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Abstract We used positron emission tomography (PET) to measure movement set-related changes in regional cerebral blood flow (rCBF) when human subjects were asked to copy hand movements. Movement set-related activity in the brain is thought to reflect the processes of movement selection, preparation and inhibition. Four conditions were used. In the first condition, prepare and execute (PE), the hand stimulus to be copied was shown to subjects 3 s before an auditory ªgoº-cue instructed subjects to execute the movement; a large part of the scanning time was therefore spent in preparing to move. In the immediate execution condition (E), the hand stimulus and the go cue were presented simultaneously. The prepare-only condition (P) was similar to PE, except subjects only prepared to make the movement and did not actually execute any movement when they heard the auditory gocue. The same stimuli were presented in a baseline condition (B), but the subjects were instructed to neither prepare nor execute movements. There were 5 principle findings: (1) In contrast to a previous study of human set-related activity in which movements were instructed by an arbitrary pattern of LEDs, preparing to make a copied movement causes rCBF changes in area 44 in posterior Brocas area; (2) set-related activity can be recorded in the cerebellar hemispheres and midline; (3) we confirmed that the supramarginal gyrus has a general role in preparing movements ± there was more rCBF in the P than the E condition; (4) the cerebellar nuclei and the basal ganglia may be particularly involved in the initiation and execuM. Krams ´ M.F.S. Rushworth ´ R.S.J. Frackowiak R.E. Passingham Wellcome Department of Cognitive Neurology, Institute of Neurology, 12 Queen Square, London WC1N 3BG, UK
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tion of a planned movement; these regions were more active in the PE condition than the P condition; (5) the ventrolateral prefrontal cortex and a left anterior cingulate area are part of a distributed system involved in the suppression of a motor response; these areas were significantly more active in the P than the PE condition. Key words Brocas area ´ Ventral prefrontal cortex ´ Supramarginal gyrus ´ Cingulate ´ Cerebellum ´ Human



Introduction Motor preparatory activity has been investigated in neurophysiological studies of the non-human primate. The paradigms usually involve an initial precue that informs the monkey which movement it will have to perform when a ªgoº cue is presented a short time subsequently. Single-unit activity recorded after the presentation of the precue and before the presentation of the go cue, referred to as ªset activityº, has been argued to reflect motor planning and programming and possibly the suppression of automatically triggered movements (Wise and Mauritz 1985). Set-related activity has been recorded in the cortex in: the dorsal lateral premotor cortex (PMd; Weinrich and Wise 1982; Weinrich et al. 1984; Godschalk et al. 1985; Wise and Mauritz 1985; di Pelligrino and Wise 1991, 1993; Boussaoud and Wise 1993a, b; Riehle et al. 1994; Riehle and Requin 1995; Kalaska and Crammond 1995; Crammond and Kalaska 1996; Johnson et al. 1996); the supplementary motor area (SMA) and the pre-SMA (Alexander and Crutcher 1990a, b; Matsuzaka et al. 1992; Romo and Schulz 1992); Brodmann area 5 (Riehle et al. 1994; Kalaska and Crammond 1995; Riehle and Requin 1995); middle intraparietal (MIP; Johnson et al. 1996); the anterior cingulate cortex (Shima et al. 1991); the ventral prefrontal cortex (Boussaoud and Wise 1993a, b); and to varying degrees in various parts of the primary motor cortex (M1; Alexander and Crutcher 1990a, b; Smyrnis et al. 1992; Ashe et al. 1993; Riehle et al. 1994; Riehle and Requin 1995; Johnson et al. 1996). Most studies of
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subcortical motor activity have focused on the striatum (Alexander and Crutcher 1990a, b; Apicella et al. 1991, 1992; Schultz and Romo 1992; Jaeger et al. 1993), while less attention has been paid to the possibility that set activity might also be present in the cerebellum (Thach 1978; Chapman et al. 1986). The presence of motor set-related activity in the human brain has recently been demonstrated with positron emission tomography (PET) by Deiber et al. (1996). Deiber et al. employed a similar paradigm to that used with non-human primates. Although subjects only made a few overt movements to go cues during the minute of scanning, they spent a large part ot the scan time preparing to make movements instructed by prior precues; changes in regional cerebral blood flow (rCBF) therefore largely reflect preparatory set activity processes. Deiber et al. (1996) made two important findings: First, set-related activity was confirmed in the lateral premotor cortex, on the border between the SMA and the pre-SMA, anterior cingulate area 32, supramarginal gyrus area 40, the striatum and the thalamus. Despite this, activity in the SMA, premotor cortex, cerebellum, and cingulate cortex was still present in a condition with the same movement selection and execution requirements but which gave the subjects no opportunity to prepare. Second, they found some support for the hypothesis that different modes of movement selection depend on different premotor areas (Passingham 1993); freely selected movements, as opposed to movements instructed by arbitrary cues (the configuration of a set of light stimuli), have a greater dependence on medial premotor areas including the pre-SMA and area 32 and on prefrontal areas 9 and 10. The present study employs a similar paradigm to look further at set-related activity. There are, however, three important differences between the present study and the previous study. First, we employed an additional condition which required subjects to just prepare movements when shown precues without subsequently executing any movement. The previous demonstration of preparatory-related changes in rCBF (Deiber et al. 1996) were made by comparing a condition that involved both preparation and execution with a baseline that involved neither; the possibility remains that some activity changes partly reflected execution as opposed to preparation. In the present study, any change in rCBF in the ªprepare and executeº (PE) condition that genuinely reflexts preparatory planning (Mauritz and Wise 1985) should also be present in the ªprepare-onlyº (P) condition. Greater rCBF in the PE condition than in the P condition would indicate an area primarily concerned with movement execution. Greater rCBF in the P condition than in the PE condition would indicate a region where set activity was particularly related to inhibitory processes (Wise and Mauritz 1985). Second, the present experiment uses a different mode of movement instruction; pictures of a hand, as opposed to arbitrary LED patterns, we used to indicate which movement the subjects were to make; we refer to this process as ªmovement copyingº. There has been some sup-



port for the hypothesis that medial and prefrontal areas are concerned with the free selection of actions in the absence of instructions (Deiber et al. 1991; Passingham 1993; Chen et al. 1994; Thaler et al. 1994; Jahanshahi et al. 1995), while PMd is more concerned with movements selected on the basis of arbitrarily associated instructions (Kurata 1993; Mitz et al. 1993; Passingham 1993; Kurata and Hoffman 1994; Chen and Wise 1995). Recently it has been suggested that macaque area F5 in the more ventral lateral premotor cortex (PMv) may play a particular role in comprehending the movements of other individuals (di Pelligrino et al. 1992; Gallese et al. 1996; Rizzolatti et al. 1996a, b). Movements selected by copying may therefore additionaly depend on this region. If this is the case then we should expect to record rCBF changes in the human homologue of F5 in the present study despite the absence of any ventral premotor changes under otherwise similar conditions in the earlier experiment of Deiber et al. (1996). The third important aspect of the present investigation was the position of the scanner. In the present experiment, the field of view of the scanner was positioned so as to enable us to image all of the cerebellum. The set-related activity of the cerebellum has received comparatively little attention in non-human primates (Thach 1978; Chapman et al. 1986), despite its activation in PET experiments that involve motor imagery in the absence of overt movement execution (Decety et al. 1994). The lower position of the scanner, however, meant that we were not able to image the activity in the SMA and PMd. The benefits of being able to scan the cerebellum outweight the cost of not being able to scan the SMA and the PMd given that a number of previous investigations have already established set-related activity in these areas (Alexander and Crutcher 1990a, b; Decety et al. 1992; Matsuzaka et al. 1992; Romo and Schulz 1992; Kawashima et al. 1994; Deiber et al. 1996).



Materials and methods Subjects Eight normal male subjects with a median age of 30 years (range 27±52 years) were studied. All subjects were right-handed as tested by the Edinburgh Handedness Questionnaire (Oldfield 1971). The study involved the administration of 4.8 mSv effective dose equivalent of radioactivity per subject and was approved by the Administration of Radioactive Substances Advisory Committee of the Department of Health of the UK. Subjects gave informed written consent. The study was approved by the research ethics committee of the Royal Postgraduate Medical School, Hammersmith Hospital, London. Data acquisition Magnetic resonance imaging (MRI) scans were taken for all subjects to obtain T1-weighted spin-echo images. Subsequently 12 PET measurements of rCBF were obtained at 10-min intervals using a bolus injection technique with H215O as a tracer and a CTI 953B-PET scanner with collimating senta retracted. With a field of view of 10.8 cm in the z-plane, the subjects were positioned so as to include



388 all of the cerebellum. After normalization, the PET data set extended from Ÿ50 mm below the AC-PC line to approximately +60 mm above it. Experimental design There were four conditions, each repeated three times. In all conditions the subjects viewed a drawing of a right hand on a screen. Their right hand rested on a keypad with keys for index, middle, ring and small finger. In conditions E, PE and P, subjects executed and/or prepared to execute finger movements that corresponded with pictures of hands presented on a computer screen. When the nail of a finger in the picture was darkened, subjects prepared and/or executed a key press with their own corresponding finger. The task is clearly different from previous studies of movement selection where arbitrary stimuli such as LED patterns or auditory tones are used to instruct movements. We therefore refer to the task as a ªmovement copying task.º Execute immediately One of the fingernails of the fingers in the picture on the monitor was briefly darkened (700 ms). Simultaneously with the marking of the finger, a tone was presented. Subjects were asked to respond as quickly as possible by moving the finger of their right hand that corresponded to the marked finger. The interval between trials varied between 2 and 10 s so that subjects could not predict the time of the next trial. Thus between trials they could not prepare to move a specific finger or get ready to respond at a specific time. Subjects made a total of 16 movements during the scanning period. Prepare and execute The PE condition used identical stimuli, but there was now a 3-s interval between the onset of the selection cue (fingernail darkening for 700 ms) and the go cue (tone). The subjects were asked to prepare to move the appropriate finger when they saw the selection cue, but not to execute the movement until they heard the tone. The time intervals between trials were constant at 5.5 s. Thus, within a trial, the subjects prepared to move a specific finger and could get ready to respond at a specific time. As in condition E, 16 movements were executed during the scanning period. Prepare only The condition was almost identical to PE; subjects were asked to prepare movements corresponding to those indicated by the same cue as before ± darkening of the fingernail. On this occasion, however, the subjects did not make any overt movement when they heard the tone had acted as a god signal in the PE condition. Baseline The same visual cues, fingernail darkening, and the same auditory go cues as presented in the experimental conditions were also used in the B condition. Subjects saw the hand stimuli and heard the go signals, but they were instructed to neither prepare nor execute movements. All subjects were pretrained immediately before scanning. Training consisted of three trials of each condition and lasted a total of 35 min. All subjects were confident that they were able to do the task. Detailed instructions of what to do in the relevant condition were repeated before each scan. In conditions PE and P, the subjects were trained to direct their attention to the ªfeelº of the movement they were preparing to discourage them from verbally encoding the movement. After scanning, all subjects were interviewed about their performance: (1) Which condition did youg find most difficult to



perform? (2) Did you find P more difficult to do than PE? (3) Did you use verbal strategies in preparing a finger? The reaction times of movements to the tone were recorded in conditions E and PE. To assess differences in performance of E and PE, a paired t-test of each subjects mean reaction time for conditions E and PE was carried out. Data analysis of PET data This was performed on SUN SPARC 20 work stations (SUN Microsystems, Surrey, UK) using the statistical parametric mapping software package SPM-96 (Wellcome Department of Cognitive Neurology, London, UK). PET images were realigned with the individuals MR image. PET and MR images were then normalized to the standard stereotaxic space as defined by the Montreal Neurological Institute (MNI; Evans et al. 1991, 1993). The rCBF images were smoothed with a filter of 12 mm to attenuate high-frequency noise, thus increasing the signal-to-noise ratio. Differences in global blood flow between subjects and conditions were removed by analysis of covariance. The following planned comparisons were carried out: A. B. C. D. E. F. G.



P versus B PE versus B E versus B P versus E PE versus E P versus PE PE versus P



Using the t-statistic on a voxel-by-voxel basis, SPM-t-maps were generated with areas of activation of P 
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