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Summary

We used PET to test whether human premotor and
posterior parietal areas can subserve basic sensorimotor
integration and sensorimotor learning equivalently in

response to auditory and visual stimuli, as has been
shown in frontoparietal neurons in non-human primates.

Normal subjects were studied while they performed a
spatial compatibility task. They were instructed to
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incompatible condition, compared with the compatible
condition, for both auditory and visual modalities.
Blood-flow increases, which were correlated with the
reaction-time learning curves, were observed in both
auditory and visual modalities in the left caudal dorsal
premotor cortex. These data suggest that, as in non-human
primates, human frontoparietal areas can subserve basic

sensorimotor transformations equivalently in the auditory
and visual modality. Further, they reveal a functional
rostrocaudal fractionation of human dorsal premotor
cortex that resembles the rostrocaudal anatomical and
physiological fractionation observed in non-human
primates.

respond to lateralized auditory and visual stimuli with
the ipsilateral hand (compatible condition) or with the
contralateral hand (incompatible condition). Reaction
times were faster in the compatible than in the
incompatible condition, for both auditory and visual
stimuli. Left rostral dorsal premotor and posterior
parietal blood-flow increases were observed in the

Keywords: human brain mapping; dorsal premotor cortex; posterior parietal cortex; sensorimotor learning; stimulus—
response compatibility

Abbreviation: rCBF = regional cerebral blood flow

Introduction

In the primate brain, posterior parietal and premotor corticafrontoparietal neuronal populations may be more precisely
areas are critical structures for sensorimotor integratiomefined as subserving bimodal (auditory and visual) basic
(Critchley, 1953; Hyvarinen, 1982; Passingham, 1993)sensorimotor transformations.

Generally, the role of these regions in sensorimotor integration Studies in neurological patients with premotor and parietal
is investigated in tasks that require the integration of visualesions are consistent with the notion that these cortical
stimuli with motor responses (Wigt al,, 1997). Nonetheless, regions are important in subserving sensorimotor
in the non-human primate, evidence suggests the existentensformations (Halsband and Freund, 1990; Rushworth
of premotor (Vaadiat al, 1986; Vaadia, 1989) and posterior et al, 1997). However, when neurological patients with
parietal neurons (Mazzoet al., 1996; Stricannet al, 1996)  naturally occurring lesions are studied, precise anatomical
that respond equivalently to visual and auditory stimulilocalization is difficult. In two previous PET experiments
having the same significance for motor behaviour. It has beeflacoboniet al., 1996, 1997&), we measured reaction times
suggested that some neurons with these characteristics mapd regional cerebral blood flow (rCBF) while normal subjects
code the motor significance of external sensory stimuliwvere performing spatial stimulus—response compatibility
(Andersen, 1995; Anderseat al,, 1997; Snydeet al, 1997). tasks. In these tasks, subjects were required to respond
Some of these neurons, however, seem to have a prevalewt lateralized light flashes with the ipsilateral (compatible
stimulus-related activity (Vaadiat al, 1986). Thus, these condition) or the contralateral (incompatible condition) hand.
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Thus, in both conditions the same stimuli and responses wenglethods
used; only the mapping between stimuli and responses W@ubjects

changed. This type of paradigm allows a good control ofiy accord with UCLA Human Subject Protection Committee
sensory and motor activity in different experimental g igelines, informed consent was obtained from all subjects.
conditions when using a technique, such as PET, that cann@light subjects participated in the auditory experiment. Due
afford the temporal precision of single-unit recordings togq large head movements, one subject was excluded
disentangle sensory and motor aspects of basic sensorimot@pm the analysis. The remaining seven subjects, six males
transformations. and one female, all right-handers, had a mean agesD)

In both PET studies (lacoboret al, 1996, 1997%),  of 24.9 + 3.63 years. Six right-handers, four males and two
contralateral motor responses produced longer reactiopmales, with a mean age of 2516 2.06 years, participated
times (~40-60 ms) than ipsilateral responses. This canngj the visual experiment (lacoboet al., 1996). Handedness
be attributed to callosal transmission delay, which is knownyas assessed by means of a handedness questionnaire,
to be ~3—4 ms in humans (lacoboei al, 1994; lacoboni modified from the Edinburgh inventory (Oldfield, 1971).
and Zaidel, 1995). Indeed, contralateral responses werSubjects were normal in terms of their history and general
slower than ipsilateral ones even when subjects respondedledical and neurological examinations.
with crossed hands, the left hand in right hemispace and
the right hand in left hemispace (lacoboet al, 1997).

The longer reaction times for contralateral responses mayansorimotor task

be p_roduced by th? more Cpmplex se.rysonmotc')_r MappiNg, \Macintosh computer monitor was positioned 57 cm away
required by the incompatible condition (Umilt@nd 4y the subject's eyes in both the auditory and the visual
Nicoletti, 1990), which may also lead to increased executiVeyyneriment. A central fixation cross was presented throughout
control. This is also suggested by rCBF increases in dorsglsin experiments. The software package MacProbe was used
premotor cortex and superior parietal lobule in theg,. iimylus presentation and response recording. Software
incompatible condition, compared with the compatible onecharacteristics have been described elsewhere (Zaidel and
(lacoboni et al, 1996, 199%). Indeed, these two areas |acophoni, 1996). In the auditory task, subjects listened through
are known to be involved in spatial behaviour andegrphones to auditory tones of 1000 Hz that were presented
spatial working memory (Courtnegt al, 1996, 1998; for 100 ms to the left or the right ear. In the visual task,
Jeannerod, 1997). subjects were presented with light flashes lasting 50 ms and
In those two studies, we also observed learning-dependen§uptending 1° of visual angle at 8° from the midsagittal plane
left dorsal premotor rCBF Changes that follow the reaCtion'and on the same horizontal p|ane as visual fixation.
time learning curves of the subjects. The learning dependent |n both experiments, subjects used hand-held micro-
dorsal premotor area was consistently located caudally to thewitches for motor responses. Stimuli were presented in both
dorsal premotor area responding to spatial compatibilityexperiments every 1.25 s, regardless of the response time on
suggesting a regional fractionation in the human dorsathe previous trial. This kept the number of sensory stimuli
premotor cortex that resembles the fractionation of nonand motor responses constant for each scan in each subject.
human primate dorsal premotor cortex described by previouSubjects began the task 30 s before the scan. Twenty-four
studies (Matelliet al., 1985 1991). sensory stimuli (12 left and 12 right) were presented before
To test whether human dorsal premotor and posteriothe scan and 48 stimuli (24 left and 24 right) during the
parietal areas can be similarly activated by identical60-s PET scan.
sensorimotor transformations for auditory and visual stimuli, Repeated measures ANOVAs (analyses of variance) were
we studied a group of normal subjects performing a spatiaperformed using the accuracy of responses and median reaction
compatibility task in which lateralized auditory stimuli times for correct responses as the dependent variables. The
were used. We co-registered the PET images of the subjecexperiment (auditory and visual) was treated as a between-
participating in this auditory experiment with those of the subject factor, and response condition (compatible and incom-
subjects participating in the previous visual experiment orpatible), replication scan (scans 1-6) and response hand (left
spatial compatibility (lacoboniet al, 199&), to enable and right) were treated as within-subject factors. Only trials
comparison of the anatomical locations of the activated?erformed during rCBF data acquisition were analysed. Reac-
areas in these two groups of subjects_ The Seconéon times of <150 ms were considered antiCipatOfy errors,
previous|y reported experiment on Spatia| Compat|b|||ty in and reaction times o600 ms were considered attentional
which we used visual stimuli (lacobomt al, 1997%) was  ©rrors. Both were removed from the ANOVA.
not used for comparison with the novel auditory experiment
presented here because of experimental design differ-
ences. Preliminary analyses of these data have bedBrain imaging
previously reported in abstract form (lacoboet al, We used a customized foam head holder (Smithers Corpora-
1996, 199D). tion, Akron, Ohio, USA) to minimize head movements. A
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transmission scan, using®&Ge ring source, was performed %] Visual 4007 Auditory
in each subject before the PET imaging session, in order t ¢
locate premotor and posterior parietal areas in the centre (GE’ |
the field of view, where 3D PET imaging has the highest"z ¢
sensitivity (Cherryet al., 1993). Twelve PET scans, six per -% 8257 8259
response condition, were performed in each subject. Respon
conditions were alternated during the imaging session, an™ |
were counterbalanced across subjects. For each PET scan ’7 ’V
10-mCi (370 MBq) bolus of K0 in 7 ml of normal saline 1 2 3 4 5 6 250 I 2 3 4 5 6
was injected via an intravenous line in the left hand. Countt Scan number Scan number
were collected in a single 60-s frame, starting at the time of o _ _ _ o
the injection. Fig. 1 Reaction times in auditory and visual spatial stimulus—
The PET scanner used in both experiments was a Sieme re/qunse_ compatibility. The overall spatla_l compatibility effect is
: P . M&entical in both tasks (52 ms). The learning curves are similar in
CTl 831-08 tomograph (Siemens Corporation, Hoffmanpoth tasks and for both spatial compatibility conditions (not
Estates, lll., USA), modified for 3D data acquisition and statistically differentP = 0.78). Open bars represent the
reconstruction (Cherrgt al, 1993) and with axial field of compatible response condition, hatched bars the incompatible
view of 101.25 mm. PET images were reconstructed to obtaifesponse condition and closed triangles mean reaction times.
15 planes of 12& 128 pixels and an inter-plane distance of
6.75 mm. We applied in-plane Gaussian filtering to producecondition interaction. For reaction times, no overall
a final image resolution of 10.12 10.12X 10 mm full-  differences between the auditory and visual task were
width at half-maximum. Image registration was performedobserved IF(1,11) = 0.328,P > 0.5]. Ipsilateral responses
with automated image registration (Woods al, 199&). were 52 ms faster than contralateral responses, for both the
The original axial planes were interpolated to create 5%uditory [F(1,6) = 99.378,P < 0.0001] and the visual
planes, and global normalization was applied (MazziottdF(1, 5) = 66.200,P < 0.0005] task (Fig. 1).
et al., 1985). Inter-subject stereotaxis was performed using a Reaction times decreased in parallel from the first to the
12-parameter affine registration model (Woedsl., 1998)). last scan in both response conditions and for both auditory
Three-way ANOVAs were performed using normalized and visual tasks. The reaction-time learning-curve slope was
counts in each voxel as the dependent variable and witkignificant for a linear trend for both the auditoly € 0.05)
response condition (compatible and incompatible), replicatiormnd the visual task€?(< 0.05). The reaction-time learning
scan (scans 1-6) and subjects as between-voxel effectsirve also fits the ‘power law of practice’ for both auditory
(Woodset al., 1996). In these ANOVAs, the two experiments (r = —0.847,P < 0.05) and visual tasks (= -0.816,P <
were always analysed separately, and a common anatomical05). The ‘power law of practice’ is a ubiquitous learning
space was used only for anatomical comparisons. With dorsglattern in sensorimotor tasks that indicates a linear
premotor cortex and the lateral wall of posterior parietalrelationship between the logarithm of the performance and
cortex already well established (lacobenal., 1996, 1997%)  the logarithm of the amount of practice (Newell and
as the general regions associated with visuomotor integratio®Rosenbloom, 1981).
we restricted our primary search for potentially similar No interactions were observed between task and spatial
auditory-motor integrative areas to these anatomically definedompatibility [F(1,11)= 0.002,P = 0.96], between task and
regions. Statistical thresholds, estimating variance separatelgarning F(1,11)= 0.497,P = 0.78] or between task, spatial
for each voxel, were adjusted for multiple spatial comparisongompatibility and learningH(1,11) = 0.335,P = 0.89].
accordingly (Worsleet al., 1996). We then used the signific-
antly activated areas in the auditory task as hypothesis driven
search regions to test whether these specific areas were alkmaging data
activated in the visual task. This hypothesis driven searctn subjects participating in the auditory experiment, the
differs from our original analysis of the visual data in which incompatible response condition, compared with the com-
the entire brain was used as an anatomically defined seargiatible one, produced rCBF increas¢(Q) = 5.15,P <
region (lacobonkt al., 1996). 0.05, corrected for the anatomically defined search region]
in voxels located in a left dorsal premotor area, in the superior
frontal sulcus, anterior to the precentral sulcus [stereotaxic
coordinates (Talairach and Tournoux, 1988y —24,y =
Results 5,z = 52]. The same voxels had a similar stimulus—response
Behavioural data activity in subjects participating in the visual experiment,
The very small number of incorrect responses (~2%) did noft(25) = 2.68,P < 0.05, corrected for the hypothesis driven
differ between the auditory and visual tasks or betweersearch region] (Fig. 2). In subjects participating in the
response conditions (compatible and incompatible). Theuditory experiment, the incompatible response condition,
accuracy of responses also showed no tagksponse- compared with the compatible one, also produced rCBF
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Fig. 2 Top left rostral dorsal premotor area showing stimulus—response activity in auditory and visual
spatial stimulus—response compatibility (red). These voxels, as explained in detail in the Methods
section, were first found significant for stimulus—response tasks in the auditory experiment.
Subsequently, the same voxels were formally tested for stimulus—response activity in the visual task,
and their normalized counts were also found significant for stimulus—response tasks. The same approach
applies to the other three areas shown in this figure. Normalized counts in each scan in the auditory and
visual tasks for this area and the other areas shown in this figure are presented in graphical form in

Fig. 3. Top right caudal premotor area showing learning-dependent activity in auditory and visual

spatial stimulus—response compatibility (purpBdttom left intraparietal sulcus area showing

significant stimulus—response activity in auditory and visual spatial compatibility Badjom right

area in the transverse parietal sulcus showing stimulus—response activity in auditory and visual spatial
compatibility (red). The MRI of a single subject participating in the visual experiment is used for

display purposes in these renderings; it was made using the software package Sunvision (Sun
Microsystems, Mountain View, Calif., USA). The left side of each image shows the subject’s left
hemisphere.

increasest[30) = 5.15,P < 0.05, corrected for the anatomic- parietal sulcus, in the superior parietal lobule (stereotaxic
ally defined search region] in voxels located in two posteriorcoordinatesx = —15,y = —52,z = 50). The other posterior
parietal areas of the left hemisphere (Fig. 2). One of the twqarietal area was located more laterally, in the intraparietal
areas was located in the anterior bank of the transverssulcus (stereotaxic coordinates= —29,y = —54,z = 45).
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In subjects participating in the visual experiment, the samdowever, that inter-subject anatomical differences may
voxels located in the two posterior parietal areas describedgroduce apparently different activated areas between groups
above also showed significant rCBF incread€®5) = 2.41  or may simply prevent the observation of commonly activated
andt(25) = 2.28,P < 0.05, corrected for the hypothesis driven areas, but it is unlikely that they would produce spurious
search region)] during incompatible responses, compared witbommon activations in two different sets of subjects.
compatible responses.

With regard to learning-dependent activity, subjects parti-
cipating in the auditory experiment showed serial rCBFBehaviour
increases that followed the subjects’ reaction-time learning’hree main aspects of the performance, as expressed by
curves f(30) = 5.15,P < 0.05, corrected for the anatomically reaction times, are of interest here. First, overall reaction
defined search region] in voxels located in a left dorsattimes in the auditory and visual task are largely similar. This
premotor area, in the precentral sulcuss —28,y = -9, is not often observed when reaction times to auditory and
z = 54], posterior to the dorsal premotor area significant forvisual stimuli are compared. Generally, reaction times to
spatial compatibility described above. These same voxelauditory stimuli are shorter than reaction times to visual
showed similar learning-dependent rCBF increases in thstimuli, although this is more frequently observed in simple
visual task {(25) = 2.66, P < 0.05, corrected for the (detection) reaction-time studies than in choice reaction-time
hypothesis driven search region], and these increasefudies as in our case [see, for example, classic studies such
followed the reaction-time learning curves of subjectsas Todd (1912) and, more recently, Miller (1982, 1986)].
participating in the visual task (Fig. 2). The activity in these One can invoke individual differences between the subjects
voxels was also significant for time effects without prespecifiecenrolled in the auditory and visual study to explain our
curve fitting in both the auditoryH(5,30) = 9.65,P < 0.05, unusual finding, but the frequent replicability of shorter
corrected for the anatomically defined search region] and visuakaction times to auditory stimuli across several studies makes
task [F(5,25) = 4.25,P < 0.05, corrected for the hypothesis this explanation unlikely. It is possible that the lack of an
driven search region]. overall reaction-time difference between the two modalities

No stimulus-response or learning-dependent rCBHs due to a peculiar aspect of our study. To maximize cortical
decreases were observed in either experiment. No higher ordactivation during scan time, stimuli were presented at a very
interactions were observed. Figure 3 summarizes the activitfast pace, i.e. 1.25 s per trial. This is a much faster pace than
of all the activated areas in both auditory and visual task.  for canonical behavioural studies, in which each trial generally

lasts 3-5 s. This may have made the task slightly more
difficult, and may have equated reaction times in the two

Discussion modalities. In keeping with the hypothesis that the tasks were
In two different samples of subjects, one performing amore difficult at a very fast pace of stimulus presentation,
spatial compatibility task with auditory stimuli, and another learning in our subjects is slower than in published studies
performing the same task with visual stimuli, we observedon learning in spatial stimulus—response compatibility (Dutta
four distinct cortical areas of activation that were commonand Proctor, 1992; Proctor and Dutta, 1993).
to both groups of subjects. Three areas were related to the Alternatively, one might hypothesize that the processing
explicit sensorimotor mapping required by the task, and werén posterior parietal areas (that may be specifically required
located in the superior frontal sulcus, in rostral dorsalby spatial compatibility tasks) may have equalized the overall
premotor cortex, and in the transverse parietal andeaction times. In fact, when latencies in single-unit studies
intraparietal sulci, in posterior parietal cortex. The fourthare considered, lateral intraparietal neurons in non-human
area was related to the implicit sensorimotor learning thaprimates that respond to auditory stimuli have the same
made subjects’ reaction times progressively shorter in botimedian latency as lateral intraparietal neurons that respond
response conditions and for both sensory modalities. Thigo visual stimuli (Mazzoniet al, 1996), even though it is
area was located in the precentral sulcus, in caudal dorsatell known that primary visual neurons have longer latencies
premotor cortex. All four areas were lateralized to the leftthan primary auditory neurons (Maunsell and Gibson, 1992;
hemisphere. Recanzonet al., 1993). Faster responses to auditory stimuli,

Behavioural performance, as expressed by reaction timespmpared with visual stimuli, have also been observed in
and cortical activity, as measured by blood flow changespremotor neurons in the monkey (Vaadiaal., 1986). Thus,
will each be discussed in separate sections. First, howevesne could speculate that the posterior parietal involvement
we comment on a methodological issue. Ideally, one wouldn the information processing steps required by the spatial
perform the auditory and visual experiment in the samecompatibility task may have equalized the overall reaction
set of subjects to circumvent inter-subject anatomicatimes in the two modalities, in that both auditory and visual
differences. However, radiation exposure limits preclude atimuli are processed in posterior parietal regions relevant
full experimental design comprising six replication scans peto sensorimotor transformations at approximately the same
response condition per stimulus modality that allows a mordatency in the information processing sequence.
powerful approach for studying sensorimotor learning. Note, With regard to spatial compatibility, similar effects have
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Fig. 3 Normalized counts in the four areas activated in both visual and auditory task. The rostral dorsal
premotor area (PMdr), located in the superior frontal sulcus, shows an increase in normalized counts
during incompatible response condition (hatched bars) compared with the compatible one (open bars),
of 4.5% in the visual experiment and 3.8% in the auditory experiment. The closed triangles represent
the average counts of the two response conditions in each scan. No learning effects are observed in the
rostral area. The caudal dorsal premotor area (PMdc), located in the precentral sulcus, shows an
increase in normalized counts, from the first to the last scan, of 8.3% in the visual experiment and 9%
in the auditory experiment. This area shows no stimulus—response activity; the difference between the
two response conditions was 0.5% in the visual experiment and 0.6% in the auditory experiment. The
intraparietal sulcus area (IPS) shows rCBF increases from the compatible to incompatible response
condition, of 2.9% in the visual experiment and 3.0% in auditory experiment. Learning effects are not
significant in this area. The superior parietal lobule area (SPL), located in the transverse parietal sulcus,
shows an rCBF increase of 3.9% from the compatible to incompatible response condition in the visual
experiment; in auditory experiment the increase was 4.0% in the transverse parietal sulcus area.
Learning effects are not significant in this area.

previously been observed in the auditory and visual modalithuman frontoparietal areas (Deibet al, 1997; Winstein
(for an overview of several studies, see Proctor and Reevet al, 1997; Graftoret al, 1998). In humans, however, few
1990). Thus, our finding of an identical spatial compatibility data are available with regard to the integration of auditory
effect (52 ms) in both auditory and visual modalities is notstimuli with motor responses, and they are restricted to brain-
surprising. Finally, the learning curves in both auditory anddamaged patients (Halsband and Freund, 1990). Our data
visual modalities are also largely similar. To the best of oursuggest that dorsal premotor and posterior parietal cortex
knowledge, this is the first study in which learning in spatialcan subserve the integration of auditory stimuli and motor
compatibility in the auditory modality has been investigated,responses, and that there exists some frontoparietal areas that
the two previous studies on learning in spatial compatibilityare involved in sensorimotor integration for both auditory
being confined to visual stimuli (Dutta and Proctor, 1992;and visual modalities. This would be in line with neuro-
Proctor and Dutta, 1993). Although largely similar learning physiological evidence in the non-human primate showing
in the two modalities cannot be considered conclusivgoremotor and posterior parietal neurons equally responsive
evidence in favour of shared neural substrates for learningp both auditory and visual stimuli (Vaadiet al, 1986;
spatial stimulus—response associations in the auditory andaadia, 1989; Mazzoret al, 1996; Stricannet al, 1996).
visual domain, the reaction-time data are consistent with the The two left posterior parietal areas observed here may be
observation of a dorsal premotor area with similar learning+elated to processing the significance of external stimuli for
dependent activity in both auditory and visual tasks. spatial motor behaviour, which is invariant across the two
experiments. In monkeys, the removal of the superior parietal
lobule produces the inability to select a given action to
Blood flow an arbitrarily associated external stimulus (Halsband and
In non-human primates, a variety of corticocortical circuitsPassingham, 1982). In humans, neurological patients with
connecting dorsal premotor and posterior parietal corticestroke lesions encompassing the posterior parietal cortex
have been described recently, which are involved in sensorshow more persistent motor deficits in the long-term (Pantano
motor integration and sensorimotor learning (Passinghangt al., 1996). If the significance of sensory stimuli for action
1989, 1993; Wiseet al, 1996, 1997). A series of recent is abolished, motor rehabilitation and spontaneous motor
functional neuroimaging studies largely confirms this role inrecovery are limited. Further, in optic ataxia patients with
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lesions in the upper part of the posterior parietal cortex, leftHowever, most of the human empirical evidence is restricted
sided lesions were associated with sensorimotor integratioto sensorimotor learning in tasks in which visual stimuli
disorders in which motor deficits were more evident, whereasvere used. The learning-dependent dorsal premotor area
right-sided lesions were associated with sensorimotor integradescribed here showed rCBF increases that fitted the reaction-
tion disorders in which spatial deficits were more evidenttime learning curve for both auditory and visual stimuli. To
(Perenin and Vighetto, 1988). This suggests a functionathe best of our knowledge, this is the first time that a human
specialization of the upper part of the human posterior parietadorsal premotor cortex area with these characteristics has
cortex, with the left superior parietal lobule more specializedbeen described. Future studies may determine how the activity
for motor control or, as recently proposed, for motor attentionjn this area can be modulated. For instance, it is well known
as distinguished from orienting (or spatial) attention (Rushthat the simultaneous presentation of auditory and visual
worth et al, 1997). Finally, the rostral dorsal premotor stimuli produces a shortening of reaction times (Todd, 1912;
area showing stimulus—response activity in both modalitieMiller, 1982, 1986) and may also reduce the learning
supports the role of dorsal premotor cortex in response€omponentin this task. Future studies may determine whether
selection, and in control of motor behaviour guided bytasks in which auditory and visual stimuli are presented
external sensory stimuli and sensorimotor mapping, especiallsimultaneously are associated with less blood flow changes
in non-standard situations (Wiset al, 1996), as in our over time in this region.
incompatible response condition. Increased learning-dependent neuronal firing, which fol-
An alternative explanation is that the stimulus—responséows the behavioural learning curve, as the rCBF time—
compatibility activations seen in frontal and parietal areas iractivity profile in the learning-dependent dorsal premotor
our study may be accounted for by the increased executivarea did in our study, has been reported in non-human
control required by the more difficult incompatible task. primates (Mitz et al, 1991). Interestingly, the increased
There is evidence that frontoparietal areas are involved ifearning-dependent neuronal firing in dorsal premotor cortex
working memory tasks (Courtnest al, 1996); in particular, has been reported to lag behind the behavioural learning
an area in dorsal premotor cortex has been recently describetdirve in monkeys (Mitzet al, 1991). This suggests that
that seems specialized in spatial working memory (Courtney stimulus—response association must have been already
et al, 1998). established by other neurons subserving the retrieval mechan-
If the rostral dorsal premotor area described here respondsm of correct motor responses to sensory stimuli more than
to the increased executive control demands required by thiearning per se This is in line with our findings showing
incompatible response condition, the caudal dorsal premot®eparate dorsal premotor areas for spatial compatibility and
area showing learning-dependent activity is definitely notfor sensorimotor learning.
affected by different task demands between compatible and In monkeys, anterior and posterior dorsal premotor areas
incompatible response conditions. In fact, the two dorsahre reciprocally connected by robust corticocortical connec-
premotor areas described here show a functional doublgons (Matelli et al, 1991). Assuming similar connections
dissociation. The functional fractionation of human dorsalin the human, one might hypothesize that the functional
premotor cortex suggested by our data closely resembles tlsegregation observed in our study between the two dorsal
pattern of rostrocaudal fractionation observed in non-humapremotor areas can be modified in an efficient interaction,
primate dorsal premotor cortex (Matedit al., 1985, 1991). when needed, and according to task demands. This would
This suggests that a modular organization of dorsal premotdollow the general organizing principles of segregation and
areas may be largely invariant in primates, as is the case iimtegration in the brain (Tonomtt al., 1994, 1996), subserving
medial premotor areas (Picard and Strick, 1996). In mediaa flexible and adaptive behaviour that can be modified on a
premotor areas, when one looks at activation maps in aase-by-case basis.
variety of functional neuroimaging studies, there appears to Finally, all the activated areas observed in this study were
be a pattern such that anterior areas (the so-called ‘prelateralized to the left hemisphere. Chronometric investi-
supplementary motor area) are activated by ‘cognitive’ tasksgations, comparing reaction times in the same right-handed
whereas posterior areas (supplementary motor area ‘properdubjects, have shown much shorter reaction times with the
are activated by ‘motor’ tasks [see Picard and Strick (1996)ight hand than with the left hand in spatial compatibility
and references therein]. Our data, if one interprets a differtasks compared with simple (detection) reaction-time tasks
ential activation between compatible and incompatible tasksvith lateralized flashes (Anzolet al., 1977). This suggests
as reflecting attentional demands, fit this pattern. If this is @hat the human left hemisphere may be superior in tasks,
correct interpretation, then the learning that occurs in thesuch as spatial compatibility, in which stimulus—response
caudal dorsal premotor area may be interpreted more agssociations and response selection are required.
‘motor’ than ‘cognitive’. With regard to sensorimotor learning, some evidence for
The involvement of dorsal premotor cortex in sensorimotorhemispheric asymmetry has recently been provided in humans
learning in both non-human primates and humans is wel{Thut et al, 1996, 1997). This lateralization may not be
known (Mitz et al, 1991; Germain and Lamarre, 1993; specific to the human brain, since lateralized left frontal,
Passingham, 1993; Roland, 1993; lacobenial., 199&)). learning-dependent activity has recently been reported in a



2142 M. lacoboniet al.

non-human primate during sensorimotor learning (Gembd#utta A, Proctor RW. Persistence of stimulus-response compatibility
et al,, 1995). effects with extended practice. J Exp Psychol Learn Mem Cogn
One must keep in mind, however, that functional maps int992; 18: 801-9.
activation studies only show voxels where activity is beyondGemba H, Miki N, Sasaki K. Field potential change in the prefrontal
a statistical threshold. In other words the maps ‘binarize’cortex of the left hemisphere during learning processes of reaction
(active or not active), brain activity that is, in fact, continuous.time hand movement with complex tone in the monkey. Neurosci
Thus, lateralized activation patterns in functional neuro--ett 1995; 190: 93-6.
imaging must always be considered as relative, rather tha@ermain L, Lamarre Y. Neuronal activity in the motor and premotor
absolute. In keeping with this, when we analysed the data ofortices before and after learning the associations between auditory
three different experiments on spatial compatibility, encom-stimuli and motor responses. Brain Res 1993; 611: 175-9.
passing 21 SUbJeCtS_’ we galn_ed _enou_gh statistical power rafton ST, Fagg AH, Arbib MA. Dorsal premotor cortex and
be able to observe bilateral activations in both dorsal premotogongitional movement selection: a PET functional mapping study.
and superior parietal cortex (lacoboni, 1998). J Neurophysiol 1998; 79: 1092-7.

Halsband U, Freund HJ. Premotor cortex and conditional motor
Acknowledgements learning in man. Brain 1990; 113: 207-22.
We thank Deborah Dorsey, RN, for subject recruitment; RorHalsband U, Passingham R. The role of premotor and parietal
Sumida, Larry Pang, Der-Jenn Liu and Sumon Wongpyia forcortex in the direction of action. Brain Res 1982; 240: 368—72.
technical aSS'Stan(_:e; Steve Hunt, Pth"for MacProbe; SImolﬂyvarinen J. The parietal cortex of monkey and man. Berlin:
Chgrry, Ph.D., for image reconstruction, anc_i two anonymousspringer-Verlag: 1982.
reviewers for helpful comments on a previous draft of the

r2n0a1n8u7scril\|pltl;lD'l'Shls WO{kNVéaSE)156u4p6poged b{ N”;' %ralgt NSembodied mind. In: Toga A, Mazziotta JC, editors. Brain mapping:
’ gran » epar men. of ENergy e systems. San Diego (CA): Academic Press. In press 1998.
Contract DE-FCO3-87ER60615, generous gifts from the
Brain Mapping Medical Research Organization, the Piersonlacoboni M, Zaidel E. Channels of the corpus callosum: evidence
Lovelace Foundation, the Ahmanson Foundation, the Inter®™ Sl'.'tngle, reaction times tto Iaéerghzlegdgggﬂg's7|r719thg8nocrmal ami
national Human Frontier Science Program, the North Sta}h_e Spitt brain {see <-:ommen s]. Brain ’ ’ —66. Lommen
. . . In: Brain 1996; 119: 2155-6.
Fund, and the Jennifer Jones Simon Foundation.
lacoboni M, Fried |, Zaidel E. Callosal transmission time before
and after partial commissurotomy. Neuroreport 1994; 5: 2521-4.

lacoboni M. Attention and sensorimotor integration: mapping the

References . . . .
Andersen RA. Encoding of intention and spatial location in thel@coboni M, Woods RP, Mazziotta JC. Blood flow increases in left

posterior parietal cortex. [Review]. Cereb Cortex 1995; 5: 457-ggdorsal premotor cortex during sensorimotor integration learning
[abstract]. Soc Neurosci Abstr 1996a; 22: 720.

Andersen RA’ Snyder .LH’ Bradley_ DC, ?(lng J- Multlqual lacoboni M, Woods RP, Mazziotta JC. Brain-behavior relationships:
representation of space in the posterior parietal cortex and its use

. . : . . ~n.evidence from practice effects in spatial stimulus-response compatib-
?Ogl_a;nonmg movements. [Review]. Annu Rev Neurosci 1997; 20'i|ity. J Neurophysiol 1996b: 76: 321-31.

) . . ) . lacoboni M, Woods RP, Lenzi GL, Mazziotta JC. Merging of
Anzola GP, Bertoloni G, Buchtel HA, Rizzolatti G. Spatial compatib- oculomotor and somatomotor space coding in the human right

ility and anatom_ical factors in simple and choice reaction time'precentral gyrus. Brain 1997a; 120: 1635-45.
Neuropsychologia 1977; 15: 295-302.
lacoboni M, Woods RP, Mazziotta JC. Coding the motor significance

Cherry SR, Woods RP, Hoffman EJ, Mazziotta JC. Improvedof sensory stimuli in posterior parietal cortex [abstract]. Neuroimage
detection of focal cerebral blood flow changes using three-dimenqgg7p: 5 (4 Suppl): S14.

sional positron emission tomography. J Cereb Blood Flow Metab » . .
1993: 13: 630-8. Jeannerod M. The cognitive neuroscience of action. Oxford:

Blackwell; 1997.

CO“Tt”eY SM, Ungerlelder LG, K_e|l K, Haxby JV. Object and Matelli M, Luppino G, Rizzolatti G. Patterns of cytochrome oxidase
spatial visual working memory activate separate neural systems 0 ivity in the frontal agranular cortex of the macaque monke
human cortex. Cereb Cortex 1996; 6: 39-49. y 9 q Y-

Behav Brain Res 1985; 18: 125-36.

Courtney SM, Petit L, Maisog JM, Ungerleider LG, Haxby JV. AN \jatelli M, Luppino G, Rizzolatti G. Architecture of superior and
area specialized for spatial working memory in human frontalnegial area 6 and the adjacent cingulate cortex in the macaque
cortex. Science 1398; 279:1347-51. monkey. J Comp Neurol 1991; 311: 445-62.

Critchley M. The parietal lobes. London: Edward Arnold; 1953.  Maunsell JH, Gibson JR. Visual response latencies in striate cortex

Deiber MP, Wise SP, Honda M, Catalan MJ, Grafman J, Hallett M.Of the macaque monkey. J Neurophysiol 1992; 68: 1332-44.

Frontal and parietal networks for conditional motor learning: aMazziotta JC, Huang SC, Phelps ME, Carson RE, MacDonald
positron emission tomography study. J Neurophysiol 1997; 78NS, Mahoney K. A noninvasive positron computed tomography
977-91. technique using oxygen-15-labeled water for the evaluation of



Supramodal frontoparietal circuitry 2143

neurobehavioral task batteries. J Cereb Blood Flow Metab 1985; 5fhut G, Cook ND, Regard M, Leenders KL, Halsband U, Landis
70-8. T. Intermanual transfer of proximal and distal motor engrams in

Mazzoni P, Bracewell RM, Barash S, Andersen RA. Spatially tune(}jumans' Exp Brain Res 1996; 108: 321-7.

auditory responses in area LIP of macaques performing delayedhut G, Halsband U, Regard M, Mayer E, Leenders KL, Landis T.
memory saccades to acoustic targets. J Neurophysiol 1996; 75Vhat is the role of the corpus callosum in intermanual transfer of
1233-41. motor skills? A study of three cases with callosal pathology. Exp

Miller J. Divided attention: evidence for coactivation with redundant Brain Res 1997; 113: 365-70.
signals. Cogn Psychol 1982; 14: 247-79. Todd JW. Reaction to multiple stimuli. New York: Science Press;

Miller J. Timecourse of coactivation in bimodal divided attention.
Percept Psychophys 1986; 40: 331-43. Tononi G, Sporns O, Edelman GM. A measure for brain complexity:

) ) ) relating functional segregation and integration in the nervous system.
Mitz AR, Godschalk M, Wise SP. Learning-dependent neuronalp.q. Natl Acad Sci USA 1994 91: 5033—7

activity in the premotor cortex: activity during the acquisition of ) ]
conditional motor associations. J Neurosci 1991: 11: 1855-72.  Tononi G, Sporns O, Edelman GM. A complexity measure for

) ) o selective matching of signals by the brain. Proc Natl Acad Sci USA
Newell A, Rosenbloom PS. Mechanisms of skills acquisition andjgge: 93: 3422-7.

the law of practice. In: Anderson JR, editor. Cognitive skills and

their acquisition. Hillsdale (NJ): Lawrence Erlbaum; 1981. p. 1_55'Umiltf§1 C, Nicoletti R. Spatial stimulus-response compatibility. In:
Proctor RW, T Reeve TG, editors. Stimulus-response compatibility:

Oldfield RC. The assessment and analysis of handedness: thg integrated perspective. Amsterdam: Elsevier; 1990. p. 89-116.
Edinburgh inventory. Neuropsychologia 1971; 9: 97-113.

_ o T N _ Vaadia E. Single-unit activity related to active localization of
Pantano P, Formisano R, Ricci M, Di Piero V, Sabatini U, Di Pofi acoustic and visual stimuli in the frontal cortex of the rhesus
B, et al. Motor recovery after stroke. Morphological and functional monkey. Brain Behav Evol 1989; 33: 127-31.

brain alterations. Brain 1996; 119: 1849-57. Vaadia E, Benson DA, Hienz RD, Goldstein MH Jr. Unit study of

Passingham RE. Premotor cortex and the retrieval of movemenmonkey frontal cortex: active localization of auditory and of visual

Brain Behav Evol 1989; 33: 189-92. stimuli. J Neurophysiol 1986; 56: 934-52.
Passingham RE. The frontal lobes and voluntary action. OxfordWinstein CJ, Grafton ST, Pohl PS. Motor task difficulty and brain
Oxford University Press; 1993. activity: investigation of goal-directed reciprocal aiming using

Perenin M-T, Vighetto A. Optic ataxia: a specific disruption in positron emission tomography. J Neurophysiol 1997; 77: 1581-94.

visuomotor mechanisms. |. Different aspects of the deficit inWise SP, di Pellegrino G, Boussaoud D. The premotor cortex
reaching for objects. Brain 1988; 111: 643-74. and nonstandard sensorimotor mapping. [Review]. Can J Physiol

Picard N, Strick PL. Motor areas of the medial wall: a review of Pharmacol 1996; 74: 469-82. o
their location and functional activation. [Review]. Cereb Cortex Wise SP, Boussaoud D, Johnson PB, Caminiti R. Premotor and
1996; 6: 342-53. parietal cortex: corticocortical connectivity and combinatorial com-

. . gutations. [Review]. Annu Rev Neurosci 1997; 20: 25-42.
Proctor RW, Dutta A. Do the same stimulus-response relation

influence choice reactions initially and after practice? J Exp PsychofVoods RP, lacoboni M, Grafton ST, Mazziotta JC. Improved
Learn Mem Cogn 1993; 19: 922-30. analysis of functional activation studies involving within-subject

) . ) replications using a three-way ANOVA model. In: Myers R,
Proctor RW, Reeve TG. Stimulus-response compatibility: an intégynningham Vv, Bailey D, Jones T, editors. Quantification of brain
rated perspective. Amsterdam: Elsevier, 1990. function using PET. San Diego (CA): Academic Press; 1996. p.
Recanzone GH, Schreiner CE, Merzenich MM. Plasticity in the353-8.

fr_equ_emy _repres_e_ntat_ion of primary auditory cortex_ following \woods RP, Grafton ST, Holmes CJ, Cherry SR, Mazziotta JC.
discrimination training in adult owl monkeys. J Neurosci 1993; 13: Aytomated image registration: 1. General methods and intrasubject,
87-103. intramodality validation. J Comput Assist Tomogr 1998a; 22:

Roland PE. Brain activation. New York: Wiley-Liss; 1993. 139-52.

Rushworth MF, Nixon PD, Renowden S, Wade DT, PassingharrWOOdS RP, Grafton ST, Watson JDG, Sicotte NL, Mazziotta JC.
RE. The left parietal cortex and motor attention. NeuropsychologiaAUtomated image registration: Il. Intersubject validation of linear
1997: 35: 1261-73. and nonlinear models. J Comput Assisted Tomogr 1998b; 22:

153-65.
Snyder LH, Batista AP, Andersen RA. Coding of intention in the

posterior parietal cortex [see comments]. Nature 1997; 386: 167Vorsley KJ, Marrett S, Neelin P, Vandal AC, Friston KJ, Evans
70. Comment in: Nature 1997: 386: 122—3. AC. A unified statistical approach for determining significant signals

in images of cerebral activation. Hum Brain Mapp 1996; 4: 58-73.
Stricanne B, Andersen RA, Mazzoni P. Eye-centered, head-centered, . . . . .
and intermediate coding of remembered sound locations in are a|deI_E, Iacob_onl M. Using acon_wputenzed system for behavioural
LIP. J Neurophysiol 1996; 76: 2071-6. laterality experiments [letter]. Brain 1996; 119: 2155-6.

Talairach J, Tournoux P. Co-planar stereotaxic atlas of the human
brain. Stuttgart: Thieme; 1988. Received June 8, 1998. Accepted June 29, 1998



