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The Preparation and Execution of Self-Initiated and ExternallyTriggered Movement: A Study of Event-Related fMRI R. Cunnington,* ,† C. Windischberger,‡ L. Deecke,† and E. Moser‡ ,§ *Department of Psychology, Monash University, Clayton, Australia; and ‡Institute for Medical Physics, §Department of Radiodiagnostics, and †Department of Clinical Neurology, University of Vienna, Vienna, Austria Received March 27, 2001



Studies of functional brain imaging in humans and single cell recordings in monkeys have generally shown preferential involvement of the medially located supplementary motor area (SMA) in self-initiated movement and the lateral premotor cortex in externally cued movement. Studies of event-related cortical potentials recorded during movement preparation, however, generally show increased cortical activity prior to selfinitiated movements but little activity at early stages prior to movements that are externally cued at unpredictable times. In this study, the spatial location and relative timing of activation for self-initiated and externally triggered movements were examined using rapid event-related functional MRI. Twelve healthy righthanded subjects were imaged while performing a brief finger sequence movement (three rapid alternating button presses: index–middle–index finger) made either in response to an unpredictably timed auditory cue (between 8 to 24 s after the previous movement) or at selfpaced irregular intervals. Both movement conditions involved similar strong activation of medial motor areas including the pre-SMA, SMA proper, and rostral cingulate cortex, as well as activation within contralateral primary motor, superior parietal, and insula cortex. Activation within the basal ganglia was found for self-initiated movements only, while externally triggered movements involved additional bilateral activation of primary auditory cortex. Although the level of SMA and cingulate cortex activation did not differ significantly between movement conditions, the timing of the hemodynamic response within the pre-SMA was significantly earlier for self-initiated compared with externally triggered movements. This clearly reflects involvement of the pre-SMA in early processes associated with the preparation for voluntary movement. © 2002 Elsevier Science



INTRODUCTION Several functionally distinct motor areas have been identified within the frontal cortex immediately anterior to the primary motor area. These motor areas are differentially involved in movements made under dif-



ferent conditions. Electrophysiological studies in monkeys have suggested that the medially located supplementary motor area (SMA) is more involved in selfinitiated movements whereas the lateral premotor area is more involved in externally triggered movement (Romo and Schultz, 1987; Thaler et al., 1988; Mushiake et al., 1991). Picard and Strick (1996) further distinguish between two subregions within the supplementary motor area: the anterior or pre-SMA, which projects mainly to primary motor cortex, appears to be more involved in higher-order aspects of movement planning and preparation, whereas the caudal SMA or SMA proper contains a higher proportion of direct spinal projections (Macpherson et al., 1982) and shows a higher degree of movement execution-related activity. Similar evidence in humans is not so clear. Electrophysiological studies have mainly examined changes in cortical activity which precede voluntary movement and are thought to reflect processes associated with the preparation for movement. Such motor preparatory activity may be inferred from the slow negative scalp potential which precedes voluntary movement, termed the Bereitschaftspotential or readiness potential (Deecke et al., 1969). This readiness potential is significantly greater preceding self-paced movement compared with externally triggered movement (Papa et al., 1991; Jahanshahi et al., 1995), particularly when externally triggered movements are cued at unpredictable times (Cunnington et al., 1995). Motor preparatory activity reflected in the readiness potential is thought to arise predominantly from the SMA (Deecke and Kornhuber, 1978), lending support to evidence from animal studies that the SMA plays a particular role in self-paced movement. The cortical source of scalp recorded electrical potentials, however, is difficult to accurately localize and the extent to which the SMA contributes to the readiness potential has been questioned (Neshige et al., 1988; Boetzel et al., 1993). More recent studies using high-density EEG recordings and current source density analysis techniques have provided strong evidence that early pre-
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movement activity originates within midline cortical areas including the SMA (Kno¨sche et al., 1996; Ball et al., 1999; Cui et al., 1999). Such studies, however, have focused on self-initiated voluntary movements only and have not examined differences in the localization or timing of cortical activity for externally triggered movements. Studies of functional brain imaging, using PET and functional MRI, have generally shown greater activation of the SMA for self-initiated compared with externally triggered movement (Rao et al., 1993; Wessel et al., 1997; Deiber et al., 1999; Jenkins et al., 2000), although there have been contradictions (Remy et al., 1994). Functional imaging studies have also shown strong bilateral activation of lateral premotor areas for externally triggered movements (Van Oostende et al., 1997; Wessel et al., 1997; Catalan et al., 1998; Haslinger et al., 2001). Studies directly comparing externally triggered and self-initiated movements, however, have generally failed to show significant changes in the level of lateral premotor cortex activation contingent on external cuing (Wessel et al., 1997; Weeks et al., 2001) as might have been expected from electrophysiological studies of nonhuman primates. Several functional imaging studies have examined the relative timing of activation of SMA, lateral premotor, and primary motor areas over periods of movement preparation using event-related functional MRI. In a delayed cued movement task Richter et al. (1997a) showed that activity within both SMA and lateral premotor areas increases during the movement preparation period (the delay between a warning cue and the GO cue), while the primary motor cortex showed only weak activation during the preparation period and the greatest activation during movement execution. In a study of purely self-paced movement Wildgruber et al. (1997) similarly showed that the peak activation within SMA precedes that within primary motor cortex and therefore most likely reflects activation of the SMA during movement preparation preceding movement execution. Studies directly comparing self-initiated and externally triggered movements, however, have only examined levels of activation throughout prolonged periods of movement performance and have therefore lacked the necessary temporal resolution to examine the relative timing of activity between cortical areas. It seems likely that externally triggered movements, in which rapid movements are made immediately in response to an unpredictable external cue, would involve less early-stage movement preparation and activation of motor areas only immediately prior to movement execution. Such differences in the timing of involvement of different motor cortical areas have not been examined. In this study we use a rapid event-related fMRI acquisition to explore involvement of different cortical regions over different time intervals prior to and dur-



ing voluntary movement. With such fast fMRI sequences at high field strength (3 T), it is possible to acquire brain images at a sufficient rate to directly examine changes in blood oxygen level within different brain regions for single actions or events (Cunnington et al., 1999; Windischberger et al., 1999). Although the change in local blood deoxyhemoglobin density measured by fMRI is slow and delayed by 3–5 s following increases in neural activity, the hemodynamic response delay is relatively consistent between cortical areas (Richter et al., 1997b) and can resolve differences in the timing of activation of different areas (Friston et al., 1998; Menon et al., 1998). This method therefore allows us to examine, with high spatial resolution, the relative involvement of motor cortical areas in preparatory and execution-related stages of motor control processing and to compare the level and relative timing of activity patterns for self-paced and externally triggered movement. MATERIAL AND METHODS Image Acquisition Imaging was performed on a 3-T Medspec S300 widebore scanner equipped with a whole-body gradient system and birdcage head coil (Bruker Medical, Ettlingen, Germany), using a phase-corrected single-shot gradient-echo EPI sequence. Fifteen horizontal slices of 6 mm thickness and 64 2 matrix (3.0 ⫻ 3.0-mm resolution) were acquired covering most of the brain with a slice acquisition time of 75 ms and volume repetition time of 1125 ms (TE ⫽ 40 ms; RBW ⫽ 100 kHz). The slice acquisition time was always constant, including between the last slice of a volume and the first slice of the next volume. In this way the frequency of scanner noise was a constant 13.3 Hz, with no variation between volume acquisitions. Two trials of 280 volumes, plus 8 initial saturation volumes, were acquired for each subject. Head motion artifacts were minimized by using an individually fitted plaster helmet designed in our institute (Edward et al., 2000). A T1-weighted structural image of 256 2 matrix and 32 slices (1 ⫻ 1 ⫻ 3-mm resolution) was also acquired for each subject using a MDEFT sequence optimized for 3-T field strength. Subjects and Task Twelve healthy right-handed subjects (6 male, 6 female), aged between 23 and 40 years (mean 28.8 years), participated in the study. Subjects performed a brief sequential button-press task. Throughout the study subjects rested the index and middle fingers of the right hand on separate microswitches. The required movement involved three rapid alternating button presses with the index–middle–index finger. Re-
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sponse times were recorded from the microswitches via a separate PC. Two different cuing conditions were examined: Externally triggered movement. A 50-Hz pure tone (200 ms duration) was presented via headphones at unpredictable intervals and subjects performed the button-press movement as quickly as possible following the tone. The interval between tones was either 8, 10, 12, 14, 16, 18, 20, 22, or 24 s. Each of these intermovement intervals occurred twice at pseudo-random times throughout the sequence, providing 18 unpredictably cued movements with a mean intertrial interval of 16 s over the whole 280 volume sequence. Self-initiated movement. No cues were provided and subjects made movements at freely selected but irregular times. All subjects had previously received practice with the irregularly timed tones used for externally triggered movements and were carefully instructed to randomly vary the intervals between their self-initiated movements, sometimes long and sometimes short, similar to the irregular intervals of the tones. Since the slice acquisition time was always constant, including between volumes, and the scanner noise (13.3 Hz) was thereby constant, there were no additional external timing cues which subjects could use to pace their movements. Each condition was examined in a separate fMRI acquisition session of 280 brain volumes (approximately 5 min duration). The temporal jitter between volume repetition times (1.125 s) and intertrial intervals for cued conditions (all multiples of 2 s) ensured that different time points of the task-related BOLD response were sampled over repeated trials, thus providing a higher effective sampling rate (or higher temporal resolution) than reflected in the volume repetition time alone. Image Preprocessing All data preprocessing and analysis was performed using Statistical Parametric Mapping (SPM99; London, UK; Friston et al., 1995). Functional image volumes were first corrected for differences in the timing of acquisition between slices by using a sinc interpolation in time to shift the signal in each slice relative to the time of acquisition of the middle slice (Henson et al., 1999; Josephs and Henson, 1999). To correct for subjects’ head motion over time, functional images were spatially realigned to the first image in the time series using a six-parameter rigid body transformation, and a mean functional image was computed for each time series. Each mean functional image was spatially normalized to the reference system of Talaraich and Tournoux (1988) using a standard EPI template based on the reference brain of the Montreal Neurological Institute (Cocosco et al., 1997). Func-
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tional images were then resliced to 2 ⫻ 2 ⫻ 2-mm voxels according to the resulting spatial realignment and normalization parameters using sinc interpolation in space. Finally, in order to conform with assumptions on which SPM is based, functional images were spatially smoothed with a 4-mm full-width half-maximum isotropic Gaussian kernel and temporally smoothed with a Gaussian kernel of 4-s full-width half-maximum. Structural T1-weighted images for each subject were segmented to extract just the brain from the overall image. These brain-only images were then also spatially normalized into the reference space of Talairach and Tournoux (1988) using a T1 template based on the same reference brain of the Montreal Neurological Institution and resliced to 1 ⫻ 1 ⫻ 1-mm voxels. A group mean structural brain image was then calculated and used for displaying the anatomical location of group functional results. Image Analysis Two sessions per subject for the 12 subjects were analyzed in a single design using the general linear model implementation in SPM99. Hemodynamic responses to the movement task in each session were modeled with a canonical hemodynamic response function (HRF) and its first-order temporal derivative (Josephs et al., 1997). Inclusion of the temporal derivative as a covariate in the general linear model allows deviations in the latency of hemodynamic response onset to be accommodated in the model and allows statistical inferences based on latency differences between conditions to be made (Friston et al., 1998). The timing of modeled events for each subject was specified as the mean reaction time prior to movement onset (between 460 and 887 ms prior to movement according to subject reaction times for externally triggered movements; see Results). This modeled time point represented on average the time of presentation of the auditory cue for externally triggered movements and was always the identical time point in relation to movement onset for every trial for both externally triggered and self-initiated movements. This point in time immediately prior to movement onset was selected for two main reasons. First, with the inclusion of the temporal derivative of the canonical HRF, differences in the timing of actual hemodynamic responses relative to the canonical HRF can be accommodated. The model should therefore be sensitive to actual hemodynamic responses with onsets both earlier (during early movement preparation) and later (during movement execution) than the canonical HRF. Second, the major aim of the study was to examine differences in motor preparatory activity which may begin up to 2 s prior to movement onset for selfinitiated movements (Deecke and Kornhuber, 1978; Cunnington et al., 1995) and perhaps only at the time
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FIG. 1. Areas of activation (P uncorrected ⬍ 0.0001) along the mesial hemisphere wall for externally triggered (a) and self-initiated (b) movements overlaid on the midline sagittal slice of the group mean structural MRI. The white line marks the vertical axis through the anterior commissure, showing the approximate location of the border between pre-SMA (anterior) and SMA-proper (posterior).



of movement execution for externally triggered movements. We therefore chose a time relatively late in movement preparation (according to electrophysiological studies of self-initiated movement) which should be most sensitive to detect onset latency differences in preparatory components between conditions. The magnitude of responses in each condition (the parameter estimates for the height of the canonical HRF in each session) and differences in the magnitude of responses between conditions (positive and negative contrasts between the HRF height parameter estimates for each of the two conditions) were tested across all 12 subjects in a conjunction analysis (Friston et al., 1999). Differences in response latencies between conditions (contrasts between the parameter estimates of the HRF temporal derivative for each condition; Friston et al., 1998) were also tested in a conjunction analysis. Contrasts based on parameter estimates of the temporal derivative can reveal differences in actual hemodynamic response latencies because adding and subtracting the temporal derivative and the canonical HRF basically shifts the canonical HRF in time by an amount dependent on the weighting assigned to the temporal derivative. Parameter estimates of the height of the temporal derivative therefore basically reflect the amount of the temporal shift in the canonical HRF to best fit the actual hemodynamic response. This is based on the assumption that the shape of the actual hemodynamic response does not differ between conditions, but just varies in time. Fitted hemodynamic re-



sponses were therefore plotted over time for voxels that showed significant differences based on contrasts of the temporal derivatives in order to ensure that such significant contrasts were not biased by differences in hemodynamic response shape but reflected significant differences in hemodynamic response latencies. Voxels in which the peak activation in the conjunction analysis over 12 subjects exceeded the corrected statistical threshold P corrected ⬍ 0.05 were considered significantly activated. When overlaying regions with significant peak activations on the mean structural brain image, a more lenient statistical threshold of P uncorrected ⬍ 0.0001 was used. This allowed better visualization both of the extent and of direction of spread of activation in areas with a significant peak, as well as areas which may have shown a trend toward increased activation although not reaching the more conservative corrected statistical threshold. RESULTS Task Performance Mean reaction times for externally triggered movements varied from 460 to 887 ms between subjects (mean ⫾ SD across subjects 679 ⫾ 142 ms). The trialby-trial variability in reaction times within subjects was generally less than that between subjects (mean SD of trial-by-trial reaction times 99 ms). The mean interbutton movement time for the three button
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FIG. 2. Areas of activation (P uncorrected ⬍ 0.0001) within left primary motor and superior parietal areas (62– 64 mm above the AC–PC plane) for externally triggered (a) and self-initiated (b) movements.



presses for externally triggered movements (334 ⫾ 126 ms) and self-paced movements (351 ⫾ 140 ms) were not significantly different (t(11) ⫽ 0.94, p ⬎ 0.05). Subjects performed self-initiated movements with similar mean rate and intertrial variability as that for externally triggered movements. The mean interresponse intervals for self-initiated movements (15.7 ⫾ 4.2 s across subjects) compared with externally triggered movements (16 s for all subjects) were not significantly different (t(11) ⫽ 0.28, P ⬎ 0.05). The standard deviations of trial-by-trial interresponse intervals for self-initiated movements (6.85 s across subjects) compared with externally triggered movements (5.31 s



for all subjects) were also not significantly different (t(11) ⫽ 1.58, P ⬎ 0.05). This relatively high standard deviation of intertrial response intervals indicates that subjects did indeed perform self-initiated movements at irregularly timed intervals similar to that for externally triggered movements. Functional Imaging Results—Amplitudes of Hemodynamic Responses Areas of significant activation for both externally triggered and self-initiated movement, as well as areas showing significant differences between conditions, are
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TABLE 1 (a) Areas Showing Significant Activation for Externally Triggered and Self-Initiated Movements Externally triggered movements Area SMA Cingulate Left primary motor Left superior parietal Left insula (middle) Left insula (posterior) Left red nucleus Right auditory cortex Left auditory cortex Right putamen (Left putamen



Self-initiated movements



BA



Peak coordinates



Z score



P corrected



Peak coordinates



Z score



P corrected



6 32 4 4 5 13 13



0, ⫺6, 50 2, 16, 40 ⫺36, ⫺24, 64 ⫺44, ⫺10, 56 ⫺38, ⫺44, 60 ⫺42, 4, ⫺4 ⫺42, ⫺16, ⫺6 ⫺10, ⫺22, ⫺2 66, ⫺26, 14 ⫺44, ⫺22, 8



Inf 7.62 7.31 6.51 5.96 5.55 5.73 6.35 5.80 5.78



⬍0.001 ⬍0.001 ⬍0.001 ⬍0.001 0.002 0.015 0.006 ⬍0.001 0.004 0.004



2, ⫺4, 52 2, 8, 42 ⫺38, ⫺24, 64 ⫺46, ⫺10, 56 ⫺34, ⫺36, 64 ⫺42, 2, ⫺4



Inf Inf Inf 6.01 6.33 5.88



⬍0.001 ⬍0.001 ⬍0.001 0.001 ⬍0.001 0.003



⫺8, ⫺24, ⫺2



7.29



⬍0.001



24, ⫺2, ⫺2 ⫺22, 2, 0



6.62 5.14



⬍0.001 0.105)



41, 42 41, 42



(b) Areas Showing Significantly Greater Activation for Externally Triggered Movements Compared with Self-Initiated Movements Area



BA



Peak coordinates



Z score



P corrected



Right auditory cortex (Left auditory cortex



41 41



42, ⫺30, 8 ⫺38, ⫺34, 8



5.31 4.14



0.049 ⬍0.001 uncorrected)



(c) Areas Showing Significantly Earlier Activation for Self-Initiated Compared with Externally Triggered Movements Area



BA



Peak coordinates



Z score



P corrected



SMA (Cingulate



6 32



2, 0, 54 2, 12, 44



5.62 5.13



0.011 0.110)



shown in Table 1. The strongest activation for both movement conditions was found in the supplementary motor area and cingulate cortex (Fig. 1). This area of activation extended from SMA proper (4 to 6 mm posterior to the vertical axis through the anterior commissure (AC)) to pre-SMA (12 to 16 mm anterior to the vertical AC axis) and deep into the cingulate cortex at its anterior extent for both self-initiated and externally triggered movements. The second most significant activation was found within the left primary motor cortex, in a highly consistent location for both movement conditions (Fig. 2). This area extended anteriorly and inferiorly, with a second peak of significant activation at Talairach coordinates close to the border between primary motor (Brodmann’s area 4) and lateral premotor cortex (Brodmann’s area 6). This second peak, however, was the most anterior extent of the left motor cortex activation. There were, therefore, no significantly activated voxels that were located more anteriorly clearly within lateral premotor cortex even at the more lenient uncorrected probability threshold (P uncorrected ⬍ 0.0001). There were also no ipsilateral areas of activation, even at the uncorrected threshold, within right-side primary motor or lateral premotor areas. Other areas of consistent activation for both movement conditions were found in the left superior parietal



cortex (Brodmann’s area 5; Fig. 2) and left insula cortex (Brodmann’s area 13), extending posteriorly in the insula cortex for externally triggered movements. Interestingly, a strong area of activation was also found on the left side in the midbrain with a peak at Talairach coordinates corresponding with the red nucleus for both movement conditions (Fig. 3). For externally triggered movements only, activation was also found bilaterally in primary auditory and lateral temporal cortex (Brodmann’s areas 41 and 42). Although the position of the peak activation differed on left and right sides, at the uncorrected statistical threshold (P uncorrected ⬍ 0.0001) the area of activation on both sides clearly extended into previously reported probabilistic boundaries of primary auditory cortex (Penhune et al., 1996; Rademacher et al., 2001). For self-initiated movements only, basal ganglia activation was also found in the lentiform nucleus, along the border between the putamen and external segment of the globus pallidus of the right hemisphere (Fig. 3). Activation in the equivalent area of the basal ganglia of the left hemisphere just failed to reach significance at the corrected probability threshold (Z ⫽ 5.14, P corrected ⫽ 0.105). For externally triggered movements, there was no evidence of increased activation within the basal ganglia, even at the more lenient uncorrected probability threshold (P uncorrected ⬍ 0.0001).
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FIG. 3. Areas of subcortical activation (P uncorrected ⬍ 0.0001) located within the left midbrain (0 –2 mm below the AC–PC plane) for both externally triggered (a) and self-initiated (b) movements and bilaterally within the lentiform nucleus of the basal ganglia for self-initiated movements only.
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FIG. 4. Areas showing significantly earlier hemodynamic response latencies (P uncorrected ⬍ 0.0001) for self-initiated compared with externally triggered movements along the anterior mesial hemisphere wall. The white line marks the vertical axis through the anterior commissure, showing the approximate location of the border between pre-SMA and SMA proper.



Differential comparisons between conditions showed only significantly greater activation within the right primary auditory cortex for externally triggered movements compared with self-initiated movements (Table 1b). Activation in the equivalent area of the left primary auditory cortex failed to reach significance at the corrected level (Z ⫽ 4.14, P uncorrected ⬍ 0.0001). No areas showed significantly greater activation for self-initiated movement compared with externally triggered movements. The areas of strongest activation within supplementary motor area, cingulate cortex, and primary motor cortex, therefore, did not differ significantly in their levels of activation for externally triggered and self-initiated movements. Functional Imaging Results—Timing of Hemodynamic Responses The comparison of hemodynamic response latencies between conditions (the differential contrast of parameter estimates for the temporal derivatives) showed a significantly earlier hemodynamic response onset for self-initiated compared with externally triggered movement within the SMA (Table 1c). Within cingulate cortex, the difference in hemodynamic response latency just failed to reach signif-



icance at the corrected level (Z ⫽ 5.13, P corrected ⫽ 0.110). At the less conservative level (P uncorrected ⬍ 0.0001), the area showing an earlier hemodynamic response for self-initiated movement includes preSMA (on the vertical axis through the AC) and cingulate cortex, but extends only marginally posterior to the vertical AC axis into SMA proper (Fig. 4). No areas showed significantly earlier hemodynamic response onsets for externally triggered compared with self-initiated movements. The voxel within the SMA showing the maximally significant difference in hemodynamic response onsets (Talairach coordinates 2, 0, 54) was examined in more detail. Fitted hemodynamic response functions for this SMA voxel were calculated for each condition and contrasted with mean fitted hemodynamic response functions for peak voxels within left primary sensorimotor cortex (Fig. 5). As can be seen, there was little difference in the shape of the fitted hemodynamic response between conditions, but clearly an earlier response latency within the SMA for self-initiated compared with externally triggered movements (mean difference in peak latency 1.48 ⫾ 0.85 s across subjects). When comparing across cortical areas, the peak latency of the fitted hemodynamic response within the SMA preceded
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primary motor, supplementary motor, superior parietal, and insula cortex during voluntary upper-limb movement (Colebatch et al., 1991; Jahanshahi et al., 1995; Boecker et al., 1998). Interestingly, we also found significant subcortical activation within the midbrain for both movement conditions and in the basal ganglia for self-initiated movements. Subcortical Activation: The Midbrain and Basal Ganglia



FIG. 5. Mean fitted hemodynamic response curves for self-initiated (thick line) and externally triggered (thin line) movements: (a) for the peak pre-SMA voxel (Talairach coordinates 2, 0, 54: Table 1c); and (b) the average of peak voxels within left primary sensorimotor cortex (Table 1a). The error bars mark the mean position and standard error of peak amplitudes and peak latencies measured from fitted hemodynamic response curves of individual subjects.



that within left sensorimotor cortex by 1.20 s for selfinitiated movements and by only 0.25 s for externally triggered movements. DISCUSSION Both self-initiated and externally triggered movements activated a common network of areas including supplementary motor area, cingulate cortex, primary motor, superior parietal, and insula cortex. The magnitude of the hemodynamic response in these areas did not differ significantly between movement conditions; however, the timing of the hemodynamic response within the supplementary motor area was significantly earlier for self-initiated compared with externally triggered movements. Whole-brain functional imaging studies generally show activation in a similar network of areas including



In the midbrain, significant activation was found at Talairach coordinates corresponding to the red nucleus of the left hemisphere. The red nucleus is the origin of the rubrospinal tract which descends contralaterally to the lateral spinal cord and, together with direct corticospinal projections, influences motor neurons innervating distal limb muscles. The red nucleus receives input from ipsilateral primary motor cortex, supplementary motor area, and cingulate cortex, as well as significant input from the cerebellum (Burman et al., 2000). Connections from the cerebellum to the rubrospinal tract, via the red nucleus, provide a relatively direct link by which the cerebellum can influence corticospinal output. Previously, the most consistent activation within the red nucleus in humans has been shown in conjunction with strong cerebellar activity during involuntary tremor in essential tremor patients (Wills et al., 1994; Bucher et al., 1997). Most of the cerebellum was not included in the 15 slices acquired in this study; therefore, it is not known whether red nucleus activation was linked with cerebellar activity or whether it perhaps reflected motor cortical influences on the rubrospinal tract. Self-initiated movements were also associated with activation of the lentiform nucleus within the basal ganglia. The basal ganglia are a complex set of subcortical structures which receive input from much of the cortex and project via the thalamus back to prefrontal and motor cortical areas (Cummings, 1993). Through their role in corticosubcortical motor circuits linking supplementary motor and lateral premotor areas (Hoover and Strick, 1993), the basal ganglia are thought to be heavily involved in the internal control and higher order planning of complex movement (Marsden, 1987; Boecker et al., 1998). Interestingly, functional imaging studies often show activation within the basal ganglia during voluntary movement, but fail to find any difference in the level of activation between different movement tasks (see Brooks, 1995, for review), including between internally generated and externally triggered movements (Jahanshahi et al., 1995; Jenkins et al., 2000). Similarly, we found no significant difference in the level of activity within lentiform nucleus when directly comparing externally triggered and self-initiated movements; however, when contrasted with the resting baseline
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level, significant basal ganglia activation was found for self-initiated movements but not for externally triggered movements. SMA and Cingulate Motor Area Activation The most significant area of activation was found along the motor areas of the mesial hemisphere wall, including the pre-SMA, SMA proper, and cingulate cortex. Activation in these areas did not differ in magnitude between movement conditions, but began earlier for self-initiated movements than for externally triggered movements. The SMA is known to play an important role in the internal preparation and control of complex and sequential movement (Cunnington et al., 1996). The pre-SMA in particular shows greater activation when movements are more complex (Boecker et al., 1998) and internally generated (Deiber et al., 1999) and is active early during movement preparation (Lee et al., 1999). The SMA proper appears more to play a motor executive role (Stephan et al., 1995; Boecker et al., 1998) and is active later in conjunction with primary motor cortex activity (Lee et al., 1999). In the cingulate cortex, we found activation predominantly in the posterior end of the rostral cingulate motor area as defined by Picard and Strick (1996), an area which is most involved in motor tasks which are complex or which require some aspect of internal movement selection (Picard and Strick, 1996). As with the pre-SMA, this rostral cingulate motor area shows greater activation during internally generated movements (Wessel et al., 1997; Deiber et al., 1999) and is more involved in early processes of movement preparation (Ball et al., 1999) and in the internal representation or imagination of movement (Stephan et al., 1995). Both the rostral cingulate motor area and the pre-SMA therefore appear to be commonly involved in the internal preparation and control of complex movement. The lack of any activation within lateral premotor areas for both externally triggered and self-initiated movements and the lack of any difference in the magnitude of SMA activation between conditions were unexpected. Previous functional imaging studies involving externally cued movements have generally examined tasks in which single submovements are always made in response to a timing cue at a relatively slow rate. Submovements may be part of an overall sequence performed from memory (Deiber et al., 1991; Van Oostende et al., 1997; Catalan et al., 1998; Deiber et al., 1999) or may be freely selected or internally determined (Deiber et al., 1991; Van Oostende et al., 1997; Haslinger et al., 2001); however, the timing of every submovement is always cued externally at a relatively slow rate. These tasks therefore rely little on internal control mechanisms to prepare and coordinate



the timing of submovement initiation normally involved in ongoing complex motor sequence performance, but require close sensory monitoring to enable the rapid initiation of single submovements in response to external cues. These cued tasks involve strong bilateral activation of lateral premotor areas (Van Oostende et al., 1997; Wessel et al., 1997; Catalan et al., 1998; Haslinger et al., 2001) and when contrasted with movements which are purely self-generated significant differences in activation of the supplementary motor area are found (Wessel et al., 1997; Deiber et al., 1999). In our movement task, only the timing of the initiation of the overall motor sequence was externally cued. Although the sequence was short (three button presses), it still required some internal coordination of the timing of submovement initiation, particularly as the sequence involved alternating movements of two fingers such that the submovements could never be performed simultaneously nor specified without reference to their temporal order. Also, it was stressed to subjects that they should perform the movement task as quickly as possible, emphasizing the need for overall speed in performing the complete movement sequence. Movements would therefore have required a significant degree of preparation and/or preprogramming. Significant activation of supplementary and cingulate motor areas, rather than lateral premotor areas, may therefore reflect involvement of such internal motor preparation and control processes both when the initial onset of the sequence was externally cued and when self-determined. The Timing of Pre-SMA Activation Although the magnitude of activation within SMA and cingulate motor areas did not differ significantly between movement conditions, the onset of activation for self-initiated compared with externally triggered movements was significantly earlier within the preSMA and showed a trend toward earlier activation within the posterior section of the rostral cingulate motor area. Activation within the SMA was also clearly earlier than that within left sensorimotor cortex for self-initiated movements, whereas for externally triggered movements the timing of activation was similar in both cortical areas. There is much evidence that the SMA is normally active early during motor preparatory stages prior to self-initiated voluntary movement onset. Electrophysiological studies have long shown increased cortical activity centered on the scalp approximately above the region of the SMA beginning around 1 to 2 s prior to self-initiated movement (Deecke et al., 1969; Deecke and Kornhuber, 1978). Studies using high-density EEG recordings and current source density analysis have more clearly localized this early preparatory ac-
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tivity to the SMA (Ball et al., 1999; Cui et al., 1999). The study of Ball et al. (1999). in particular, used current density analysis constrained to the cortical surface based on realistic head models obtained from each subject’s own structural MR image to examine the source and temporal pattern of premovement cortical activity in detail. They clearly showed activity beginning in the anterior cingulate motor areas approximately 2.5 s prior to movement and then spreading through pre-SMA and an intermediate area between pre-SMA and SMA proper approximately 2.2 s prior to movement onset. Functional imaging studies have also shown increased activation of the SMA during early stages of movement preparation prior to movement onset (Richter et al., 1997a; Wildgruber et al., 1997; Lee et al., 1999). The study of Lee et al. (1999) further showed different temporal profiles of activity over subregions within the SMA, with the pre-SMA showing the greatest activity during early preparation and the SMA proper showing the greatest activity later during movement execution. We have similarly shown early preparatory activation within the pre-SMA, clearly beginning before movement-related activation of primary sensorimotor areas for self-initiated movements. Although we have not directly measured the onset latency of this early pre-SMA activation, the peak latency of the hemodynamic response was on average 1.48 s earlier for selfinitiated than for externally triggered movements. These results are in good agreement with electrophysiological studies showing increased motor preparatory activity beginning 1 to 2 s prior to self-initiated movement, but little if any early preparatory activity prior to movements which are externally cued at unpredictable times (Cunnington et al., 1995; Jahanshahi et al., 1995). SUMMARY AND CONCLUSIONS Both self-initiated and externally triggered movements involved activation throughout a common network of areas typically found to be involved in the organization and control of voluntary movement of the upper limb. Most significantly, activation of similar magnitude for both movement conditions was found along mesial wall motor areas including the pre-SMA, SMA proper, and posterior end of the rostral cingulate motor cortex. This perhaps reflects a significant degree of internal representation and control which may have allowed optimal performance given the goal of the task (to perform the complete motor sequence as quickly as possible with no additional external cues to guide submovements) when the timing of initial onset of the movement sequence was both externally-triggered and



383



self-determined. There was, however, a significant difference in the timing of activation of the pre-SMA between movement conditions. Pre-SMA activity began significantly earlier for self-initiated movements, with a mean peak latency 1.48 s prior to that for externally triggered movements. This reflects involvement of the pre-SMA in early stage movement preparation processes which precede the onset of voluntary movements. ACKNOWLEDGMENTS This study was supported by a Jubila¨umsfond grant of the Austrian National Bank (P8184). R.C. was also supported by a Neil Hamilton Fairley Fellowship of the National Health and Medical Research Council of Australia (987046).
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