
Table1 Significant active fields in ILLUSION, VIBRATION and real wrist movements
Structures

Coordinates of local maxima
x
y
z

ILLUSION vs. REST
Left M1
area 4a*
area 4p*
Left PMD
Left SI
area 3b*
area 1*

36
(30
(29
30
30
(32
(29

-18
-30
-34
-22
-37
-35
-40

52
57)
49)
58
52
51)
59)

VIBRATION vs. REST
Left SI
area 1*
Left supramarginal
Left PO
left insula

48
(49
50
50
44

-34
-33
-30
-28
-32

41
43)
32
23
14

ILLUSION vs. VIBRATION
Left M1
area 4a*
area 4p*
Left SI
area 3b*
area 1*
Real movement vs. rest
Left M1
area 4a*
area 4p*
Left PMD
Left SI
area 3a*
area 3b*
area 1*
Left SMA CMA
Left PO
Left insula

t-value cluster overlap
(mm3) (mm3)
6830
5.2
922
198
4.9
6.8
543
1484
2716
4.3
144
3.7
4.0
4.6
1209

32
(31
(31
28
(31
(29

-33
-32
-33
-40
-35
-39

52
54)
49)
57
51)
57)

6.0
321
105
3.6
297
234
30544

28
(29
(28
30
38
(29
(35
(37
6
46
38

-31
-28
-29
-16
-28
-31
-31
-35
-16
-26
-32

58
56)
47)
54
48
41)
49)
56)
44
21
17

15.0
3727
2031
4.7
12.4
1055
1894
4498
9.5
5.2
5.2

M1: primary motor cortex; PMD: dorsal premotor cortex; SI: primary somatosensory cortex;
SMA: supplementary motor area; CMA: cingulate motor area; PO parietal operculum
Coordinates in Talairach and Tournoux (1988) (ECHBD: Roland et al., 1998)
* Note that the coordinates for the cytoarchitectonic areas are the center of gravities.
*Descriptive overlapping volumes with each cytoarchitectonic area were measured.
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Table 2 Location of local maxima in the cluster of ILLUSION vs. VIBRATION
and their probable cytoarchitectonic areas
Coordinates
Cytoarchitectonic areas
x
y
z
t value area 4a area 4p area 3a area 3b area 1
32
-33
52
6.02
0
0
10%
0
30%
40
-36
48
3.28
0
0
0
0
20%
28
-40
58
3.61
0
0
0
10%
50%
% means how large a percentage of the ten post-mortem brains was represented in each cytoarchitectonic
area.
A voxel (32, -33, 52) was also significantly activated from whole brain simulations.

Figure legends
Figure 1
The position of the right wrist
The wrist was completely relaxed throughout the experiment and hung freely. We measured
the wrist angles from the original position (represented by a) with the aid of two small bars attached
laterally to the surface of the skin over the wrist. After each ILLUSION condition, the subjects
replicated the experienced maximum angles of the illusion by actually flexing their right wrist, and
thus we could measure the angle of the illusory wrist flexion.
Figure 2
Whole brain activation maps (omnibus p < 0.05).
Areas encircled with yellow lines represent the significant clusters in the contrast between
real wrist movement vs. rest (Ehrsson et al., 2000). a: Areas represented by green and light blue
lines areas mean activation in VIBRATION vs. REST. Areas with green lines mean overlapping
sections between VIBRATION vs. REST and real movement vs. rest. a, b: Red lines means significant
activation in ILLUSION vs. VIBRATION. c: the SMA/CMA cluster obtained from the real wrist
movements which was used to define the VOI (See Methods).
Figure 3
Normalized PET data in the volume-of-interest (VOI)
The normalized PET data in the three conditions (ILLUSION, VIBRATION and REST) from the
SMA/CMA. We observed significantly greater activity in ILLUSION than in VIBRATION. * p < 0.05;
** p < 0.005. SE means stands for standard error.
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FIGURE 2. Naito & Ehrsson, 2001
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Fig. 1 Naito&Ehrsson, 2001

Normalized PET data
64
63

SE

*

**

62
61
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Fig. 3 Naito&Ehrsson, 2001
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Abstract
We investigate whether imagery of voluntary movements of different body parts
activates somatotopical sections of the human motor cortices. We use functional
magnetic resonance imaging to detect the cortical activity when healthy subjects
imagined performing repetitive (0.5 Hz) flexion-extension movements of the
right fingers or right toes, or horizontal movements of the tongue. We also
collected functional images when the subjects actually executed these
movements and used these data to define somatotopical representations in the
motor areas. The most important findings were that imagery of hand movements
specifically activated a hand representation located in the caudal cingulate motor
area; whilst imagining making foot movements, the foot zones of the posterior
part of the supplementary motor area and the primary motor cortex were
activated; imagery of tongue movements activated the tongue region of the
primary motor cortex and the premotor cortex. These results demonstrate that
imagery of actions depends on the activation of specific somatotopically
organized motor representations. Thus, the content of the motor imagery, in this
case the body-part, is reflected in the pattern of motor cortical activity.
Key words: motor imagery, somatotopy, motor representations, fMRI, motor simulation,
supplementary motor area, posterior parietal cortex, premotor cortex, brain mapping,
consciousness, NCC

INTRODUCTION
Humans can imagine that they are performing a movement without actually executing it. This
cognitive state is called motor imagery and can be experienced by most people (Feltz and
Landers, 1983; Jeannerod, 1995; Crammond, 1997). It is commonly used by sportsmen and
musicians for mental rehearsals and to improve their performance before a real competition or
concert (Feltz and Landers, 1983). To envisage this, you can follow this instruction: close
your eyes, put the right hand in a relaxed supine position, then imagine, as vividly as possible,
that you bring the thumb and forefinger into contact, press, and then that you separate and
relax the digits, then imagine that you oppose them again and so on. You could probably
sense how you would have moved the digits had you had to execute the act that you imagined,
and how this sensation resembled the feeling you have when you make real movements of the
digits.
During motor imagery, memory information related to previous enactments is
retrieved. These ‘motor memories’ are stored in the cerebral cortex and, probably, in the
cortical motor system (Roland, 1993a). The influential ‘simulation hypothesis’ states that an
important aspect of motor imagery is an internal simulation of the imagined action using some
of the same neural networks that control that action during overt performance (Jeannerod,
1994; Jeannerod, 1995; Jeannerod and Decety, 1995; Decety, 1996; Jeannerod and Frak,
1999). This view is supported by psychophysical experiments that have shown that the time it
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takes to mentally simulate and to execute a movement is similar (Decety et al., 1989; Decety
and Michel, 1989; Jeannerod, 1994; Sirigue et al., 1996), and that imagined movements seem
to obey the same ‘physical’ laws (e.g., speed-accuracy trade-off) and biomechanical
constraints as real movements (Decety and Jeannerod, 1996; Sirigue et al., 1996; Parsons and
Fox, 1998; Frak et al., 2001).
From classical functional imaging studies it is known that motor related regions are
activated when human subjects imagine that they make hand and finger movements (Roland
et al., 1977; Ingvar and Philipson, 1977; Roland et al., 1980; Rao et al., 1993). More recent
PET and fMRI studies have shown that motor imagery of various types of self-generated hand
actions rather consistently activate the supplementary motor area (SMA), cingulate motor
areas (CMAs) and lateral premotor cortex (PM), the posterior parietal cortex and the
prefrontal cortex (Stephan et al., 1995; Deiber et al., 1998; Lotze et al., 1999; Gerardin et al.,
2000; Thobois et al., 2000; Ruby and Decety, 2001). The involvement of the tentative hand
section of the primary motor cortex (M1) is less consistent across studies; some investigators
report weak increases in activity in M1 during motor imagery (Leonardo et al., 1995; Sabbah
et al., 1995; Roth et al., 1996; Porro et al., 1996; Lotze et al., 1999) while others fail to detect
any significant effect (Decety et al., 1994; Stephan et al., 1995; Deiber et al., 1998; Gerardin
et al., 2000; Ruby and Decety, 2001).
Until now, no study has examined whether motor imagery of voluntary movements of
different body parts activates different somatotopical sections of the motor cortices. This
question is of interest in relation to the simulation hypothesis of motor imagery: If imagery of
a particular movement engages the neural populations that control overt movements, one
would expect that motor imagery of voluntary movements of different body parts should
engage different somatotopical parts of the human motor cortices in a similar manner (or in
the same way) to movement execution (for earlier somatotopical mapping studies of overt
movements see e.g., Grafton et al., 1991; Fink et al., 1997; Rijntjes et al., 1999; Ehrsson et al.,
2000). To address this issue, we used functional magnetic resonance imaging (fMRI) and
asked a single group of subjects to imagine that they were performing repetitive simple
movements of their fingers, toes and tongue, and separately to execute these actions.

MATERIALS AND METHODS

Subjects
Six healthy males and one female subject (aged from 21 to 33 years; with a mean age of 25)
with no history of neurological disease participated in the study. All subjects were strongly
right-handed (Oldfield, 1971). The subjects had given their written consent and the Ethical
Committee of the Karolinska Hospital had approved the study, which was performed in
accordance with the guidelines of the Declaration of Helsinki 1975. All subjects reported
verbally that they could generate vivid motor imagery. The subjects were also tested on a
motor imagery test and they were all rated as having an average or good motor imagery ability
(Nishida et al., 1986; Naito, 1994).

EHRSSON AND NAITO

4

Conditions
There were three motor imagery conditions, three conditions where the subjects executed the
movements and six identical rest conditions (one rest condition being assigned to each
imagery or execution condition). Before the brain scanning started, the subjects trained to
perform all conditions (for ten minutes in all) during time which we also recorded
electromyograms (EMG; see the text below for details) and electro-oculograms (EOG). The
subjects were asked to perform the conditions exactly as they had done in the training session
whilst the brain scanning was being performed.
For the movement execution conditions, for which the terminology MOVE FINGERS,
MOVE TOES, MOVE TONGUE is adopted, the subjects made repetitive brisk flexion-extension
movements of their fingers and toes, or horizontal movements of their tongue. All movements
were paced by an auditory metronome (with a frequency of 1 Hz) and the subjects were told
to make one brisk flexion/extension/horizontal movement every time they heard the
metronome sound, (i.e., one whole movement cycle took 2 s). During the finger movement
condition (MOVE FINGERS) the subjects repeatedly fully extended (digit II-V) and flexed their
fingers through 90° at the metacarpophalangeal joint. To make the toe movements (MOVE
TOES), the subjects repeatedly flexed and extended their toes through their whole range of
movement. Finally, during the tongue movements (MOVE TONGUE) the subjects made
horizontal movements of the tongue from side to side within the mouth. In all overt movement
conditions the subjects were asked to relax completely and to make no movements other than
those they were instructed to make.
For the three motor imagery conditions (called IMAGINE FINGERS, and IMAGINE TOES
the subjects were instructed to imagine that they executed brisk
alternating flexion-extension movements of the fingers and toes, or horizontal movements of
the tongue. They were told to imagine generating the movements exactly as they had executed
these in real movement conditions. The metronome paced the subjects who were instructed to
imagine that they were making the movements in time with the sound (at a frequency of
1 Hz), as in the execution conditions.
IMGAGINE TONGUE)

Finally, in the rest (REST) conditions, the subjects were instructed to relax completely,
make no movements and not to think about anything in particular while listening to the
metronome (1 Hz). There were six identical rest conditions (REST1, REST2, REST3, REST4, REST5,
REST6), each serving as an independent baseline for one of the movement/imagery conditions
(as required in the ‘conjunction analyses’, see the text below).
Training session and behavioral recordings
As mentioned in the text above, the subjects performed the motor imagery conditions in test
sessions outside the MR-scanner while EMGs were recorded from the flexor and extensor
muscles of the right fingers (m. flexor digitorum superficialis and m. extensor digitorum) and
right toes (m. extensor digitorum brevis, m. flexor digitorum brevis) (Myo115-electrodes,
Liberty Technology, Hopkinton, MA, USA). The EMG signals were stored and displayed online. The subjects lay in a supine position on a bed with their arm, hand and foot in the same
position as they were during the brain scan. We recorded one experimental session (performed
exactly as later in the fMRI experiments, see text below), where each condition (30 second
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periods) was repeated twice. We also recorded the eye-movements using EOGs (Neuroline
neurology electrodes, type 700 01-A 12; Ölstykke; gain: 2000; high-pass filter: 20 kHz).
During the brain scanning the performance of the subjects was monitored on-line and
recorded with a digital video-camera (Sony™, Digital video camera recorder, DCR-TRV8E).
After each run we asked the subjects to give a verbal description of how they experienced the
imagery and real movement conditions.

Brain Scanning
Whilst the brain scans were being performed, the subjects rested comfortably in a supine
position on the bed in the MR scanner. The extended arms and legs were oriented parallel to
the trunk. The right arm was fully extended and the right leg was flexed at 30° in the knee
joint. Both the arm and leg were supported. The subjects did not wear socks or shoes on their
right foot. A plastic bite bar, which had been fitted to each subject’s teeth before scanning
started, restricted head movements. The subjects were instructed to keep their teeth in the
imprints of the plastic but to avoid biting hard. They were instructed to have their tongue in a
relaxed comfortable position inside their closed mouth. The room was dark and the subjects
were blindfolded, they were also instructed to keep their eyes closed. All subjects wore
headphones to reduce noise and to receive auditory cues.
Functional MRI was conducted on a 1.5 T scanner (Signa Horizon Echospeed,
General Electric Medical Systems) equipped with a head-coil. We collected gradient-echo,
echo-planar (EPI) T2*-weighted image volumes with blood oxygenation level-dependent
(BOLD) contrast (Ogawa et al., 1992; Kwong et al., 1992). The imaging parameters were:
echo time (TE)= 60 ms; field of view (FOV) = 22 cm; matrix size = 64 x 64; pixel size = 3.4
mm by 3.4 mm; and flip angle = 90°. Twenty-one contiguous axial slices of 5 mm thickness
were collected in each volume. This volume covered the whole of the frontal and parietal
lobes in all subjects. The cerebellum and parts of the basal ganglia and thalamus were outside
the field of view of the scanner so we do not report on the eventual activity from these
subcortical structures. A whole brain high resolution T1-weighted anatomical MRI was also
obtained for each subject (3D-SPGR)
Functional-image volumes were collected in eight separate runs. In each run a total of
150 functional-image volumes was acquired continuously, with one volume being collected
every 5000 ms (TR= 5 s). The subjects performed the different tasks (and the rest condition)
for periods of 30 seconds (6 fMRI volumes being collected in this time). The periods of the
imagery and movement conditions were alternated with rest conditions. Across runs, we
alternated the order of the imagery and real movement conditions to reduce time effects. To
allow for T1 equilibration effects, we started each experiment by recording four “dummy”
volumes that were not stored. In total 1200 volumes were collected for each participant, with
the same number of volumes being collected for each subject and condition.

Data analysis and image processing
SPM-99 was used to pre-process and analyze the functional images (Friston et al.
http//:www.fil.ion.ucl.ac.uk/spm). The functional images were realigned to correct for head
movements (reformatted using sinc interpolation). Then, the functional images were co-
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registered with each subject anatomical T1 MRI and subsequently normalized (linear and nonlinear transformations) into the reference system of Talaraich and Tournoux (Talaraich and
Tournoux, 1988; Friston et al., 1997), using the Montreal Neurological Institute (MNI)
reference brain (a representative brain from the MNI series; Evans et al., 1994). The voxels
were reformatted to obtain isometric voxels (using linear interpolation), spatially smoothed
with an isotropic Gaussian filter of 9 mm full-width at half-maximum (FWHM), and
temporally smoothed with a Gaussian kernel of width 5 seconds, to conform to the Gaussian
assumptions of SPM99 and to improve the signal-to-noise. The images were scaled to 100 to
eliminate the effects of global changes in the signal. A linear regression model (general linear
model; GLM) was fitted to the fMRI data from all subjects (Friston et al., 1995a). We pooled
the data across subjects to increase the sensitivity of the analysis (fixed effects model) (the
validity of this approach in terms of the reproducibility of the findings across the majority of
the subjects was confirmed by examining the statistical contrasts for individual subjects;
results not shown) (Friston et al., 1999; Worsley and Friston, 1995). Each task was modeled
with a boxcar function that had been filtered with the standard SPM99 synthetic
hemodynamic response function. The linear contrasts of the parameter estimates generated
statistical parametric maps of t-statistics (SPM|t|). To test for common activation across
contrasts (conjunction analysis), the SPM|t| was combined from independent contrasts (and
the the SPM99 orthogonalization procedure was used) to generate a new SPM|tmin| that
described the minimum t-value detected in the contrasts at each voxel. We only reported
activations that, after a correction for the number of multiple comparisons in the whole brain
space, corresponded to a p<0.05 using a combined test for peak height (Friston et al., 1995b),
or p<0.001 using a test based on the minimum t-values observed in conjunction analyses
(Worsley and Friston, 2000).
We defined linear contrasts in the GLM to test our hypotheses. The main aim of the
present study was to investigate whether motor imagery of finger, toe and tongue movements
activate somatopically organized sections of the motor cortices. To determine whether they
do, the different motor imagery conditions were contrasted with each other. We compared
imagined movements of one body part with the other two effectors, e.g., (IMAGINE FINGERS IMAGINE TOES) and (IMAGINE FINGERS - IMAGINE TOES), respectively. Brain activity robustly
associated with imagining the movement of a particular body part should be revealed in both
these comparisons. In a complementary analysis, we also tested for the ‘main effect’ of motor
imagery of each body part (e.g., IMAGINE FINGERS - IMAGINE TOES + IMAGINE FINGERS IMAGINE TOES). We defined the somatotopical sections of the motor cortices by contrasting the
movement execution conditions (e.g., the hand sections were defined as the areas detected in
the two contrasts: MOVE FINGERS – MOVE TOES, and MOVE HAND – MOVE TONGUE). To test
whether a voxel that showed body part specific activity during motor imagery also showed
activity specific to the same body part during movement execution, a conjunction analysis
was used to test for activity common to the two contrasts, e.g., (IMAGINE FINGERS – IMAGINE
TOES) and (MOVE FINGERS – MOVE TOES) (we write these conjunction analyses: IMAGINE
FINGERS – IMAGINE TOES ∩ MOVE FINGERS – MOVE TOES). In addition, we examine the brain
areas that are commonly active during motor imagery of all three body parts (and which did
not differ significantly between the tasks). This was done by testing for common effects in
three pairwise contrasts of the imagery conditions versus the corresponding rest conditions
using the conjunction analysis (IMAGINE FINGERS – REST1 ∩ IMAGINE TOES – REST2 ∩ IMAGINE
TONGUE – REST3)(and exclusive masking with the pairwise contrast of the imagery conditions;
t = 3.09 at each voxel). Finally, we compare the brain activity during imagination and
execution of movement, by contrasting (IMAGINE FINGERS – MOVE FINGERS) and (MOVE
FINGERS – IMAGINE FINGERS). Furthermore, areas activated to a similar degree during the
imagination and execution of hand actions were (conjunction analysis; e.g., IMAGINE FINGERS
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– REST1 ∩ MOVE FINGERS – REST4, masked exclusively with IMAGINE FINGERS – MOVE FINGERS
and MOVE FINGERS – IMAGINE FINGERS at t = 3.09). We also test which areas of the brain
showed stronger activation during the imagination of a movement than during the execution
of the same movements, irrespectively of the body part used (IMAGINE FINGERS – MOVE
FINGERS ∩ IMAGINE TOES – MOVE TOES ∩ IMAGINE TONGUE – MOVE TONGUE).
In the comparisons of the different movement and imagery conditions, we restricted
the results to voxels that were active in comparison with the rest condition (at t >3.09 at each
voxel using an inclusive masking procedure). By this means, we focused on brain areas that
showed stronger activity during mental motor imagery or movement execution than when the
subject was resting, and excluded the possibility that differences between the imagery
conditions merely reflected different degrees of deactivation.

Anatomical localizations
We adopt the terminology of Roland and Zilles (1996) for the cortical motor areas. The
anatomical localization of the activations in other parts of the brain were related to the major
sulci and gyri distinguishable on a mean MRI generated from the standardized anatomical
MRIs from the seven subjects (Duvernoy, 2000).
The finger/toes/tongue zones of the M1 were defined in this study as the cortex lining the
anterior part of the central sulcus (fingers and tongue) or the paracentral lobule on the medial
wall (toes) closest to where we detected the peaks of activation with the contrasts (MOVE
FINGERS – MOVE TOES) and (MOVE FINGERS – MOVE TONGUE) (x = -44, y = -28, z = 52), (MOVE
TOGUE – MOVE FINGERS) and (MOVE TONGUE – MOVE TOES) (X = -56, y= -12, z = 28; X = 56, 4, 28), and (MOVE TOES – MOVE FINGERS) and (MOVE TOES – MOVE TONGUE) (X = -8, y = -32, z
= 72). We also confirmed that these localizations corresponded with the location of M1 as
defined by the cytoarchitectural population maps of areas 4a and 4p (M1) in the standard
anatomical space of the European Computerized Human Brain Database (ECHBD)(Geyer et
al., 1996; Roland and Zilles, 1996). In this brain atlas our body-part specific sections of M1
corresponded well to the most probable location of cytoarchitectural area M1 (where at least
three out of ten post mortem brains had their area 4a or 4p) (for details and previous
application of this atlas program see e.g., Ehrsson et al., 2000; Naito et al., 2000; Bodegard et
al., 2000; Roland and Zilles, 1998).

RESULTS

Behavioral recordings and verbal reports
In the training sessions (conducted immediately before the brain scanning) we did not record
any muscular activity in any of the subjects using the surface EMGs (of the relevant muscles)
when they imagined making the flexion/extension movements fingers and toes. Likewise,
there were no significant differences in the number of eye-movements between the imagery
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conditions, the movement execution conditions, and the rest periods, as determined by the
EOGs (paired t-tests p> 0.05).
Finally, video recordings from the fMRI scanning sessions showed that the subjects
never moved their limbs during the imagery conditions. In the verbal reports, all subjects
stated that they had generated vivid motor imagery for most of the time during all imagery
conditions in all fMRI sessions (runs). All subjects executed the finger and toe movements as
requested in all sessions.

Body-part specific activations during imagery
Which part of the body that was imagined to move had a clear impact on the pattern of
cortical activity. Imagining the generation of finger, toe and tongue movements activated
different somatotopical sections of the motor cortices. In addition, differential activations
were observed in the posterior parietal cortex and prefrontal lobe.
Activations specific to the imagery of finger movement
When the subjects imagined that they flexed and extended the fingers of their right hand and a
comparison was made between this and the other imagery conditions, we observed a
significant (p<0.05 corrected) cluster of active voxels centered over the cingulate sulcus with
the peak being located on the most ventral part of the mesial superior frontal sulcus (IMAGINE
FINGERS - IMAGINE TOES), (IMAGINE FINGERS - IMAGINE TONGUE), (IMAGINE FINGERS - IMAGINE
TOES + IMAGINE FINGERS - IMAGINE TONGUE) (p<0.05 corrected; see Figures 1 and 2, and
Table 1a). According the Roland and Zilles (1996) this location probably corresponds to
CMAc. This section of the medial wall of the frontal lobe controls finger movements (see Fig.
2 and 3), and it was generally active during imagery and execution of finger movements as
compared to imagery and execution of the other body parts (IMAGINE FINGERS – IMAGINE TOES
∩ MOVE FINGERS – MOVE TOES); (IMAGINE FINGERS – IMAGINE TONGUE ∩ MOVE FINGERS –
MOVE TONGUE) (p<0.05 corrected, see Table 1a). In addition, we observed significant activity
in the left PMD when the imagery finger movements were compared to imagery movements
of the toes (Table 1a), but not when this condition was contrasted with the imagery tongue
movements (x = -32, y = -24, z = 68, t = 3.10, p >0.05 corrected). We also observed
activations located in the left inferior precentral sulcus when the imagery finger movements
were compared to the imagery toe and tongue movements, but these fields were not
consistently activated in both contrasts (Table 1a). Finally, weaker or less consistent imageryfinger-specific activations were detected in the bilateral prefrontal cortex (Table 1a).
Activations specific to the imagery of toe movement
The most conspicuous activation of the toe sections of the motor areas observed specifically
during the imagery of toe movements was located in the left paracentral lobule (foot M1), in
the posterior part of the supplementary motor area, the right inferior frontal gyurs, and in the
left striatum (putamen) (See Figs. 1 and 2, and Table 1b). These regions showed significant
activity in the contrasts (IMAGINE TOES - IMAGINE FINGERS), (IMAGINE TOES - IMAGINE
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TONGUE), (IMAGINE TOES – IMAGINE FINGERS ∩ MOVE TOES – MOVE FINGERS),

(IMAGINE TOES
– IMAGINE TONGUE ∩ MOVE TOES – MOVE TONGUE) (p<0.05 corrected; see Table 1a for details;
see also Figs. 2 and 3). In addition, activations were observed in the bilateral inferior frontal
gyrus and in the CMAr, but these regions were not robustly associated with the execution of
toe movements. Furthermore, during the imagery of toe movements significantly stronger
activity was observed than during either the imagery of finger movements or of tongue
movements in the CMA, the SMA (at y = -4), the bilateral inferior part of the precentral
sulcus (PMV), the left insula, the bilateral striatum and the bilateral prefrontal cortex and the
right supramarginal cortex (p<0.05 after correction for multiple comparisons).
Activations specific to the imagery of tongue movement
When subjects imagined that they moved the tongue, we observed stronger activity in the
bilateral tongue sections of the PM and the cortex lining the central sulcus (M1/S1) than when
they imagined that they performed movements with their fingers and toes (Fig. 1, 2, and Table
1c). In addition, such tongue-specific activations during imagery were observed in the right
PMD and the right striatum (putamen). These regions all showed significant activity in the
contrasts: (IMAGINE TONGUE - IMAGINE FINGERS), (IMAGINE TONGUE - IMAGINE TOES),
(IMAGINE TONGUE – IMAGINE FINGERS ∩ MOVE TONGUE – MOVE FINGERS), (IMAGINE TONGUE –
IMAGINE TOES ∩ MOVE TONGUE – MOVE TOES) (p<0.05 corrected). In addition, activations less
consistently associated with the imagination and execution of tongue movements were located
in the left PMD, right inferior frontal gyurs, the right supramarginal cortex, the right M1/S1,
the right cortex lining the lateral fissure, and the right prefrontal cortex (See Fig. 1, 2 and
Table 1c).
Activation of the primary motor cortex during motor imagery
The region of the primary motor cortex associated with movement of the tongue was clearly
activated bilaterally when the subjects imagined doing the tongue movements (e.g., see Figs.
2,l, o) and the region associated with movement of the left foot (the paracentral lobe) was
active when they imagined that they were making the toe movements (e.g., Figs. 2c, d and f).
However, there was no significant activation of the finger section of the section of the motor
cortex associated with finger movement (nor any other part of M1) during this imagination
condition (Figs. 1 and 2p). We found no active voxels in the central sulcus at the level of the
finger representation (z = 52) in any of the contrasts: (IMAGERY FINGERS – IMAGERY TOES),
(IMAGERY FINGERS - IMAGERY TONGUE), (IMAGERY FINGERS - IMAGERY TONGUE + IMAGERY
FINGERS - IMAGERY TOES), and (IMAGERY FINGERS – REST1). This was also confirmed in a
descriptive analysis where we probed for weaker increases in the MR signal in a volume-ofinterest (VOI) of radius 12 mm around the voxel x = 44, b =-28, z =52 (which corresponds to
the peak detected in the contrasts MOVE FINGERS – MOVE TONGUE; MOVE FINGERS – MOVE
TOES). We used the contrast (IMAGERY FINGERS – REST) and a liberal threshold (t = 3.09;
p<0.001 at each voxel without performing a correction for multiple comparisons) but no
active voxels were detected in the VOI (see Fig. 2p, where we also display the location of the
VOI).
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Common areas for imagery of different body parts
Motor imagery of finger, toe and tongue movements activated several common fronto-parietal
areas in both hemispheres. The results from the conjunction analysis are shown in Table 2 and
Fig. 4 (IMAGINE FINGERS – REST1 ∩ IMAGINE TOES – REST2 ∩ IMAGINE TONGUE – REST3) (voxels
that showed significantly different activations between the imagery conditions were excluded
by means of an exclusive masking procedure; voxelwise t=3.09). Briefly, in the frontal lobes,
activations were detected in the SMA, the CMAr, the bilateral PMD, the bilateral inferior
frontal sulcus, the inferior frontal gyrus, the bilateral cortex lining the lateral fissure) and the
prefrontal cortex. In the parietal lobes, active areas were observed in the bilateral
supramarginal and intraparietal cortices, and in the left angular cortex (for details, see Table 2
and Fig. 4). Finally, the bilateral thalamus, the left putamen and left the cuneus showed
increased activity in all imagery conditions.
Differential and similar degree of activation during imagery and execution
We contrasted the brain activity detected during the imagery and execution of finger
movements to enable a comparison to be made with results presented in earlier motor imagery
studies (e.g., Stephan et al., 1995; Gerardin et al., 2000). In addition, the areas of the brain that
showed a similar degree of activation during performance of overt and covert action were
identified. The results are summarized in Figure 5, and Tables 3 and 2. (We also analyzed the
data from the toe and tongue movements which gave similar results, but these are not shown
here.) There is a clear dissociation between those areas of the brain that show stronger activity
during motor imagery than execution and vice versa. In the frontal lobe these activations can
be characterized in terms of a posterior-to-anterior gradient with areas related to the execution
of movement being located in the posterior parts and imagination-specific areas being located
more rostrally. In the parietal lobe a similar but opposite (anterior-to-posterior) gradient was
observed with execution related foci in the anterior parts and imagination related areas being
identified in the more posterior zones. On the medial wall of the left frontal lobe, the posterior
part of the SMA (y = -16 in standard space) and the CMAc showed the strongest activation
during execution. During execution and imagination, a similar degree of activity was observed
in the CMA around y = 0 in standard space and the rostral parts of the SMA (y = -4 to 8 in
standard space), whilst the CMAr showed the strongest activation during the imagery
movements. In the PMD region the right PMD (at y = -28) displayed stronger activity during
execution than imagination, with a similar degree of activity being observed in the bilateral
PMD (at y = -0 to y = -12 in standard space). The bilateral PMD at y = -4 to y 12 in the
standard space showed the strongest activity during imagination. In the ventral part of the
inferior frontal lobe (including PMD, Broca’s region and its right homologue) the cortex
lining the inferior part of the precentral sulcus and the inferior frontal gyrus around y = 0 in
standard space were associated with movement execution, while activations specific to motor
imagery were located more rostrally at y = 12 to 20 in the standard space. The bilateral
prefrontal cortex showed stronger activation when the hand act was imagined than when it
was executed (with the exception of one right-sided area). In the parietal lobe, the bilateral
parietal operculum, an anterior part of the left superior parietal cortex, and the bilateral central
(S1) and post-central cortex were associated with movement execution; the bilateral
intraparietal and supramarginal cortices showed a similar degree of activation during the
imagination and execution of finger movements; the imagination being contrasted with the
execution activated posterior parts of the bilateral intraparietal, supramarginal and angular
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cortex together with the cuneus of the occipital lobe. The bilateral striatum, thalamus, and
insula all show stronger or similar levels of activity during execution than imagination.
Somatotopical sections of the motor areas
We used the movement execution conditions to define the somatotopical sections of the motor
areas. The results from the direct comparisons between the movement execution conditions
are displayed in Fig 3. Somatotopical zones of activity specific to the movement of one
particular body part were found in the primary sensorimotor cortex, the premotor cortex
rostral to the M1/S1 and the parietal cortex just posterior to S1. On the medial wall of the
frontal lobe a toe-specific region was detected in the posterior part of the SMA and M1, and a
finger-specific cluster was located in the cingulate sulcus (CMAc) and the most ventral part of
the superior frontal gyrus (SMA). No reliable tongue-specific areas were detected on the
medial wall of the frontal lobe. In the parietal operculum a finger zone (x = -56, y = -24, z =
20) and a toe zone (x = -36, y = -24, z = 12) were detected. In addition to these classical motor
and somatosensory areas, activations were observed in the right prefrontal cortexand bilateral
inferior frontal gyurs (toes) in relation to movement of the toes, and in the bilateral superior
posterior parietal cortex during the tongue movements.

DISCUSSION
In the present study we have examined the brain activity when healthy subjects are imagining
that they are making voluntary movements of their fingers, toes and tongue. The most
important finding is that imagining movements of different body parts activates some of the
corresponding somatotopical sections of the frontal motor areas. The sections of the posterior
part of the SMA and M1 that were associated with toe movements were especially active
during the imagery of toe movements, a finger-related zone located in the CMAc (also
encompassing the most ventral part of the SMA) was more active during the imagery of finger
movements than the imagery of the other body parts and, finally, the tongue-related regions of
the lateral premotor cortex and M1 were specifically activated whilst imagining making
tongue movements. These results demonstrate the existence of a direct relationship between
the type of movement that is being imagined and the activation of neuronal populations in the
motor cortices. This finding provides support for the ‘simulation’ hypothesis of motor
imagery that states that motor imagery and motor execution share common neural substrates
in the motor system (Jeannerod, 1995; Jeannerod and Decety, 1995; Decety, 1996; Jeannerod
and Frak, 1999).
Methodological issues
A concern in all studies of motor imagery is that the subjects make small movements or weak
muscular contractions during the imagery conditions. We are of the opinion that it should be
possible to dismiss this concern in the present study since all subject could produce vivid
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imagery of finger and toes movements without any muscular activity as recorded by the
surface EMGs (of the relevant flexor and extensor muscles).
We defined the somatotopical zones of the motor cortices by contrasting the
movement execution conditions (fingers, tongue and toe movements respectively). However,
it was not the aim of the present study to examine the possible somatotopical organization of
the frontal motor areas in the finest grain; this is probably best done by using high-field MR
scanners (Trulsson et al., 2001; Moore et al., 2000), analyzing data from individual subjects
(Kleinschmidt et al., 1997; Fink et al., 1997; Disbrow et al., 2000) and possibly with the aid of
cortical surface unfolding techniques (Moore et al., 2000) .
Motor imagery activates body-part specific motor representations
By directly contrasting the MR signals detected in the different imagery conditions the effects
related to the general cognitive processes associated with the mental image generation were
eliminated, thereby revealing neural activity specifically reflecting the body part in the motor
image. By adopting this approach we found that imagery of voluntary movements of different
body parts recruited the corresponding gross somatotopical zones of the motor cortices,
including sections of SMA, CMAc, PM and M1. The activity specifically associated with the
imagery of finger movements was located in the hand section of CMAc (but the cluster of
active voxles also overlapped with most of the ventral part of the superior frontal gyrus). This
region also showed stronger activity during the execution of finger movements rather than toe
or tongue movements, and has been associated with the control of the fingers in earlier human
studies (Tyszka et al., 1994; Dettmers et al., 1995; Stephan et al., 1995; Picard and Strick,
1996; Fink et al., 1997; Deiber et al., 1999; Ehrsson et al., 2001). Similarly, the imagery of
tongue movements activated parts of the bilateral PM and M1 that were associated with overt
tongue movements in the present study and that corresponded to the location of the tongue
representation of the PM and M1 (Woolsey et al., 1952; Penfield and Rasmussen, 1952;
Roland, 1993b; Fox et al., 2001). Finally, when the subjects imagined that they were
executing the toe movements we found conspicuous activations located in the posterior part of
the SMA and the foot section of M1 in the paracentral lobe. This part of the SMA and M1 has
previously been associated with movements of the lower right limb in humans (Penfield,
1951; Talaraich and Bancaud, 1966; Fried et al., 1991; Fink et al., 1997; Rijntjes et al., 1999;
Ehrsson et al., 2000) and therefore corresponded to the toe representation as defined in the
present study.
These findings are of prime importance because they suggest a direct relationship
between the content of the motor image, in this study the different effectors, and the
engagement of the corresponding specific somatotopical motor representations. This
parallelism of the activation patterns between imagery of action and actual performance of
movements fits well with the psychological observation that motor imagery and motor
execution appear to obey similar biomechanical constraints (Sirigue et al., 1996; Parsons and
Fox, 1998; Frak et al., 2001; Johnson, 1998; Frak et al., 2001). Thus, during motor imagery
the large neural populations in the somatotopically organized sections of the motor cortices
could encode motor commands in a similar way as when movements are executed. Another
possibility is that these neuronal groups represent kinesthetic information related to the
different body parts that becomes recruited during the imagined act (Naito et al., 1999; Naito
and Ehrsson, 2001). Finally, considering that, by definition, motor imagery is a conscious
process, the motor activations in the present study might reflect a neural correlate of becoming
consciously aware of one’s own motor representations (Jeannerod, 1994; Annett, 1995). We
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should clearly emphasize that we have no strong evidence that the activation of the
somatotopical zones of motor areas during motor imagery truly reflects ‘conscious
processing’ (it could in principle reflect a subliminal activation of the motor areas, see
Jeannerod and Frak 1999). However, it is possible that these activations could reflect
consciously controlled (top-down) attentional augmentation of the neural signals in the
relevant motor representations so that this information becomes available to awareness.
‘Asymmetrical’ activation of M1 during motor imagery of different body-parts.
We found significant activations located clearly in the toe and tongue sections of the primary
sensory and motor cortex during the motor ideation involving the toe and tongue respectively.
However, we did not detect any reliable M1 activation in the cortices lining the central sulcus
when the subjects imagined that they moved their fingers. Furthermore, we surprisingly
observed a greater number of active fronto-parietal areas outside the classical motor cortices
specifically associated with the imagery of toe and tongue movements than when the subjects
imagined moving their fingers (including the prefrontal cortex). Although one could speculate
that these results might indicate existing differences in the functional organization of
movements of different body parts, this could also reflect that it is perhaps more demanding to
generate vivid motor images of toe and tongue movements than of movements of fingers, as
indicated by introspection. Indeed, the toes and tongue are more rarely used in everyday tasks
to produce discrete voluntary movements than the fingers (e.g., as one does when writing or
manipulating objects). In the earlier fMRI studies that detected activation in the M1 hand zone
the imagined movements were biomechanically complex (i.e., sequential thumb-finger
oppositions) (Leonardo et al., 1995; Sabbah et al., 1995; Porro et al., 1996; Roth et al., 1996).
In contrast, the imagined movements in the present investigation were simple, i.e., repetitively
flex and extend all fingers together. Thus, we speculate that the general simplicity of the
finger movements in our study could explain low levels of activation specifically associated
with motor imagery of this action.
Activations specific to the imagination of action irrespective of the body part
There were two interesting secondary observations. Firstly, in addition to the body-part
specific activations in the frontal motor areas, motor imagery of finger, toe and tongue
movements activates a set of common areas in the frontal and parietal lobes. These active
fronto-parietal areas are generally consistent with those areas reported in earlier studies where
the task of the subjects was to imagine various self or externally paced hand actions (Stephan
et al., 1995; Thobois et al., 2000; Gerardin et al., 2000; Ruby and Decety, 2001). Secondly,
several of these areas, including the rostral parts of the non-primary motor areas, the
prefrontal cortex, and posterior sections of the posterior parietal lobe, showed stronger activity
during imagery than execution of the same movement (consistent with the general
observations made by Gerardin et al., 2000). Thus, this observation emphasizes that motor
imagery is a cognitive state that is not wholly the same as movement production with the final
execution step inhibited, but that it involves additional processes. What kind of neural
processes could be involved in motor imagery but not in execution of simple movements?
Firstly, memories of the imagined act must be actively retrieved. Given that memory retrieval
is a function associated with the prefrontal cortex (Roland and Friberg, 1985; Incisa Della
Rochetta and Milner, 1993; Buckner et al., 1999), the activations located in this brain region
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could relate to this process. Secondly, the active manipulation of motor images might require
working memory. The strong engagement of prefrontal areas during the motor imagery would
fit with this interpretation (Goldman-Rakic, 1995; Fuster, 1995; Klingberg et al., 1997; Smith
and Jonides, 1998; Courtney et al., 1998). Thirdly, it is possible that motor imagery requires
active inhibition of the actual movements, a function that has been attributed to the prefrontal
cortex (Fuster, 1995). Finally, motor imagery requires that we pay attention to the mental
images otherwise they will fade away. Indeed, it is difficult to conceive that one can perform
motor imagery as one performs a routine motor act which require a minimum of attention.
Thus it is possible that the stronger activation of the prefrontal cortex when subjects imagine
as opposed to execute a simple movement reflects processes related to the control of attention
to the imagined actions. Interestingly, the dorsolateral prefrontal cortex is active when humans
execute movements and focus their attention to the motor performance (‘attention to action’;
Passingham, 1996). Thus it is tempting to speculate that motor imagery depend on attentionprocesses that are engaged normally by humans when performing non-routine motor acts.
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Legends
Fig. 1 Activations associated with motor imagery of a specific body-part. The results
were obtained by contrasting the motor imagery conditions (IMAGINE FINGERS, IMAGINE TOES,
IMAGINE TONGUE) and these are displayed on a 3D-representation or a sagittal slice of the
standard brain (MNI). The arrows point to the activations located in somatotopical zones of
the motor areas that were robustly associated with the imagination of one body part as
compared to both the other two imagery conditions (we focus on these areas in the
Discussion). Imagery of finger movements consistently activated the cortex of the CMAc and
the ventral part of the posterior part of the SMA, imagining making toe movements activated
the toe section of M1 and the posterior part of SMA, and imagery of tongue movements
increased the activity in the bilateral SI/M1/PM cortex at the level of the tongue
representation. We used the threshold of t = 3.09 for the statistical images; only activations
that correspond to p<0.05 after a correction for the number of multiple comparisons based on
the peak height are shown. (The results were also masked with the corresponding imagery
condition contrasted with the rest condition; t = 3.09). L: Left hemisphere, R: Right
hemisphere, x: x-coordinate in the standard space. I.Fin: IMAGERY FINGERS, I.Toe: IMAGERY
TOES, I.Ton: IMAGERY TONGUE. See Tables 1a, b and c for details. See also Fig. 2 where we
show the most relevant activations in ‘close up’, and Fig. 3 for how we defined the body-part
specific zones of the motor areas (by contrasting the real movement conditions).
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Fig. 2 Main findings: Activation of different somatotopical sections of the frontal
motor areas when the subjects imagine performing voluntary movements of different bodyparts. Three relevant brain regions are highlighted: the medial wall of the frontal lobe (a-g,
m,n), the PM/M1/S1 at the level of the tongue representation (h-l) and the cortex lining the
central sulcus at the level of the hand representation (where we did not detect activity) (p).
The arrows point to the relevant activations: imagery of finger movements activated the
CMAc and the most ventral part of the superior frontal gyurs (perhaps a part of the SMA)
(a,b), imagining making toe movements activated the toe section of M1 and the posterior part
of the SMA (corresponding to the foot zone) (c,d), and imagery tongue movements was
associated with increases in activity in the bilateral SI/M1/PM cortex corresponding to the at
tongue representation (h, i). Note that the same pattern of activity can be revealed by directly
examining the contrasts of the imagery conditions with the rest baseline conditions (e-g, j-l).
The somatotopical sections of these motor areas as defined by contrasting the overt movement
conditions are also displayed (m-o). Finally, we illustrate the lack of reliable activity in the
central sulcus at the level of the hand representation (p) (the circle shows the VOI where we
probed for activity using the more liberal statistical criterion of p=0.001 without a correction
for multiple comparisons, for details see the Results). The activations (yellow) are displayed
on a sagittal (a-g, m-n) or axial (h-l, o-p) slices of a mean image generated from the
anatomical T1-weighted MRIs from all subjects. The coordinates (x,y,z) refer to the standard
space (MNI). We used the threshold of t = 3.09 for the statistical images; only activations that
correspond to p<0.05 after a correction for the number of multiple comparisons based on the
peak height are shown. (The results were also masked with the corresponding imagery
condition contrasted with rest condition at a voxelwise t = 3.09). L: Left hemisphere, R: Right
hemisphere. I.Fin: IMAGERY FINGERS, I.Toe: IMAGERY TOES, I.Ton: IMAGERY TONGUE,
M.Fin: MOVE FINGERS, M.Toe: MOVE TOES, M.Ton: MOVE TONGUE, Rest: REST4, VOI:
volume-of-interest.
Fig. 3 The somatotopical zones of the frontal motor areas as defined by contrasting the
real movement conditions (finger, toes and tongue). We observed a gross somatotopical
organization: finger representations (the two top rows) were detected in M1/S1 (x=-44, y = 28, z= 52), the premotor cortex rostral to M1/S1 (x=-36, y=-24, z=64), in the posterior parietal
cortex posterior to M1/S1 (x=-48, y=-40, z=60; x=-28, y=-52, z=68), and in a medial wall
zone located in the most ventral part of the mesial superior frontal gyrus and the cingulate
sulcus (x=-8, y=-24, z=48). In the motor cortices, foot representations included the paracentral
lobe (M1/S1) (x=-8, y-32, z=68; x=-8, y=-44, z=64) and in the posterior part of the SMA
(x=4, y=-24, z=72) (third and fourth rows). Finally, tongue-specific cortical activation was
revealed in the central sulcus/premotor cortex on the lateral surfaces of the hemispheres (x=56, y=12, z=32; x=56, y=4, z=28). In addition, we observed activity outside the classical
motor areas in the bilateral parietal operculum (fingers, toes), the bilateral inferior frontal
gyrus (toes and tongue), right prefrontal cortex (toes), and the bilateral posterior parietal
cortex (superior parietal and angular cortex; tongue). The activations (yellow) are displayed
on a 3D-representation, or a sagittal slice of the standard brain (MNI). We used the threshold
of t=4.54 for the statistical images which corresponds to a p<0.05 at each voxel after a
correction for the number of multiple comparisons. (The results were also masked with the
corresponding imagery condition contrasted with a rest condition at t = 3.09). L: Left
hemisphere, R: Right hemisphere, x: x-coordinate in the standard space. M.Fin: MOVE
FINGERS, M.Toe: MOVE TOES, M.Ton: MOVE TONGUE.
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Fig. 4 Brain areas that are commonly active when subjects imagine movements of
their fingers, toes and tongue are displayed. To obtain these results a conjunction analysis was
used (IMAGINE FINGERS – REST1 ∩ IMAGINE TOES – REST2 ∩ IMAGINE TONGUE – REST3) showing
voxels that correspond to p<0.001 or better after a correction for multiple comparisons was
shown (tmin= 2.85). The bilateral PM, SMA, CMA, prefrontal cortex and posterior parietal
cortex were active (for details about the activations see the Results section and Table 2. ). The
activations (yellow) are displayed on a 3D-representation (a-c), or a sagittal slice (d) of the
standard brain (MNI). (The results were also masked with the corresponding imagery
condition contrasted with rest condition at t = 3.09). L: Left hemisphere, R: Right
hemisphere, x: x-coordinate in the standard space.
Fig. 5. Differential activations during imagined and executed finger movements. The
left column shows the brain areas with stronger activity when the subject made the
flexion/extension movements of the fingers than when they imagined the same actions (MOVE
FINGERS – IMAGINE FINGERS). The second column from the left displays the areas that showed
a similar degree of activity during execution and imagination (IMAGINE FINGERS – REST1 ∩
MOVE FINGERS – REST4) (p>0.001 for MOVE FINGERS – IMAGINE FINGERS, and vice versa). The
two right columns show the areas of the brain that are more active when the movements were
imagined than when they were actually produced, these columns correspond to (IMAGINE
FINGERS – MOVE FINGERS), and (IMAGINE FINGERS – MOVE FINGERS ∩ IMAGINE TOES – MOVE
TOES ∩ IMAGINE TONGUE – MOVE TONGUE), respectively. For details see Table 3 and the
Results section. The activations (yellow) are displayed on a 3D-representation (a-l), or a
sagittal slice (m-p) of the standard brain (MNI). (The results were also masked with the
corresponding imagery condition contrasted with the rest condition at t = 3.09). L: Left
hemisphere, R: Right hemisphere, x: x-coordinate in the standard space.
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Table 1a. Body-part specific activations during imagery: Fingers
I.fin. – I.toe.

I.fin – I.ton.

I.fin. – I.toe ∩
M.fin. – M.toe.*

I.fin. – I.ton. ∩
M.fin – M.ton.*

t
7.70

x
-4

tmin
4.52

x
-4

4.70

-32 -24

4.49

-32 -12
-8 -8

I.fin. - I.toe +
I. fin. – I.ton.

Anatomical region
Left superior frontal gyrus
(SMA/CMAc)
Left precentral gyrus (PMD)
Left cingulate sulcus (CMA)
Left inferior frontal sulcus
Left inferior frontal gyurs, pars
opercularis
Left prefrontal cortex
Right prefrontal cortex

x
0

y
z
-24 48

-32 -24
-60

8

68
36

t
5.22

x
-4

y
z
-24 52

t
8.89

-8
-52
-52

-8
4
20

44
-4
-8

9.97
4.56
5.82

-52
48

44
48

-4
4

4.95
4.79

4.89
4.72

x
-4

y
z
-24 48

-32 -24

68

y
z
-24 48
68

y
z
-24 52
68
44

tmin
8.89
3.91
9.97

Significant local maxima of activation specifically associated motor imagery of finger movements (IMAGINE FINGERS – IMAGINE TOES), (IMAGINE FINGERS – TONGUE) (p<0.05 corrected for
multiple comparisons at the cluster level and at the voxel level). All regions were also active (t=3.09 at each voxel) when the imagery condition was compared with the baseline condition (by a
masking procedure). The somatotopical zones of the motor regions that were consistently activated in association with imagination of one body part in comparison to both the other two effectors
are shown in bold text. Anatomical locations were related to the mean standardized antomical MRI. I.fin: IMAGINE FINGERS; I.toe: IMAGINE TOES; I.ton.: IMAGINE TONGUE; M.fin.:
MOVE FINGERS; M.toe: MOVE TOES; M.ton.: MOVE TONGUE
* conjunction analysis in SPM99

Table 1b. Body-part specific activations during imagery: Toes
I.toe. – I.fin

I.toe – I.ton.

I.toe. – I.fin. ∩
M.toe. – M.fin*

I.toe. -I.fin. +
I.toe. – I. ton.

I.toe. – I.ton. ∩
M.toe – M.ton.*

Anatomical region
Left paracentral lobule (M1/SMA)
Left superior frontal gyurs (SMA)
Left cingulte sulcus (CMA)
Superior frontal gyrus (SMA)
Left prefrontal cortex
Left precentral sulcus (PMV)
Left inferior frontal gyrus, pars opercularis
Left inferior frontal gyrus, pars triangularis
Left insula
Left putamen
Left caudate / putamen
Right cingulate sulcus (CMAr)
Right putamen
Right inferior frontal gyrus, pars opercul.
Right inferior frontal gyurs, pars trinagul.
Right prefrontal cortex
Right cingulate sulcus
Right precentral sulcus (PMD/PMV)
Right supramarginal cortex

x

y

z

t

x

t

x

y

z

t

x

y

z

tmin

x

-8
-8

-28
-20

64
72

8.83
8.00

-8
-8

-24 72
-8 44

9.58
11.7

8.63
8.00

-8
-8

-24 72
- -8 44

9.58
11.7

6.56

4

-12

68

6.29

48
-48
-52
-52

40
8
8
24

-4
36
-4
-4

6.36
6.30
6.91
6.87

10.3
10.1
7.69
7.34
5.00

64
72

68

68
72
44
64
-4

-28
-20

-4

-28
-20
-8
-16
40

-8
-8

8

-8
-8
-8
0
-48
-56
-48

8
24

4
0

7.53
5.32

-60

4

4

5.32

-28

12

-8

5.77

5.77

-32
-28

-20
12

8
8

4.45
5.77

6.79

5.95
4.80
7.80
5.07
4.98

-8

40

-8
20
40
4
4

12

4

12
-8
4
4
12

-28

4

-28
-20
8
28
56

4

4

40

6.03

32
56

8
8

4
4

3.92
4.91

48
4
40

40
24
8

8
32
44

6.07
5.19
4.85

48

40

8

3.57

56
48
40
4

8
20
44
24

0
-8
8
32

3.95
3.93
5.43
5.85

-60

8

4

5.02

-32
-20
-20
8
28
56
48

-24
16
-8
4
8
4
32

8
4
20
40
4
8
16

5.01
5.45
5.17
7.25
5.19
5.84
4.98

8
48
60

20
0
-36

32
44
32

4.72
4.29
5.65

y

z

52 16
-8
56 24
28
48
40 8
4
24 32

6.09
4.91
6.19
5.85

y

z

tmin

Significant local maxima of activation specifically associated motor imagery of finger movements (IMAGINE TOES – IMAGINE FINGERS), (IMAGINE TOES – TONGUE) (p<0.05
corrected for multiple comparisons at the cluster level and at the voxel level). All regions were also active (t=3.09 at each voxel) when the imagery condition was compared
with the baseline condition (by a masking procedure).
For abbreviations and further details see Table 1a.

Table 1c. Body-part specific activations during imagery: Tongue
I.ton. – I.fin.

I.ton. – I.toe.

I.ton. – I.fin. ∩
M.ton. – M.fin*.

I.ton. - I.fin. +
I.ton. – I. toe.

I.ton. – I.toe. ∩
M.ton. – M.toe*

Anatomical region
Left central sulcus (M1, S1)
Left central gyrus (sulcus) M1/PM)
Left precentral gyrus (PMD)
Right central sulcus (gyrus) (M1/PM)
Right central suclus (M1)
Right postcentral gyrus (S1)
Right postcentral gyrus (S1)
Right precentral gyrus (PMD / M1)
Right precentral gyrus (PMD)
Right precentral gyrus (PMD)
Right inferior frontal gyrus, pars
opercularis
Right supramarginal cortex
Right cortex lining the lateral fissure
Right prefrontal cortex
Right putamen

x
y
z
t
-56 -12 32 14.13
-64 0 24 10.23
-56 -12 52 8.23
56 -4 32 17.77
48 -12 40 12.88

48 -12 56
32 -4 64
24 -16 52
52 16 8

8.99
4.54
4.79
5.61

60 -36
64 -28
32 36
28 0

6.33
5.98
5.28
8.87

32
20
36
-8

x
y
z
t
-56 -12 32 15.15
-68 -4 24 8.88
56

-4

68 -24
64 -24
52 -12
32 -8

28

0

28 17.91
28
40
52
64

-8

5.90
6.37
8.31
5.70

6.76

x

y

z

-56 -12 32
-64 0 24
-56 -12 52
56 -4 28

48 -12 56
32 -8 64
24 -16 52

28

0

-8

t

16.8
11.0
9.69
20.4

9.30
5.48
4.61

8.98

x
y
z
tmin
-56 -12 32 14.13
-64 0 24 10.23

x
y
z
tmin
-56 -12 32 15.15
-64 -4
24 8.88

56 -4
48 -12

56

32 17.77
40 12.88

48 -12 56
24 -20 72

8.99
4.90

64 -28
64 -28

40
20

3.94
3.33

28

-4

8.87

4

-4

28 17.91

64 -24 40
52 -12 52
32 -8 64

6.37
8.31
5.70

28

6.20

-4

-4

Significant local maxima of activation specifically associated motor imagery of finger movements (IMAGINE TOES – IMAGINE FINGERS), (IMAGINE TOES – TONGUE) (p<0.05
corrected for multiple comparisons at the cluster level and at the voxel level). All regions were also active (t=3.09 at each voxel) when the imagery condition was compared
with the baseline condition (by a masking procedure).
For abbreviations and further details see Table 1a

Table 2. Common areas for motor imagery of different body parts
(I.Fin. – Rest)∩
(I.Fin. – M.Fin.)∩
∩(I.Toe. – Rest)
∩(I.Toe. – M.Ton.)
Anatomical region,
∩(I.Ton. – Rest)
∩(I.Ton. – M.Ton.)
functional region
Common areas imagery of different
body parts (conjunction analyses)

x

y

z

tmin

x

y

z

tmin

Superior frontal gyrus (SMA)
0
-4 64 13.7
0
0
60 7.56
Superior frontal gyrus (SMA)
-8
0
56 11.2
0
8
64 7.97
Cingulate sulcus (CMAr)
0
8
44 10.5
-4 20 40 8.17
Left cortex lining the lateral fissure
-60 8
-4
8.74
Left cortex lining the lateral fissure
-60 0
0
6.92
Left angular gyrus
-36 -64 56 8.06
-36 -68 52 8.75
Left supramarginal gyrus
-64 -48 40 6.59
-64 -52 36 6.99
Left supramarginal gyrus
-60 -56 44 5.29
-52 -60 48 6.92
Left inferior precentral gyrus (PMV/area44)
-60 16
4
7.84
-56 16
4
8.97
Left inferior precentral sulcus (PMV/area 44) -60 8
16 4.60
Left inferior precentral sulcus (PMV/area 44) -60 12 24 4.27
-60 12 32 7.11
Left precentral gyrus/sulcus (PM)
-52 0
40 7.62
-48 0
56 3.93
Left precentral gyrus/sulcus (PMD)
-40 -12 64 7.60
-48 -4 44 3.90
Left precentral gyrus (PMD)
-48 -8 48 6.85
Left prefrontal cortex
-44 52 20 7.55
-44 52 20 8.98
Left prefrontal cortex
-48 40 24 5.46
-36 56 28 8.97
Left prefrontal cortex
-40 40 32 5.44
-52 36 24 4.65
Left inferior frontal gyrus, pars triangularis
-56 36
0
3.61
Left vertical ramus of the lateral fissure /
-40 16
4
4.80
inferior frontal gyrus pars triangularis
Left precentral sulcus (PMD)
32 -12 60 4.72
Left intraparietal sulcus
32 -52 44 4.33
Left putamen
-28 0
-8
5.24
Left putamen
-32 -12 0
3.68
Left cuneus
-8 -80 24 3.65
-8 -72 56 4.63
Left thalamus
-8
-4
8
3.64
Right inferior precentral sulcus (PMV/area
56
8
36 10.7
52
8
32 6.98
44)
Right inferior frontal gyrus, pars
52 12 20
8.1
52 24 24 4.16
opercularis/triangularis
Right inferior frontal gyrus, pars opercularis
60
8
4
9.73
Right inferior frontal gyrus, pars triangularis
52 24 -4
7.14
52 20 -4
8.24
(area 45 / area 44)
Right supramarginal gyrus
56 -40 52 6.90
Right supramarginal gyrus
64 -44 28 4.20
Right intraparietal sulcus
48 -48 56 3.50
48 -48 56 4.51
Right precentral sulcus (PMD)
40 -4 48 6.86
Right precentral sulcus (PMD)
28 -12 48 5.50
Right precentral sulcus (PMD)
48
4
52 6.83
48
4
52 5.61
Right prefrontal cortex
48 52 20 6.83
40 52 20 6.45
Right prefrontal cortex
44 48
8
5.73
52 40
8
4.10
Right superior frontal gyrus (SMA)
4 -20 72 5.22
Right thalamus
12 -4 12 5.18
Right cortex lining the lateral fissure
64 -36 16 4.77
Right prefrontal cortex
35 48 32 3.57
Significant local maxima of activation when we examined the common effect of motor imagery of fingers, toes
and tongue versus the rest conditions. Spm99 conjunction analyses: (IMAGINE FINGERS – REST) ∩ (IMAGINE TOES –
REST) ∩ (IMAGINE TONGUE - REST) and (IMAGINE FINGERS - MOVE FINGERS) ∩ (IMAGINE TOES - MOVE TOES) ∩
(IMAGINE TONGUE VS. MOVE TONGUE); tmin=2.85 corresponding to p<0.001 corrected for multiple comparisons at
the voxel level. Voxels that showed significant difference in activation between the tasks are not shown (exclusive
masking, t = 3.09). We only report the three most significant peaks of activity within each cluster. For abbrivations
see Table 1.

Table 3. Different and similar brain activations during imagery and execution (fingers)
Anatomical region,
functional region
Move > Imagine
Move ≈ Imagine
Move < Imagine
x

y

z

t

Left superior frontal gyurs (SMA)

-12

-16 52

13.3

Left cingulate sulcus (CMA)

-12
-12
-44
-52
-56
-44

-8
-24
-28
-32
-24
-36

13.9
12.1
37.2
27.3
16.9
8.90

Left central sulcus
Left parietal operculum

48
44
52
56
20
20

Left precentral gyrus, sulcus (PMD)

x

y

z

tmin

-4
-4

0
-24

48
44

11.32
4.86

-48
-48
-32

-8
-4
-12

48
56
68

6.67
4.90
5.50

Left precentral gyrus / sulcus (PMV)
Left inferior frontal gyrus (cortex
lining the lateral fissure)

-56

0

4

5.86

-60

4

0

9.68

Left prefrontal cortex

Left postcentral sulcus
Left superior parietal gyrus

-24
-28
-20

-48 72
-52 56
-60 60

Right parietal operculum

Right superior frontal gyrus (SMA)
Right cingulate sulcus (CMA)
Right cingulate gyrus
Right precentral gyrus, sulcus (PMD)

Right precentral gyrus / sulcus
(PMV)

Right intraparietal cortex /
supramarignal cortex
Right intraparietal cortx / angular

-52

0

44

6.59

-56

12

32

8.40

-50

20

-8

12.5

-52
-44
-36

44
52
56

16
20
28

10.3
10.3
9.77

6.20

-64

-52

40

10.0

-60
-32

-40
-60

40
56

5.39
6.71

-36

-38

52

10.3

-4
-12
0
4

52
64
44
36

6.87
6.77
10.34
7.32

48
48

4
-8

52
48

5.61
4.42

56

12

32

9.59

8

8

8.79
48

20

-8

10.1

32
48
48
44
-48

-4
24
0
12
52

7.6
7.52
7.04
6.10
5.37

-40

52

3.72

44
40
56
24
20
20
56
44
36
60

10.2
8.55
6.55
12.67
11.7
10.2
5.37
8.67
9.65
7.99

60

4

16

6.57

48
36
56
60

52

0

8

8.02

56

36

9.03
9.03
8.09
9.00

52

-24
-32
-24
-24
-24
-28
-12
0
-4
-28

32

t

64
72
64
40

-48

52
36
32
52
64
36
8
12
4
16

16

z

8
-24
-4
16

-56

Right inferior frontal gyrus, pars
opercularis / pars triangularis
Right prefrontal cortex

y

0
4
0
0

12.7
11.0
9.35

Left intraparietal cortex /
supramarignal cortex
Left intraparietal cortx / angular
gyrus
Right central sulcus

x

56

-36

48

4.49

36
40
44
48
52

36

-40

36

3.48

56

10.33

gyrus
Left cuneus
Right cuneus
Right superior parietal gyrus
Left insula
Right insula
Left putamen
Left caudate
Left thalamus
Right putamen

Right thalamus

-8
8
24

28
-40
-36
36
32

-40
-8
-20
0
-16

48
0
4
8
8

12.3
11.7
9.45
6.28

-12
-16
16
16
20

-8
-16
-8
-16
-24

20
4
-4
8
4

6.28
15.5
11.32
10.95
10.58

-28

4

-12

4.24

-8
24

-8
4

12
4

4.14
3.40

-72
-76
-72

56
52
56

11.2
7.32
6.66

0 -16 12 4.95
12 -8 16 5.43
Significant local maxima of activation when we examined the contrasts (IMAGINE FINGERS - MOVE FINGERS) and
(MOVE FINGERS - IMAGINE FINGERS), respectively (p<0.05 after a correction for the number of multiple
comparisons). We also localized the areas that were commonly active during imagination and execution of finger
movements using the conjunction analysis: (IMAGINE FINGERS - REST) ∩ (MOVE FINGERS – REST) (masked
exclusively with the contrasts IMAGINE FINGERS - MOVE FINGERS and MOVE FINGERS - IMAGINE FINGERS at a
voxelwise t=3.09. We only report the three most significant peaks of activity within each cluster. Anatomical
locations were related to the mean standardized antomical MRI.

