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Abstract & The functional equivalence of overt movements and dynamic imagery is of fundamental importance in neuroscience. Here, we investigated the participation of the neocortical motor areas in a classic task of dynamic imagery, Shepard and Metzler’s mental rotation task, by time-resolved single-trial functional Magnetic Resonance Imaging (fMRI). The subjects performed the mental-rotation task 16 times, each time with different object pairs. Functional images were acquired for each pair separately, and the onset times and



INTRODUCTION An ever recurring and yet unproven hypothesis in the neuroscientific literature is the functional equivalence of dynamic imagery and overt movements (Weimer, 1977; James, 1950). While there is a wealth of experimental data on the brain structures subserving the latter, analogous experiments concerning dynamic imagery are generally much less straightforward to design and to interpret. A frequently studied example of a dynamic imagery task is the mental rotation of 3-D objects in space, originally introduced by Shepard and Metzler (1971) (Figure 1). The task is to decide whether two objects shown are identical to one another or mirror images; in general, the two objects are rotated relative to each other. It was conjectured that the subject carries out this task by rotating the objects along a smooth angular trajectory into congruence with one another. Evidence for this comes from psychophysical studies. Most important is the fact that the response time (RT) increases linearly with the rotation angle, thus suggest© 2000 Massachusetts Institute of Technology



widths of the activation peaks in each area of interest were compared to the response times. We found a bilateral involvement of the superior parietal lobule, lateral premotor area, and supplementary motor area in all subjects; we found, furthermore, that those areas likely participate in the very act of mental rotation. We also found an activation in the left primary motor cortex, which seemed to be associated with the right-hand button press at the end of the task period. &



ing that the object is rotated mentally with constant angular velocity (Shepard & Metzler, 1971). It is well-known that the superior-parietal lobule is involved in mental rotation (Tagaris et al., 1996; Tagaris et al., 1997; Tagaris et al., 1998; Alivisatos & Petrides, 1996; Cohen et al., 1996). However, studies of the activity in motor areas in the visual-mental rotation task under investigation here have been somewhat less conclusive. Previous fMRI studies of the mental rotation of 3D objects in our laboratory showed that the activation in the right precentral gyrus is related to the rate of mental rotation, whereas activation in the superior parietal lobule is related to the performance (Tagaris et al., 1996; Tagaris et al., 1997). Similarly, the precentral gyrus was shown to be activated bilaterally during the performance of 2-D visual mental rotation (Tagaris et al., 1998). A recent study employing positron emission tomography (PET) compared the mental rotation of Shepard and Metzler’s figures with the mental rotation of images of hands (Kosslyn, DiGirolamo, Thompson, & Journal of Cognitive Neuroscience 12:2, pp. 310–320



Figure 1. Shepard and M etzler’s mental rotation task. The subject has to decide whether the two objects are identical or mirror images; in this case, the objects are identical.



Alpert, 1998). Even though both tasks activated areas throughout the parietal lobe, the rotation of the abstract objects did not induce an activation in the frontal motor areas. The authors concluded that Shepard and Metzler’s task, unlike the rotation of hand images, does not involve low-level motor processes. This result may be compared to an earlier fMRI study (Cohen et al., 1996), where the authors found consistent activation only in the supplementary motor area (SMA), but not in other frontal motor areas. The activation in SMA was tentatively attributed to the attentional requirement of this complex task. A study of Parkinson’s disease (PD)



found that 3-D, but not 2-D, mental rotation is impaired in patients; however, the authors did not suggest that the motor deficits accompanying PD are causally related to the mental-rotation impairment (Lee, Harris, & Calvert, 1997). An EEG study of the 3-D mental rotation found activity over left premotor regions and other areas of the frontal cortex (Williams, Rippon, Stone, & Annett, 1995). The authors concede that this may be due not only to an isolated-motor process, but also to some interactions with attentional or decision-making processes. In the present experiment, we investigated the functional activity in the frontal motor areas during the performance of the mental-rotation task by time-resolved fMRI (Richter, in press; Kim, Richter, & Ugurbil, 1997; Richter, Andersen, Georgopoulos, & Kim, 1997a; Richter, Ugurbil, Georgopoulos, & Kim, 1997b). At high magnetic fields, there is often enough sensitivity to monitor the evolution of the fMRI signal in a single execution of a cognitive task without averaging over many trials. Hence, it is possible to perform separately many such single trial executions of a task. Subsequently, temporal characteristics (such as onset time and width) of the fMRI signal can be correlated with behavioral data, such as the response time. A schematic of this method is shown in Figure 2. For example, in our previous investigation of motor tasks (Kim et al., 1997; Richter et al., 1997b), the fMRI responses in the motor areas were compared with the well-controlled



Figure 2. Schematic description of time-resolved fM RI. The straight lines symbolize linear fits of a time-course parameter to a behaviora l parameter. If the two parameters are correlated, we may conclude that the observed activity is caused by a neuronal event that scales with the behavioral parameter (i.e., the response time). If they are not correlated, the activity is caused by an event that is constant from trial to trial. Depending on the nature of the task, the behaviora l parameter, and the fM RI time-course parameters, conclusion s may be drawn abou t the temporal sequence of neuronal events on a time scale shorter than the range of possible hemodynamic responses.
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motor preparation times. In that study, the premotor area (PM) and the SMA were found to be activated during both the motor preparation and execution periods. Our group has also used this method (Richter et al., 1997b) to investigate the participation of the superior parietal lobe (SPL) in the execution of the mental-rotation task. We found that the onset of the fMRI signal was independent of the response time (the time the subject takes to make a decision), whereas its duration (minus a constant offset) was equal to the response time. We concluded that the SPL is intimately involved in the very act of mental rotation. That experiment showed that the specific function of a given brain area in a cognitive task can be determined by this method, beyond merely stating whether the area is activated or not. Here, we investigate the participation of neocortical motor areas in the mental rotation task.



RESULTS Shepard and Metzler (1971) found a linear increase of the response time with the rotation angle in their mental rotation task. Therefore, we assessed the linear-



ity of this function for our data in order to verify that the subjects were indeed carrying out this task by the same process. However, the statistical power is much lower (we only used 10 identical object pairs in each subject, as compared to 400 in Shepard and Metzler’s original experiment). Furthermore, each object occurred only twice among these 10 pairs (five different objects and their mirror images). We found an overall confidence level of p= .044 for a linear correlation of the rotation angle and response time. The rotation-speed average over all objects was found to be approximately 208/sec. This is considerably lower than Shepard and Metzler’s result of 508/sec. We suspect that the reason for this discrepancy lies in the instruction we gave the subject to try to solve the problem correctly, regardless of speed. The mechanism of rotation might, therefore, be different, or the subjects might carry out the rotation more than once. A parametric-activation map for the second slice from the top in one subject is shown in Figure 3. Note that not all areas that show activation, such as the frontal eye fields, were considered further for the purpose of this experiment. In all six subjects, bilateral activation was found in the SPL, in the lateral premotor areas (lateral



Figure 3. Parametric simultaneous activation map for one subject (one slice, all trials). This map is interpolated from the calculated map’s 64£64 matrix size to the anatomical backgroun d (256£256). The activation can be seen in the lateral and medial motor areas, in the superior parietal lobule, and in the other cortical areas. Note that the activation is not always confined to anatomically well-defined areas; in this study, only the activated pixels in SPL and motor areas, as defined in the text, were considered for further analysis.
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Figure 4. Concatenat ed averaged time courses for 16 trials, showing the activation from 69 voxels in the SMA (one subject). The black triangles indicate the beginnin g of each task period .



BA 6), and the SMA (medial BA 6). Activation was also found in the left M1. Furthermore, we observed an activation in the right M1 (BA 4) in five out of six



subjects. In comparison with our results, a previous fMRI study (Cohen et al., 1996) found activation in the SMA in four out of eight subjects, and in the right BA 4 in



Figure 5. Averaged time courses in the right M 1 (upper curve) and SM A (lower curve) in one subject . The average is time-locked to the response time.
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Figure 6. Graph of the width (solid circles) and onset (crosses) vs. the response time for one subject in the SMA (16 trials). The width and response time are significantly correlated (y= 1.04 x+ .9 sec; p < .0001); the onset and response time are not significantly correlated .



two out of eight subjects. Shown in Figure 4 is the average time course from 69 activated voxels in the SMA in one subject, from 16 concatenated trials; the beginning of the task period in each trial is marked by a triangle at the bottom of the graph. Note that there are 16 activation peaks, one for each of the 16 pairings. The main goal of our study was to determine the specific role of the motor areas in this task. We also included the SPL in the analysis, which we had studied previously, though using a different slice orientation and, hence, covering a somewhat different area (Richter et al., 1997b). Consequently, seven regions of interest (ROIs) were analyzed separately: Left and right SPL, SMA, left and right premotor areas, and left and right M1. Average time courses of activated pixels, as determined by a nonparametric analysis, were calculated for each ROI in each subject. In Figure 5, we display the response-time-locked average time courses from one subject (16 trials). The upper curve displays the time course from the left M1, the lower one from the SMA. These time courses are averaged over all 16 trials such that the response times coincide at time index ‘‘0.’’ Qualitatively, we can see that, in M1, the BOLD signal rises after the button press and is narrow by comparison. In the SMA, on the other hand, the leading edge of the peak increases gradually before the button press; the trailing edge coincides approximately with that of the signal from M1. This means qualitatively that the signal onset in M1 is a 314
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monotonic or even linear function of the response time, leading to constructive averaging when the time courses are shifted by the response time. In the SMA, the signal onset then seems to be independent of the response time, while the trailing edge of the peak is, again, a monotonic function of the response time. In order to quantitate these observations, we defined two time-course parameters for each single trial: the onset of activation, and the width of the activation waveform. In Figure 6, we show the correlation between the onset/width of the SMA and the response time for all 16 experiments in one subject. Note that the width and response time are positively correlated; the onset and



Table 1. Number of Subjects for Whom the Onset/Width are Significantly (p0.1
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Significant values (p.5. We then calculated a correlation map between the cluster centroid and the VTCs making up the cluster. Only those VTCs were considered active that passed a correlation threshold, rthresh, calculated from a preselected p value (e.g., p 
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