Differential Fronto-Parietal Activation Depending on Force Used in a
Precision Grip Task: An fMRI Study

H. HENRIK EHRSSON!? ANDERS FAGERGREN, AND HANS FORSSBERG
IMotor Control Laboratory, Department of Woman and Child Health dBilision of Human Brain Research, Department
of Neuroscience, Karolinska Institutet, 171 77 Stockholm, Sweden

Received 13 October 2000; accepted in final form 9 February 2001

Ehrsson, H. Henrik, Anders Fagergren, and Hans Forssberg. forces to a fixed object under isometric conditions (Ehrsson et
Differential fronto-parletal activation depending on_force used in & 2000). This precision grip task was associated with bilateral
precision grip fask: an fMRI studyl NeurophysioB5: 2613-2623, ,ctivity in a set of frontal and parietal areas in addition to the

2001. Recent functional magnetic resonance imaging (fMRI) studi .
suggest that the control of fingertip forces between the index fin 'r‘:'mary motor cortex (M1). Several of these areas, i.e., the

and the thumb (precision grips) is dependent on bilateral frontal aRHateral ventral premotor cortex (PMV, also engaging area
parietal regions in addition to the primary motor cortex contralater4f}), the rostral cingulate motor area (CMAr), the supramar-
to the grasping hand. Here we use fMRI to examine the hypothegital cortex, the ventral lateral prefrontal cortex, and the right
that some of the areas of the brain associated with precision grips argaparietal cortex, were either recruited exclusively or
more strongly engaged when subjects generate small grip forces teaowed augmented activity when the subjects used the preci-
when they employ large grip forces. Subjects grasped a stationgfyn grip as opposed to when they used a palmar power grasp
object using a precision grip and employed a small force (3.8 N) th@} herform a similar manipulative task. These differences could
was representative of the forces that are typically used when maniBrect differences in the hand posture or higher demands

ulating small objects with precision grips in everyday situations or. . ; . -
large gforce (16{6 N) thatprepresen%spa somevglhatyexcessive fo ofsed when controlling small forces at the fingertip-object
pterface.

compared with normal everyday usage. Both force conditions i i .
volved the generation of time-variant static and dynamic grip forces In the present study, we examined whether the cortical

under isometric conditions guided by auditory and tactile cues. TE@Ntrol of small precision grip forces differs from the control of
main finding was that we observed stronger activity in the bilaterkiirge forces when the same grasp is used. In particular, we test
cortex lining the inferior part of the precentral sulcus (area 44/ventrdle hypothesis that some of the cortical regions associated with
premotor cortex), the rostral cingulate motor area, and the rigbtecision grips would be more active during the employment of
intraparietal cortex when subjects applied a small force in comparisgfhall fingertip forces than when generating large grip forces.
to when they gengrated a larger force._Thls observation suggests Ris hypothesis is grounded on single-cell recordings in non-
secondary sensorimotor related areas in the frontal and parietal 08&g, 5 hrimates that have demonstrated that a larger number of
play an important role in the control of fine precision grip forces in thgorticospinal neurons modulate their discharge rate for forces
range typically used for the manipulation of small objects. .
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

The precision grip between the tips of the thumb and thgrecision grip force is decreased (i.e., there is a negative
index finger has developed in primates for the manipulation obrrelation with force) (Hepp-Reymond 1988; Hepp-Reymond
small and delicate objects (Napier 1961). It requires indepegt-al. 1994; Maier et al. 1993; Wannier et al. 1991). There are
dent finger movements (Lawrence and Kuypers 1968; Passiafso studies in humans that indicate that the control of fine
ham et al. 1983; Porter and Lemon 1993) and a sophisticaf@écision grip forces is dependent on cortical mechanisms that
control of the small fingertip forces applied to the surface of thman be impaired during various neurological conditions (e.g.,
object (Johansson 1996; Johansson and Westling 1984). danebral palsy, focal dystonia, stroke, attention deficit/hyper-
illustrative example of this control is when picking a raspactivity disorder) (Eliasson et al. 1992; Hernigg@o and Mai
berry—too much force will crush the raspberry, too little and t996; Odergren et al. 1996; Pereira et al. 2000).
will slip away. We used fMRI to measure the cortical activity when healthy

The precision grip configuration is highly dependent osubjects performed a precision grip task fulfilling one of two
cortical control (Passingham 1993; Porter and Lemon 1993).frce conditions: a small grip force (3.8 N), representative of
a recent functional magnetic resonance imaging (fMRI) studyne forces that are typically used when manipulating small
we examined the cortical areas activated when healthy subjeatgects with precision grips in everyday situations (comparable
used a precision grip to apply well-controlled time-variant grifo lifting a cup of coffee), or a large grip force (16.6 N) that

INTRODUCTION
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represents a somewhat excessive force in this respect (compa-

rable to lifting a 1.5-1 soda bottle). A

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.

o

General procedure and task

The subjects performed a precision grip task with two force con-
ditions. 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). IThe
subjects grasped a nonmagnetic immovable test object between the
pulps of the thumb and the index finger (Figh)1The test object had
flat parallel contact surfaces 30 mm apart (covered with sandpaper;
grit size, 180). Optometric transducers in the object allowed measure-
ments of the grip forces normal (perpendicular) to the contact sur-
faces. 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 Umed, Sweden).

To perform the precision-grip t‘_"‘Sk' the SUbJ_eCts appllec_i forcesme. 1. The precision grip task. The same posture of the hand was adopted
normal to the contact surfaces (grip force) cyclically, following the, aii conditions £); a small handle was grasped between the pulps of the
pace of a metronome that generated click sounds at 0.67 Hz. Theex finger and the thumb with the arm being supported up to the radial side
increased the force, then maintained the grip force until the next cliokthe hand so that force could be generated practically without movement of
of the metronome (this interval is referred to as the static platetae digits, wrist, or armg). C andD: a representative force recording from 1
period), at which point they first released the grip force completefiyibject while he performed the precision grip task in the small force condition
and then immediately started to increase it again (thereby performiftg and in the large force conditiof. Note that the same time course of grip
a complete force cycle). When they reached the fofc2 N (small  © Ckesf W%S ghe?erateld ml both Coni'tt')o.nsf' (.’Qly the force dwlas d|f£err$nt. Ihn Lhe
force condition) or 16 Nlarge force condition), they received a brief 1 (for both force levels), a weak brief vibration was delivered though the

K vib i Ise deli d iall h f handle to signal that the forcd @ N (in small) or 16 N (in large) had been
weak vibrotactile pulse delivered tangentially to the contact surfacgs ceq (T). The subjects then applied a self-selected static grip force slightly

(of 10-ms duration and with a force of less than 0.5 N). The subjec{§ove this force threshold. The pace of the force cycles followed metronome
then applied a self-selected static grip force slightly above this forgeats (M). For details, seesTHoDs.

threshold. They were asked to reproduce the same force across the

force cycles and not to generate forces that greatly exceeded the faigiintary contraction (MVC) as the subjects grasped a standard
threshold. Figure 1C andD, illustrates the grip force profiles togetherdynamometer (cylindrical handle, 30-mm diam) with a precision-grip
with the auditory and tactile cues for the grip task for the two forcegnordenskidd and Grimby 1993). A surface EMG (Myol15-elec-
During the baseline conditiorb@seling, the subjects held the thumbtodes with in-built 2000X preamplifiers, Liberty Technology, Hop-
and index finger in weak contact with the contact surfaces almaghton, MA) was recorded in four subjects while they performed the
without applying any grip force. They received the tactile pulses afglecision-grip task at the two force levels outside the MR scanner. We
heard the metronome sound (0.67 Hz) through the headphones exaglorded from the right biceps-brachii and deltoideus to check for
as they had in the grip task. possible recruitment of proximal muscles of the arm, and the left 1DI

We selected the lower force level so that it would be representatiygd AbPB to check for nonvoluntary synergistic movements of the
of the small forces that are typically used when manipulating smalbnparticipating hand.

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 thKinetic analysis

it had to be employed without muscular fatigue, general effort, or

impaired performance. Pilot experiments showed that a target force offhe force data were analyzed using the ZOOM software (Depart-

16 N was appropriate. ment of Physiology, University of Umead). Force cycles in which the
Before the scanning commenced, the subjects practiced the gibjects did not generate the requested time course for the forces were

task at both force levels for 15 min until they produced the requestddfined as incorrect. We analyzed the mean grip force and the vari-

grip force profiles. After the training, the subjects were able to keep apility of the grip force during the static plateaus of each grip cycle

a conversation while performing the task, which suggests that it he@ean* SD for data pooled across subjects; see Fig 4ndD). The

been well learned. static plateau was defined as the period between the peak grip force
After the scanning, we measured the grip-force during maximafter 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 grigt al. 1995c). All clusters that are shown in the figures and described
force). in the text were also significant on the basis of a test for the extent of
To measure the accuracy of the force generation, we analyzed the cluster (Poline et al. 1997). To localize activity that reflected the
variability of the plateau grip force across force cycles (SD of the grigpeneration of the precision grip task at both force levels we defined
force for data pooled across subjects). To compare variability of thee contrast (smal- baseline+ large — baseline). This tests the main
grip force in the two force conditions, we determined the coefficieeffect of the precision grip task. We also examined the contrasts

of variation (i.e., the ratio SD/mean). (small — baseline) and (large — baseline). To localize changes in
activity that specifically reflected whether a small or large force was
Brain imaging applied, we used the contrasts (small — large) and (large — small),

respectively. For the brain regions that showed a force specific acti-
fMRI was conducted on a 1.5 T scanner (Signa Horizon Echospeegdfion (i.e., activity detected when we contrasted the 2 force condi-
General Electric Medical Systems) equipped with a head-coil. Wiens), we only report voxels that were active when the force condition
collected gradient-echo, echo-planar (EPI) T2*-weighted image volkas compared with the baseline conditionZat 3.09 at each voxel).
umes with blood oxygenation level-dependent (BOLD) contra8ty this mean, we focused on brain areas that showed stronger activity
(Kwong et al. 1992; Ogawa et al. 1992). The scanning parametakile the hand was grasping than when it was relaxed. This excluded
were: echo time (TE}x 50 ms; field of view (FOV)= 22 cm; matrix the possibility that differences between the tasks merely reflected
size = 64 X 64, pixel size= 3.4 X 3.4 mm, and flip angle= 90°. different degrees of deactivation.
Twenty contiguous axial slices of 3.4-mm thickness were collected inTo exclude the possibility that the results obtained in the group
each volume. We selected slices from the dorsal surface of the brairalysis (fixed effects model) were biased by one or two subjects only
to cover the frontal and parietal lobes. The cerebellum, brain stem, adibiting very strong effects (Friston et al. 1999), we examined the
part of the basal ganglia were outside the field of view. A plastic bitctivation patterns of each individual subject in a descriptive analysis
bar restricted head movements. A high resolution, three-dimensiofralported in Table 2). We probed for increases in BOLD contrast
gradient echo T1-weighted anatomical image volume of the whaiégnals close to (within a sphere of 12-mm radius; corresponding to
brain was collected (3D-SPGR). the FWHM of the smoothness of the statistical images as determined
Functional-image volumes were collected in six separate runs, arging SPM96) or at the location of the most relevant peak activations
for each run, a total of 104 volumes was collected. During each rudngm the group analysis. We concluded that the results obtained in the
volumes were acquired continuously every 5000 ms TR s) while group analysis were representative of the observations made for
the subjects performed the grip task or relaxed with the hand (baselindividual subjects (seeesuLTs).
condition). The grip task was performed in periods of 25 s (5 volumes
being coIIected_ in thi; time) alter'nated with baseline periods of ?5/§natomical definitions and localizations
During each grip period, the subjects performed one force condition,
and across periods, the two force conditions alternated. During eaciThe anatomical localizations of the activations were related to the
force condition an equal number of volumes was collected. To allowajor gyri and sulci that were identifiable from an average image
for T1 equilibration effects, four volumes were recorded immediatelyenerated from normalized T2*-weighted images from each of the six

before each run; these were neither stored nor analyzed. subjects.
We used the terminology of Roland and Zilles (1996b) for the
Data analysis and image processing functional areas of the cortical motor system, and we used the Euro-

pean Computerized Human Brain Data Base (ECHBD; Div. Human

We used the publicly available software SPM-96 to analyze tiRrain Research, Stockholm) (Roland and Zilles 1996a) to define the
functional images (Welcome Dept. Cognitive Neurology, Londorgcation and extent of M1, S1, area 45, and area 44 in the standard
http//:www.fil.ion.ucl.ac.uk/spm). The volumes were realigned, c@natomical space. Arbitrary criterions were used for PMV, dorsal
registered to each individual anatomical T1-weighted image (3[Premotor cortex (PMD), supplementary motor area (SMA), and the
SPGR) and normalized to the stereotactic coordinate system of Taxgulate motor areas (CMAs). The ECHBD is a digital three-dimen-
laraich and Tournoux (1988) using the Montreal Neurologicalional brain atlas in which representations of microstructurally defined
Institute (MNI) template brain (Friston et al. 1995a). Then the imagegtoarchitectural areas from 10 postmortem brains are available in the
were spatially smoothed with an isotropic Gaussian filter of 8 mm fudtandard anatomical format. The methods used for the anatomical
width at half-maximum (FWHM) and temporally smoothed with alelineation (Amunts et al. 1999; Geyer et al. 1996, 1999), spatial
Gaussian kernel with a FWHM of 2.83 s. To increase the sensitivitsansformations (Geyer et al. 2000; Schormann and Zilles 1998), and
of the analysis and detect activity that was present across the subjeggsieration of population maps of these cytoarchitectural areas have
we analyzed the functional images from the six subjects as a grdugen described in detail elsewhere (Roland and Zilles 1998; Roland et
(fixed effect model). We estimated the task specific effects using thke 1997) (SPM was used to match the ECHBD to the MNI space). M1
general linear model (GLM) with a delayed boxcar wave form at eaetas defined as the voxels where at least 3 of 10 post mortem brains
voxel (Friston et al. 1995b,c; Worsley and Friston 1995). The fMRB0% population map) had their area 4a or 4p; S1 was defined as the
data corresponding to each run were modeled with regressors for 3886 population maps of areas 3a, 3b or 1 (we do not differentiate
conditions and the mean value using the standard model implemeritetiveen different cytoarchitectural areas within M1 or S1 because of
in SPM-96. A high-pass filter (cutoff frequency, 0.005 Hz) was usetie limited effective resolution of the statistical images from the group
to remove low-frequency drifts and fluctuations of the signal, arghalysis). Areas 44 and 45 were also defined as the 30% population
proportional scaling was applied to eliminate the effects of globataps of these areas. By the SMA, we mean the cortex rostral to area
changes in the signal (Holms et al. 1997). The significance of tda on the medial side of the hemisphere above the cingulate sulcus.
condition specific effects was assessed ugingtatistics for every The rostral border of the SMA was defined to be in the vertical plane
voxel from the brain, and these setsbtalues were used to createaty = +16 (Buser and Bancaud 1967; Roland and Zilles 1996b).
statistical images. Linear contrasts between the different conditiofstivations located in the SMA posterior = 0 probably corre-
were used to create these statistical images; these were arbitraspgnd to the classical SMA (or SMA-proper) (Picard and Strick 1996;
thresholded at & value of 3.09. From these statistical images (knowRoland and Zilles 1996b). The lateral premotor cortex, divided into a
as activation maps), we report peaks (or local maxima) of activity thakprsal (PMD) and a ventral (PMV) portion, is located rostral to lateral
when corrected for multiple comparisons for the whole brain volumarea 4a (Geyer et al. 1996; Roland and Zilles 1996b). The rostral
corresponded tB < 0.05 on the basis on a test of peak height (Fristoborder 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 locaigwefficient of variation (SD/mean) of the plateau grip force
of the ventral part of area 6. The border between the PMD and thgross force cycles in the two conditions (7.3% in both force
PMV was defined as a horizontal planezat +45. The CMAs refer conditions). Thus the accuracy of the force production was
to the cortex lining the cingulate sulcus. Their preliminary parcelle_m milar for the two force levels.
:ﬂtﬁﬁgﬁﬁtﬁgazrﬁ|é§“?f§%§€)d a caudal part (CMAc) were described 1o 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%
RESULTS 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
In more than 99% of the force cycles, all subjects performédpductor pollicis brevis muscle (AbPB) muscles of the left
the precision-grip task according to the instructions at bof@nd during any of the tasks.
force levels (small and large). There was no difference in the o
number of correct force cycles between the force condition§rain activations
In the small force condition, the mean grip force during therRECISION GRIP TASK VERSUS BASELINE CONDITION. The re-
plateau phase was 3.810.28 N (mean+ SD for data pooled gions of the brain with stronger activity when the subjects
across subjects). In the large force condition, it was 16.6 performed the precision grip task at both force levels (main
1.21 N. effect of the precision grip task) compared with the baseline
For both conditions of the grip task, the variability of thecondition (large— baseline+ small — baseline) are shown in
grip force during the static plateau period across force cycl€able 1 and Fig. 2. The cerebellum, the brain stem, and the
was relatively low, which indicates regular and consistetdwer parts of the basal ganglia and thalamus were outside the
performance of both tasks. There was no difference in tfield of view.

Behavioral performance

TABLE 1. Precision grip task versus baseline (main effect)

Talaraich Coordinates (Montreal Neurological Institute)

Anatomical Region (functional/cytoarchitectural area) X y z PeakZ score Small- Baseline Large- Baseline

Small — Baseline+ Large — Baseline
Left hemisphere

Left central sulcus, M1/S1 —36 -20 48 9.75 9.07 9.77
Superior frontal gyrus, SMA* 0 0 48 9.09 8.92 8.62
Left inferior part of the precentral gyrus, PMV —64 0 16 8.13 7.92 7.39
Left lateral parietal operculum —48 -32 20 8.02 7.01 8.00
Left putamen —24 0 8 7.95 7.69 7.24
Left thalamus -16 -16 12 7.86 7.13 7.45
Left inferior frontal gyrus —36 16 8 7.63 7.45 6.94
Left intraparietal sulcus —40 —40 36 7.02 5.86 5.87
Left insular cortex —-40 -4 16 6.83 3.55t 7.18
Left cingulate sulcus, CMAc -12 -20 40 5.93 3.20t 6.83
Left inferior frontal gyrus —52 40 20 5.73 5.81 4.89
Left intraparietal sulcus -32 —60 40 5.58 4.20t 4.76
Left inferior frontal sulcus —48 52 12 5.33 6.51 <3.01t
Left precuneus -12 —68 36 5.15 4.01t 4.25%
Right hemisphere

Right supramarginal gyrus 64 —36 36 8.40 7.90 8.08
Right inferior part of the precentral sulcus, PMV 56 4 8 8.38 7.89 8.03
Right precentral sulcus, PMV 56 0 40 8.33 8.02 7.84
Right supramarginal gyrus 56 —36 32 8.32 8.04 7.73
Right putamen 24 4 8 8.22 7.96 7.53
Right inferior part of the precentral sulcus, PMV 40 0 32 8.14 8.21 6.79
Right supramarginal gyrus 40 —40 36 8.04 7.75 7.27
Right inferior frontal sulcus 44 32 24 8.01 8.04 6.51
Right putamen 28 16 4 7.69 7.58 5.95
Right intraparietal sulcus 48 -52 52 7.37 7.58 4.25t1
Right inferior frontal gyrus 32 40 16 7.05 6.71 5.05
Right parietal operculum 44 —40 16 6.82 4.84 6.32
Right intraparietal sulcus 28 —68 40 4.94 4.51 4.20t
Right superior parietal gyrus 36 —64 60 4.37 3.13t 3.261

Significant increases in the blood-oxygen-level-dependent (BOLD) contrast sRralQ(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 atédityitstec
contrasting each force condition with the baseline conditibn>(3.09). Anatomical locations were related to the mean standardized MR image. Ml and SI,
primary motor and somatosensory cortex; SMA, supplementary motor area; PMV, ventral premotor cortex; CMAc, caudal cingulate motor areaatidhe activ
was located on the ventral part of the superior frontal gyrus. T This voxel did not, after a correction for the multiple comparisons in the wheladbréie, r
significance criterion oP < 0.05 ¢ > 4.35) based on a test for peak height. (It did however belong to a cluster that was signifieant@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 th@aesdlis ob
the other comparisons.
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SMALL FORCE VERSUS LARGE FORCE. The regions that dis-
played 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. 4R < 0.05 corrected for multiple com-
parisons).

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,
seeMETHoDS), although some of the voxels in the cluster also
extended into the PMV (the cluster extended frors +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

Large - Baseline

FIG. 2. The main effect of the precision grip task (smalbaseline+ large
— baseline). The regions of the brain that revealed significantly increas
blood oxygenation level-dependent (BOLD) contrast signgls<(0.05 cor-
rected for multiple comparisons) when the precision grip task (for both forg
conditions) was compared with the baseline condition are shown. The acti
tions are superimposed on a 3-dimensional reconstruction of a template b
(Montreal Neurological Institute, MNI)A: the left hemisphereB: the right
hemisphereC: the left medial wall; and: the top view. The cerebellum was
outside the field of view. SeresuLTsand Table 1 for details.

The precision-grip task was associated with activity in a s
of sensorimotor related regions: the contralateral M1 and §
and bilateral PMV, area 44, PMD, SMA, and the CMAs. In th{
SMA, the cluster of activated voxels extended frgns —14
mm toy = +16 mm in the standard anatomical space (MNI
In the cingulate sulcus, the cluster of active voxels extend:s
fromy = —24 mm toy = +20 mm in standard space, i.e., bot
the CMAr and the CMAc were engaged (Roland and Zille
1996b). In the bilateral PMD, the activity extended into thg
superior part of the precentral sulcus and the posterior part
the middle frontal gyrus (ty = +6 mm in standard space).

More ventrally, extensive bilateral activity was present i
the PMV and area 44. The activations extended from t
precentral gyrus over the inferior part of the precentral sulc
into pars opercularis and pars triangularis of the inferior front;
gyrus. In addition, activity was found bilaterally in the ventra
part of the lateral prefrontal cortex (rostral to area 45). FiIG. 3. Brain regions that were significantly activated during the small

In the parietal lobe, we observed peaks of activations in thgce condition left, A, C,andE) and the large force conditionight, B, D, and
bilateral parietal operculum (PO), in anterior- and posteriy in comparison with the baseline conditioR  0.05 after correction for

; ; ; - multiple comparisons). Both force conditions were associated with very similar
parts of the bilateral Intrapa”etal cortex (the clusters of acti activation patterns in the frontal and parietal lobes (the same areas as were

voxels eXt?nding iI.’ItO the supram:?\rginal cortex in bpth heMjatected in the main effect analysis, see Fig. 2 and Tabla a)dB (the left
spheres), in the right supramarginal cortex, and in the lekmisphere) an@ andD (the right hemisphere): the bilateral activations of the
precuneus. dorsal and ventral premotor cortex (PMD and PMV), parietal operculum (PO),

. . terior parietal regions (intraparietal cortex and supramarginal cortex), and
The contrasts (Iarge - base“ne) and (Sma" - base“ne) W%? ventral prefrontal cortex for both force conditions. The clusters of active

also inspected (Table 1 and Fig. 3). These analyses showed {Bdis overlapped with area 44 and 45 on both hemisph&esd F (the
the precision grip task activated practically the same set médial wall): the activation of supplementary motor area (SMA), rostral

frontal and parietal areas irrespective of the force level (cofi?dulate motor area (CMAr), and the thalamus (represented on the medial
wall on this 3-dimensional reconstruction) during both conditions. A stronger

SiSt_em with the aCti\_/ation maps obtained by examining th&tvation in caudal CMA (CMAc) was seen when the larger forces were
main effect of the grip task). generated. The cerebellum was outside the field of view. See Table 1 for details.
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TABLE 2. Force-related activations

Talaraich Coordinates BOLD Signal Increase Relative
(MNI) Baseline
Peakz No. of Subjects
Anatomical Region (functional/cytoarchitectural area) X Y z Large Small Score With Activation
Small versus large
Left inferior part of the precentral sulcus, ared44  —64 12 28 0.14 = 0.022 0.27 £0.022 5.06 5/6
Cingulate sulcus, CMAr 0 16 32 0.0540.019 0.21 +0.019 4.97 5/6
Right intraparietal sulcus 52 —44 48 0.22 = 0.029 0.48 = 0.031 4.90 5/6
Right inferior part of the precentral sulcus 48 4 28 0.19 = 0.018 0.36 = 0.019 4.86 5/6
(posterior bank), PMY
Right inferior part of the precentral sulcus, ared 44 64 12 12 0.052+ 0.031 0.33 £ 0.031 4.50 6/6
Large versus small
Left central sulcus, M1 —40 —24 52 0.80 = 0.019 0.35 = 0.018 8.53 6/6
Left lateral parietal operculum —52 —24 16 0.23 = 0.017 0.066+ 0.017 5.17 6/6
Right lateral parietal operculum 52 -24 32 0.14 = 0.015 — 4.78 5/6

Significant increases in the BOLD contrast sigrial 0.05, corrected for multiple comparisong)> 4.35 corresponds t8 < 0.05 correctedZ > 4.90 to
P < 0.01 corrected, and > 5.51 toP < 0.001 corrected. The increase in adjusted BOLD contrast signals in both grip tasks as compared to the baseline conditio
is given (expressed as meansSE in percentages; signals smaller than 0.05% are not reported). Finally, we report the number of individual subjects (of the |
studied) that showed a peak activationZof 1.66 (corresponding tB < 0.05 without a correction for multiple comparisons) located at, or close to each focus
detected in the group analysis (seerHops for details).2 The peak activation was located in area 44 (population map of 10 braimgseeps for details).” 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 clustemadsctive v
extended into area 44 The peak activation was located in area 44 (population map of 10 braingeseeps for details). The cluster of active voxels extended
into area PMV 9 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 t
the foci detected in the group analysig.he sixth subject showed a right-sided PMV activation; it was located 17 mm from the foci detected in the group analysis.
9The large cluster extended frojm= —44 toy = —4 in the standard anatomical spat&he 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 frony = +8 toy = +32 mm in the with weaker increases in activity located on the medial wall of
standard space) and one located in a more dorsal position, viite frontal lobe: one in the most ventral part of the superior
the peak of the activation in the PMV (the activation extenddtbntal gyrus (SMAx = —16,y = —8,z=48;Z = 3.89,P <
fromy = 0toy = +12 in the standard space). 0.25 after correcting for multiple comparisons) and one in the
There were also small force specific activations of the rigbtngulate sulcus (CMAcx = —8,y = —24,z = 40;Z = 3.94,
intraparietal cortex and the CMAr. The activation of the corteR < 0.25 after a correction for multiple comparisons). The
lining the intraparietal sulcus (IPS) was centered on the latedifference in the activity in these areas did not attain the
bank of the anterior part of the sulcus (the cluster extendsthtistical criterion ofP < 0.05 after a correction for multiple
medially into the sulcus and laterally into the supramarginabmparison in the whole brain space € 0.25 corrected).
gyrus). The cluster of active voxels extended frgms —64 Nevertheless we report this finding to show the correspondence
mm toy = —40 mm in standard anatomical space. Th&ith a previous study (Dettmers et al. 1995).
cingulate (CMAr) activation extended froyn= +4 mm toy = The activations detected in the group analysis were repre-
+18, and fronz = +28 toz = +52 mm in the standard spacesentative of the pattern of activity observed in at least five of
(with some voxels located in the anterior part of SMA). the six individual subjects (Table 2).
The results of the complementary analyses of the fMRI data
from the individual subjects confirmed the results obtained fwscussion

the group analysis: we detected increases in activity at the h . findi f1h dv is th
location of each of the peak activations obtained in group | N€ MOst important finding of the present study is that

analysis in at least five out of the six subjects (see Table 2 eral sensory and motor related fronto-parietal areas were
MeTHODS). Furthermore the general activation pattern—witf10re strongly activated when a small precision grip force was
increases in activity in bilateral fronto-parietal areas when tfPPlied to a stationary object than when a larger force was

subiects applied the small arip forces—was observed for ed_. This result suggests that the bilateral cortex lining the
sub}ects. PP grip |&nferlor part of the precentral sulcus (area 44/PMV), CMAr,

. . ... and the cortex lining the right intraparietal sulcus are involved
LARGE VERSUS SMALL. The regions of the brain that exhibited g g b

significantly stronger BOLD contrast signals when subjeci%é%ei: ?:gﬁilpﬁfa‘:’irgr? Il fingertip forces in the range typically
applied the large force in comparison with when they

employed the small force are indicated in Table 2 and Fig. " ;

(large — small) P < 0.05 corrected for multiple comparisons).r_’ﬁreCISIOn grip task
The left M1 and S1 showed such force specific activations with All subjects produced accurate force trajectories in the grip
a maximum of activity in the depth of the central sulcus. Thiask at both force levels. The subjects had their eyes closed and
active voxels of this cluster extended rostrally into the PMBid not move the digits. Thus the task used in the present study
and posteriorly into the anterior part of the intraparietal sulcuissts isometric fingertip force control guided by somatosensory
(the cluster extended frojm= —44 toy = —4 in the standard feedback. The subjects had to control both the amplitude of the
anatomical space). We also recorded positive force-relatiertip forces and the temporal sequence to produce proper
effects bilaterally into the PO. In addition, there were two areagcles. 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 (smalllarge; P < 0.05 corrected for multiple comparisons). The activations are superimposed on a
3-dimensional reconstructio\ (@and B) or 2-dimensional slicesJ-F) of the template brain (MNI)—, point to the peak (local
maxima) of the activationgA: the activation of the cortex lining the inferior part of the left precentral sulcus (are8B4#)e 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 GMAr.

a more ventral activation of the cortex lining the same sulcus on the right side (ard& #449. CMAr activation as seen from a
sagittal view through the midline. For the definition of area 44 and PMV in the standard spameyrsees, and for details of the
activations, see Table 2.

signals from a brief vibration of the object provided feed badBrain regions with stronger activity when generating the
when the requested minimum force was reached. The sasmaall precision grip force
sensory cues were presented to the subjects at both force Ieve@ur results showing increased cortical activity in fronto-

and |n.the bagellne condition. Thus putative neuronal reSponseSietal areas suggest that the control of small precision grip
associated with these sensory signals were probably eliminafgtes is dependent on distributed cortical areas that are more
by comparing the two force conditions. Another possible colrtive during small than large grip forces. Support for this
found|ng faCtOI’ COU|d haVe been |ncreased recruitment Of pr%d"‘]g in humans comes from recordings Of neurons in the
imal muscles (shoulder, neck) when the larger force was agonkey motor cortex. These studies showed that several M1
plied. However, there was no consistent muscle activity @kurons tend to code for low forces in a limited range, while
proximal muscles. Another issue relates to whether one of thgatively few neurons are found to be recruited specifically at
force conditions was more difficult to perform and thus renigh force levels (Cheney and Fetz 1980; Evarts et al. 1983;
quired more attention. We find no support for this conceidepp-Reymond et al. 1978). Furthermore Hepp-Reymond et
because the grip task was well trained before the scannilg(1978) showed that during precision grips a larger number
(both force conditions), the subjects produced the request#dcortical motor neurons had a positive correlation between
force-trajectories at both force levels, and the variability of thdischarge rate and grip force at low forces, than the forces were
grip forces in relation to the mean grip force (the coefficient dérger. Finally, during precision grips, some populations of
variation of the static plateau force) was similar during the tweeurons in M1, S1, and PMV show activity that is negatively
force conditions (7.3%). correlated with force (Hepp-Reymond et al. 1994; Maier et al.



2620 H. H. EHRSSON, A. FAGERGREN, AND H. FORSSBERG

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 Lade-
gaard-Pedersen 1977). Furthermore neurons in the monkey
primary motor cortex responded more strongly when a somato-
sensory 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

PMV/AREA 44. 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.
&.5. Brain regions with a posiive relationship between the precis 1991). The pattern of activations in these studies could reflect
FIG. 5. .. . .
grip force and the BOLD contrast signals. Areas that showed significar@e movement of the dlgl.ts.’ the hand. posture, or the fingertip
stronger BOLD contrast signalB  0.05 corrected for multiple comparisons) fOrce control. Therefore It Is Interesting t_hat we could show
when the subjects generated the large precision grip forces in comparisomere that the bilateral cortex lining the inferior part of the
when they employed the small force amplitudes are highlighted (fasgeall).  precentral sulcus was specifically activated in association with
The significant activations are indicated with (pointing to the peak of the the control of small isometric forces applied between the
activations;P < 0.05 corrected for multiple comparisons). The activations ar]g . | | h | . ith
superimposed on a 3-dimensional reconstructianagd B) and horizontal 'NGErtps. In general terms, these results are consistent wit
slices € andD) of the template brain (MNI)A: the activation of the primary recent anatomical and electrophysiological studies in non-hu-
sensorimotor cortex (M1 and S1) and the PO of the left hemisphere (note thaan primates (Gentilucci et al. 1988; Kurata 1989; Preuss et al.
the PO activation is represented on the lateral surface of the brain on tll!i996) which show multiple representations of the distal fore-

3-dimensional reconstruction: the right PO activation. For the horizontal |: : : : :
slices C andD), the Talaraich coordinates are indicat€d.the strong force limb in the PMV region (parts of which mlght be homologous

related effects that were observed in M1 and S1, and a weaker activation of N human area 44 according to some researchers) (e.g.,
cortex on the medial wall of the frontal lobe (ventral part of the SMARIzzolatti and Arbib 1998), and that neurons in the rostral

nonsignificantP < 0.25 after a correction for multiple comparisonB).the  PMV region (area F5) are active during specific grip tasks, e.g.,
significant activation of the left PO. For details, see Table 2. while grasping small objects with a precision grip (Rizzolatti et

1993; Wannier et al. 1991). Hence, our fMRI results obtaineag' 1988). , ,
in human subjects together with the single-cell recordings FPSTRAL CINGULATE MOTOR AREA (CMAn). Electrophysiologi-
monkeys suggest that the cortical representation of small pf& and anatomical studies in non-human primates (Dum and
cision grip forces involves strong activity of distributed poputrick 1991; He et al. 1995; Shima et al. 1991) and functional
lations of neurons in the frontal and parietal lobes. imaging studies in humans (Grafton et al. 1993; Jahansh_ahl et
Another argument supporting increased neural activity wh&h 1995; Kawashima et al. 1996; Larsson et al. 1996; Picard
small forces are applied can be raised from an ecologi(f’};{?d Strick 1996) suggest thg existence of motor representations
approach. The small force (3.8 N) used in the present expé?f-the har_ld in the cortex I|rj|ng .the cingulate suIcus.rostraI to
ments is within the normal range of the precision grip, whilf'€ anterior commissure line in standard anatomical space
the large force (16.6 N) (comparable to lifting a 1.5-I Sodgala_r_amh and Tournoux 1988). The present CMAr acjuv?tlon
bottle) exceeds this range. Thus a speculative possibility is ti#R€Cific for the small grip forces seemed to engage this *hand
frequent use of finger forces within this smaller force rang%eCt'O” of this area (_the cluster of active vox_els extended from
will exert an “ecological pressure” to develop a rich neurg] = T4 0y = +18 in the standard anatomical space). Thus
representation in this range (Nudo et al. 1996: Sanes dfp observation suggests that the CMAr could be especially
Donoghue 2000). mvplved in force contr_ol during fmg—_skllled precision grip
The increases in activity while generating small grip forcections. More speculatively, the activity could also reflect a
could also reflect an additional recruitment of sensorimot§HPPression of the motor output to keep the low force level
control mechanisms due to a more sophisticated control §frams et al. 1998).
small forces during hand-object interaction. When humansrRAPARIETAL CORTEX. The human posterior parietal cortex
grasp objects with a fine precision grip, both the direction afBPC) has been regarded as a multimodal association area
amplitude of the force vectors applied to the surface of thevolved in a variety of cognitive functions. However, exper-
object have to be well controlled (Johansson and Westlingents in primates suggested that the PPC is involved in
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higher-order sensorimotor integration during the planning anded (e.g., precision or power grasp), but that the activation in
execution of goal-directed actions (Andersen et al. 1993pme areas is increased when small forces are applied at the
Mountcastle et al. 1975). Multiple parallel parietofrontal cirfingertip-object interface.

cuits connect the posterior parietal lobe with the frontal motor

areas (RIZZ_OI_attI_ et al. 199_8)' The pre_sent StL_de demons’[rate‘ﬁne authors especially thank Dr."@o Westling (Dept. Physiology, Umea
that the activity increased in an anterior section of the cort@kiversity) for technical development of the MR-grip instrument and the
lining the right IPS when subjects employed a small precisi@ntical transducers. We are also grateful for the cytoarchitectural data provided
gnp force to the object_ The same section of the r|ght intrapby Dr. Stefen Geyer, Dr. Katrin Amunts, and Prof. Karl Zilles (Dept. of

; ; ; ; uroanatomy and C. and O. Vogt Institute for Brain Research, University of
rietal cortex (as determined from the Talaraich Coordmate%zsseldorf, Dgseldorf, Germany). We thank T. Jonsson (MR Center, Karo-

was also more active during isometric force production with @sa Institute) and G. Ehrsson for technical assistance. Finally, we appreciate

precision grip (right hand), than during a power grasp (Ehrssaéuable discussions with Prof. Per Roland (Dept. Neuroscience, Karolinska

et al. 2000). It also showed stronger activity when objects Withﬁtirt]_lltEt) a;ld Prof. Rolatndeé)hf:\nSSIOH éD&pt- PhytSflogy, ljmheé Univegsity)-
i is work was supporte xel and Margaret Ax:son Johnsson’s foun-

Complex. rather than slmple .shapes were explored by haé@on and the Swgd’)ish Mec}/ical Research gC:ouncil (Project 5925). H. H.

(using either hand) (B'nkaSk' et al. 19_99)' Thus th_e _prgse rsson was supported by Stiftelsen Sunnerdahls Handikapp Fond, Stiftelsen

study adds to these previous observations in that it indicai@urarna Barnhuset, and &kapet Barnavard.

that the right anterior intraparietal cortex is involved in so-

matosensorimotor integration required for the control of fine
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