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Fields in Human Motor Areas Involved in Preparation for Reaching, 
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The purpose of this study was to examine the functional 
organization of motor cortices in the human brain involved 
in reaching and visuomotor learning. All subjects were asked 
to learn the positions of seven circular targets projected on 
a screen. Each time the targets were turned off, they were 
required to close their eyes and keep them closed, and, after 
a delay, to point to the center of the targets in a prescribed 
order using their right hand. The regional cerebral blood flow 
(rCBF) was measured with i50-butanol and positron emis- 
sion tomography in 20 subjects during a rest state, an initial 
learning stage, and a later learning stage. Ten subjects con- 
stituted the reaching group in which rCBF was measured 
during actual reaching; the 10 other subjects constituted the 
preparation group in which rCBF was measured in the delay 
period between target exposure and actual reaching. Indi- 
vidual subtraction images (each stage minus rest) were cal- 
culated and transformed into a standard size and shape 
brain image by the adjustable computerized brain atlas and 
averaged, after which significant changes of rCBF were iden- 
tified. In all reaching and preparation for reaching phases, 
cortical fields were activated in the left primary motor area 
(Ml) and the left premotor area (PMA). Within Ml, fields 
active in the delay phases were adjacent to the fields active 
only during actual reaching movements. During the course 
of learning, additional fields of activity appeared in both Ml 
and PMA. The results indicate that three types of fields occur 
in Ml and PMA: (1) fields directly engaged in the efferent 
control of peripheral muscle contraction, (2) fields engaged 
in preparatory activity for reaching, and (3) fields appearing 
after learning of the task has taken place. 
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The primary motor area (M 1) of the cerebral cortex is generally 
considered to be involved only in the execution of peripheral 
muscle contraction. Recently, however, this conventional view 
of the physiological role of Ml has been challenged. Studies 
examining the patterns of neuronal activity in M 1 in monkeys 
suggest a further role for this area in higher-order motor control, 
such as in the processing of visuomotor information and in the 
preparation for motor execution (Godschalk et al., 198 1; Geor- 
gopoulos et al., 1986, 1989; Schwartz et al., 1988; Kalaska et 
al., 1989; Alexander and Crutcher, 1990a,b; Caminiti et al., 
1990; Kalaska and Crammond, 1992). Electrical microstimu- 
lation studies of the monkey M 1 have demonstrated represen- 
tation of different body parts (Sato and Tanji, 1989; Schmidt 
and McIntosh, 1990) as well as “silent zones” where no muscle 
contractions are generated (Waters et al., 1990). Alexander and 
Crutcher (1990a) reported two populations of neurons, one be- 
ing movement related and the other active in preparation for 
movements. These two populations tended to be located in 
separate regions in M 1, thus providing further evidence of func- 
tional heterogeneity within M 1. 

In contrast to monkey studies, no studies have yet demon- 
strated that the human Ml is involved in the preparation and 
planning of movements. Electroencephalographic and magne- 
toencephalographic studies have demonstrated changes in ac- 
tivity through the scalp over the region of sensorimotor area 
and over the supplementary motor area (SMA) while subjects 
were preparing for movement (Deecke, 1987; Chiarenza et al., 
1990; Niemann et al., 199 1; Lang et al., 1992). However, these 
methods have limited spatial resolution, so specific sites of ac- 
tivation could not be identified precisely. 

A tight coupling of changes in neuronal activity to regional 
cerebral blood flow (rCBF) changes has been demonstrated pre- 
viously (Raichle et al., 1976; Kuschinsky and Wahl, 1978; So- 
koloff, 198 1). Studies in which the rCBF has been used to map 
the activity of neurons and synapses have therefore been used 
to study the organization of motor control in man. Two studies 
in which the 13Xe intracarotid injection method was used to 
determine rCBF did not show significant increases in rCBF in 
the human Ml during the planning of a sequence of ballistic 
movements, that is, before the actual execution of the move- 
ments (Roland et al., 1980a; Gelmers, 198 1). However, precise 
anatomical localization was difficult in these studies. 

Positron emission tomography (PET) techniques for mapping 
the functional organization of the human brain have now 
achieved sufficient spatial resolution to identify specific sites of 
activation in the human cortex (Fox et al., 1988; Roland et al., 
1993). To date, PET researchers have reported rCBF changes 
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in Ml in relation to a variety of movement parameters and 
tasks, such as selection of movement (Deiber et al., 1991) and 
laterality of movement (Kawashima et al., 1993). Another study 
has demonstrated a somatotopic representation within Ml al- 
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though no attempt was made to test the continuity of the so- 
matotopical representation of movement related rCBF changes 
(Grafton et al., 199 1). Seitz and Roland (1992) and Grafton et 
al. (1992) have shown rCBF changes that occur in motor skill 
learning, however, with the exception of a preliminary report 
(Fox et al., 1987), none of these previous PET studies has spe- 
cifically attempted to relate rCBF changes to the different phases 
of motor control, namely, motor preparation and execution of 
movements. 

The present study was designed to examine whether there are 
two different maps in Ml, PMA, and SMA, one consisting of 
neurons related to preparatory activity, and the other consisting 
of neurons related to execution of movements. To do this, we 
used a high-resolution PET camera to identify specific cortical 
fields in human motor areas, which were activated during the 
course of learning a visuomotor reaching task. Two groups of 
normal adults were studied to compare the distribution of fields 
of activation during the delay period between target exposure 
and reaching, and during the reaching period itself. The com- 
puterized brain atlas (CBA) (Bohm et al., 1986) was used in 
order to provide precise anatomical location of activated fields 
on population mean PET images. 

Some preliminary data from a part of this study have been 
reported previously (Decety et al., 1992). 

Materials and Methods 
Subjects and task procedure 
Twenty healthy right-handed male volunteers (aged 20-36 years) par- 
ticipated in the study. The subjects were divided into two groups (prep- 
aration group and reaching group) with 10 in each group. There was no 
significant difference in mean ages between the two groups. Handedness 
was assessed by the Edinburgh questionnaire (Oldfield, 197 1). The mean 
(*SD) laterality quotient of the preparation group and the reaching 
group was 8 1.3 k 14.7 and 80.0 & 18.0, respectively. Written informed 
consent was obtained according to the requirements of the Ethics Com- 
mittee and the Radiation Safety Committee of the Karolinska Institute 
and the Declaration of Human Riahts. Helsinki 1975. Prior to the PET 
experiment, each subject had a catheter placed into the right brachial 
vein for tracer administration and another inserted, under local anes- 
thesia, into the left brachial artery for the measurement of arterial tracer 
concentration and PaCO,. Each subject wore a stereotaxic fixation hel- 
met (Bergstrom et al., 1981) during the PET measurements. A high- 
resolution magnetic resonance imaging (MRI) scan was also performed 
with the subjects using this same stereotaxic helmet on a separate oc- 
casion. The subjects lay in a supine position on the bed of the PET 
scanner. They were not allowed to speak during the procedure and had 
been instructed not to think of anything in particular, except concentrate 
on the task. The room was kept as quiet as possible. 

Both preparation and reaching groups performed the same delayed 
reaching task (Fig. la). On each trial, subjects were instructed to “LOOK” 
at the positions of seven circular targets of different sizes that were 
projected for 5 set on a screen in front of them and to memorize their 
positions in increasing order of size. The targets consisted of group of 
seven circular white spots on a blue background projected on a screen 
(75 cm width x 52 cm height) at a distance of 60 cm from the subjects’ 
eyes. The spots were randomly arranged as shown in Figure lb, with 
diameters ranging from 15 mm to 95 mm. After the cue period, subjects 
closed their eyes and waited for a further command to “POINT.” When 
this command was given, they were required, still with their eyes closed, 
to touch the centers of these targets in the correct order of increasing 
target size with the right index finger as accurately as possible. Thus, 
each “POINT” command was followed by seven reaching movements 
to the seven targets. After a variable intertrial interval, the start signal 
to “LOOK” was again given and the learning trial procedure was re- 
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Figure 1. Schematic diagram of the reaching task (a). On each trial, 
subjects were instructed to “LOOK” (Auditory Cue) at the positions of 
seven circular targets of different sizes, which were projected for 5 set 
on a screen in front of them, and to memorize their positions in in- 
creasing order of size (Cue Period). The targets are shown in b. The 
subjects then closed their eyes and waited for (Delay Period) a further 
command to “POINT” (Auditory Cue). When this command was given, 
they were required, still with their eyes closed, to touch the centers of 
the targets in the correct order with the right index finger (Reaching 
Period). After a variable intertrial interval (ITI), the start signal to 
“LOOK” was again given and the learning trial procedure was repeated 
in the same fashion. The Preparation Group subjects pointed at the 
pattern of targets only one time for each learning trial. The Reaching 
Group subjects pointed at the pattern of targets a total of 13 times during 
the PET run, although usually only one to five times for all other learning 
trials. The CBF measurements were done during an initial phase of 
learning at the 3rd trial, and during a final phase of learning, at the 25th 
trial. In the Preparation Group subjects, PET measurements started 
immediately after the Cue Period was over, and continued for 90 set 
during the Delay Period. In the Reaching Group subjects, the CBF mea- 
surements commenced 20 set before the “POINT” command, and con- 
tinued for a period of 170 set during the Reaching Period. 

peated in the same fashion. The target exposure was repeated for a total 
of 25 times for each group, and rCBF measurements were obtained 
during an initial phase of learning at the 3rd trial, and during a final 
phase of learning, at the 25th trial. The subjects did not get any feedback 
of their performance or any knowledge of their result. 

In the preparation group, the radioisotope was injected and the rCBF 
measurements commenced immediately after the visual cue period was 
over and the targets were turned off (Fig. la). The PET scanning then 
continued for 90 set during this delay period and hnished immediately 
before the “POINT” command was given. That is, there was no actual 
reaching movement during either of the two PET scans of the delay 
phase at 3rd and 25th learning trials. Subjects pointed at the pattern of 
targets only one time for each learning trial. 
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Figure2. The mean reformatted MRI. Each subject’s MRI (T2-weight- 
ed images) was transformed into the standard atlas brain anatomy by 
both linear and nonlinear parameters using the computerized brain atlas 
(CBA) of Bohm et al. (1986). These parameters were subsequently used 
to transform the PET images. In order to obtain precise anatomical 
information about motor areas in the transformed PET images, the 
course of the sulci was identified from this average reformatted MRI 
of the 20 subjects involved in this study. The contour of the brain 
surface, and location of the bilateral central, precentral, postcentral, and 
superior frontal sulci are clearly identifiable in this image. 

In the reaching group, the radioisotope was injected after the delay 
phase, and when the injection was completed the subjects received the 
“POINT”’ command. PET scanning commenced 20 set before the 
“POINT” command and continued for a period of 180 set while the 
subjects recalled and pointed to the targets several times in the same 
order. Two PET scans of the actual reaching phase at the 3rd and the 
25th learning trials were performed. The subjects of the reaching group 
received 13 “POINT” commands during the 180 set of PET measure- 
ment. They thus pointed at all seven targets a total of 13 times during 
the 180 set of each PET run. The commands to “POINT” were given 
with variable delays. In the learning trials on the contrary, the subjects 
of the reaching group received from one to five “POINT” commands 
and pointed from one to five times of all seven targets following each 
exposure of the targets. The number of “POINT” commands given for 
each learning trial (from one to five) was random to minimize antici- 
pation. 

For both preparation and reaching groups, a PET scan of a rest state 
was also obtained. The rest state used has been previously defined by 
Roland and Larsen (1976), in which subjects have their eyes closed and 
are instructed to lie quietly, without moving. The order of the rest state 
was randomized as either the first or the last measurement. 

Behavioral analysis. In the reaching group, a video recording was 
made throughout the entire study for an analysis ofeach subject’s reach- 
ing performance. In the preparation group, a similar video recording 
was made, but was unfortunately of such poor quality that this precluded 
accurate measurements. In order to get a learning curve of subjects 
pointing only once after each exposure of the target, video recordings 
were also made of an additional five right-handed, age-matched male 
subjects for a total of 50 learning trials. In these subjects, exactly the 
same procedure was used as for preparation group, except that the 

stereotaxic helmet and catheters were not used and no PET measure- 
ment was taken. An electroencephalogram (EEG), electrooculogram 
(EOG), and forearm electromyogram (EMG) with superficial electrodes 
were recorded in the preparation group. In the reaching group, EEG 
and EOG recordings were made throughout the PET measurements. 

PET measurement. All rCBF measurements were performed with an 
eight ring (1.5 slice) PET camera (PC2048-15B Scanditronix) that has 
in-plane spatial resolution of full width at half-maximum of 4.5 mm 
and an interslice distance of 6.5 mm (Litton et al.. 1990). 150-butanol 
was synthetized by the method of Berridge et al. (199 1). A bolus injection 
of 70 mCi of 150-butanol was used in each PET run. Absolute values 
of rCBF were then calculated on the basis of data collected between 0 
and 80 set from the start of the injection. Details of this calculation 
have been described previously (Roland et al., 1987, 1993). The rCBF 
was calculated voxel by voxel by the dynamic approach using the al- 
gorithm of Koeppe et al. (1985). For this calculation, we used a blood- 
brain partition coefficient of 0.78 for butanol in gray matter (Roland et 
al., 1993). Since the values of global CBF change by 4% per mm change 
in PaCO, as described by Olsen et al. (197 l), the differences in global 
CBF due to differences in PaCO, between measurements in each subject 
were corrected to that of rest condition for test minus rest comparisons 
and similar correction for test minus test comparisons (Roland et al., 
1987). Pictures of rCBF changes were calculated as voxel-by-voxel sub- 
tractions of the rest image from each test image and also of test minus 
test images. 

Anatomical standardization. As previously described (Seitz et al., 
1990), the anatomical structures of the computerized brain atlas (CBA) 
of Bohm et al. (1986) were fitted interactively to each subject’s MRI. 
Each individual MRI was transformed to the size and shape of the 
standard brain of the atlas, by both linear and nonlinear parameters. 
These parameters were subsequently used to transform the subtraction 
PET images into the standard atlas brain anatomy. In order to obtain 
precise anatomical information about the precentral region from the 
transformed PET images, considerable care was taken in fitting the brain 
atlas to the position of the left central sulcus, the precentral sulcus, the 
superior frontal sulcus, and the surface of the brain in each individual 
MRI. However, in this series of subjects, we found the deeper part of 
the precentral sulcus and superior frontal sulcus to deviate slightly from 
the course of the corresponding atlas sulci. Therefore, the deeper part 
of the sulci was identified from the average T2-weighted anatomically 
standardized MRI of the 20 subjects in this study (Fig. 2). In the sub- 
sequent figures (see Figs. 8-l 1) and in the analysis of the data, the mean 
geometrical course of the central, precentral, and superior frontal sulcus 
was determined from the average T2-weighted reformatted MRI as the 
points with the largest signal intensity. In addition, deviation of each 
subject’s sulcus from the population mean course was calculated. 

Our PET system has a sufficient spatial resolution (4.5 mm) to dif- 
ferentiate activated fields within Ml and PMA in individual brain im- 
ages, although it is not possible, of course, to differentiate separate 
cortical layers in an activated field. Second, our CBA system allows us 
to differentiate activated fields .in population mean images with a res- 
olution below that of the resolution ofthe PET camera (Fox et al., 1988). 
As previously reported (Seitz et al., 1990) the precision of the refor- 
matation process has an SD of 2-3 mm in the localization of the inner 
and outer brain surfaces. In this series of subjects, we found the deeper 
part of the precentral sulcus and superior frontal sulcus to be slightly 
different from the course of the corresponding atlas sulci. Therefore, the 
mean geometrical course of the deep part of the sulci was obtained from 
the average reformatted MRI of the same 20 subjects participating in 
this study (Fig. 2). Figure 3 shows the course of the central, precentral, 
and superior frontal sulci in each subject’s anatomically standardized 
MRI and also the mean course of these sulci in the mean picture of the 
anatomically standardized MRIs. The standard error of mean (SEM) of 
the course was as follows: central sulcus, 0.47 mm; precentral sulcus, 
0.49 mm; and superior frontal sulcus, 0.60 mm. This is much less than 
the spatial resolution of our PET camera and the size of the fields of 
activation. Therefore, we feel that the reformatation procedure is suf- 
ficiently accurate to localize the functional fields correctly with respect 
to the anterior, posterior, medial, or lateral banks of the three sulci. 

A tight coupling of normal synaptic activity with rCBF has been well 
demonstrated in response to specific tasks, with the location of changes 
in rCBF matching with the functional field’s synaptic metabolic activity 
(Raichle et al.. 1976: Kuschinskv and Wahl. 1978: SokoloIT 198 1). This 
is the basis for all current PET activation techniques. The measurement 
of rCBF changes with PET is therefore considered to be an indirect but 
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1 Omm 
Figure 3. Section of the brain showing the topographic distribution of 
the course of the central, precentral, and superior frontal sulci. The 
format is the same as in Figure 8. Thick lines indicate the mean geometric 
course ofthe deep part ofthe sulci that was determined from the average 
T2-weighted reformatted MRI as the points with the largest signal in- 
tensity. Thin lines indicate the course of the sulci that were obtained 
from each individual reformatted MRI. The SEMs of the course of the 
principal sulci were as follows: central sulcus, 0.47 mm; precentral sul- 
cus, 0.49 mm; and superior frontal sulcus 0.60 mm. 

quantitative measure of synaptic metabolic activity. It is presumed that 
fields showing high synaptic activity have a large probability that the 
neurons contained in the field also fire. 

The delimitation of activated fields in this study was based on the 
statistical analysis of the cluster detection (Roland et al., 1993). Figure 
4 shows an example of a rCBF profile across several cortical activation 
fields. The figure indicates that this cluster analysis rather sharply defines 
the fields, which would not vary greatly in size and form if they were 
thresholded at minimum levels from about 8 to 12 ml/100 gm/min 
change in rCBF. 

RCBF image evaluation. The anatomically standardized pictures were 
analyzed for local field activations occurring in the brain as clusters of 
voxels having high signal-to-noise ratio (Roland, 1993). The statistical 
analysis of the cluster detection was described extensively in a recent 
report (Roland et al., 1993). Briefly, it was as follows. For each subject, 
subtraction pictures, ArCBF, were made by voxel-by-voxel subtraction 
of the rCBF picture of the rest from the test picture. Only voxels for 
which the ArCBF values could be considered normally distributed were 
included in the further analysis; the remaining voxels were set to zero. 
Mean and variance pictures as well as descriptive Student’s t pictures 
were calculated. Voxels with t values of > 2.00 were considered clustered 
if they were attached by side, edge, or corner. Based on an analysis of 
randomly occurring clusters of voxels having t > 2.00 in test minus test 
pictures of the same test repeated twice, a distribution of the occurrence 
offalse positives was made, that is, clusters appearing in the brain picture 
just due to noise. With reference to this distribution it was decided to 
reject the hypothesis of all clusters of size 10 and above (having more 
than 10 voxels) belonging to the distribution of false positives. This 
implies that there will be on the average 1.6 false positive clusters in 
the three-dimensional picture representing the brain. For the more re- 
stricted space of the cortical motor areas as defined in this study (bilateral 
M 1, PMA, and SMA), the average probability of finding one false pos- 
itive cluster of size 10 and above was 0.045. The descriptive t image 
was thresholded by only accepting voxels having t > 2.00 and occurring 
in clusters of size 10 and above; all other voxels were set to zero. This 
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Figure 4. An example of rCBF profile across cortical activation fields. 
In the lower panel, a profile of rCBF changes is plotted as they occur 
along a line drawn across several cortical activation fields (upperpanel). 
This line is arrowedand passes medially to laterally across three separate 
activation fields, which were defined from the mean subtraction image 
of final preparation minus rest. The delimitation of activation fields in 
this study was based on the statistical analysis of the cluster detection. 
The figure shows that this cluster analysis rather sharply defines the 
fields. 

image is called a cluster image. In this image only clusters of size 10 
and above having t > 2.00 are shown and considered regions of changed 
rCBF. In Table 1, the cluster sizes of the activated fields are shown in 
mm3. One voxel had a volume of 44.03 mm’. The larger the cluster the 
smaller the probability that it is a false positive. Finally, precise ana- 
tomical localization was made of these fields by superimposition of the 
cluster images onto the mean anatomically standardized MR. 

Results 
Behavior 
The performance of each subject was recorded on videotape, 
and performance accuracy was calculated as the mean distance 
in centimeters from the center of the targets to the final pointing 
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Table 1. Anatomical structures in motor cortices that showed significant rCBF increases 

ACBF Talairach 
(ml, 1 o. Volume coordinates (mm) 

Task Anatomical structures am/min) (mm’) X Y Z 

Initial preparation Precentral gyrus: anterior lip of central sulcus 12.2 484 23 -9 54 
Superior frontal gyrus: medial lip of superior frontal sulcus 14.5 704 18 9 58 

Final preparation Precentral gyrus: anterior lip of central sulcus 13.7 572 23 -8 55 
Precentral gyrus: anterior lip of central sulcus to lateral surface 15.0 660 38 -10 53 
Superior frontal gyrus: medial lip of superior frontal sulcus 15.0 484 20 8 58 
Superior frontal gyrus: medial surface 14.3 484 4 -14 53 

Initial reaching Precentral gyrus: anterior lip of central sulcus 13.4 660 27 -11 54 
Superior frontal gyrus: anterior lip of precentral sulcus 12.4 484 18 -1 56 

Final reaching Precentral gyrus: anterior lip of central sulcus 11.4 792 31 -12 54 
Superior frontal gyrus: anterior lip of precentral sulcus 11.3 572 18 3 57 
Precentral gyrus: posterior lip of precentral sulcus 13.4 484 31 -1 5 

Talairach coordinates (Talairach et al., 1967) of these identified structures were calculated as follows. First, the center of gravity of each cluster was identified. Second, 
the stereotaxic coordinates of the center of gravity of each cluster were measured relative to the midpoint between the anterior commissure and posterior commissure. 
Third, these coordinates were transformed into Talairach coordinates by using linear parameters, in order to correct differences in size and baseline angle between the 
standard brain of the computerized brain atlas system and the original Talairach standard brain. The Talairach coordinates of each cluster were calculated in millimeters, 
measured from the midpoint between the anterior commissure and posterior commissure. In those cases where cortical activation in cluster images appeared midway 
between two cerebral sulci, the activation pattern of the raw mean CBF change image was used to localize more precisely the origin of activity as described in Materials 
and Methods. 

sites (“pointing errors”). After 2.3 f  1.5 trials (mean + SD) all 
subjects ofthe reaching group pointed to the targets in the correct 
order. The five subjects forming the additional preparation group 
did so after 2.2 + 0.7 trials. Learning effects were in addition 
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Figure 5. The learning curves for reaching and preparation groups. 
Each circle and bar indicates the mean and SE, respectively, of pointing 
errors that were calculated as the mean distance in centimeters from 
the center of the targets to the pointing sites. Solid circles indicate 
pointing errors of the reaching group. These were calculated from video 
recordings made throughout the entire study. Open circles indicate 
pointing errors of the preparation group, which were calculated from 
video recordings made of an additional five age-matched subjects per- 
forming exactly the same procedure as the preparation group. Learning 
of this task was judged as the achievement of smaller pointing errors. 
The pointing errors showed a stable state after about the 10th trial in 
each group. 

evaluated as a decrease in the pointing errors. Figure 5 shows 
the population means of pointing errors for each trial from trial 
1 to trial 25. All subjects satisfactorily learned to perform the 
task during the course of the study. The pointing errors from 
the initial learning phase at the 3rd trial (1 st PET measurement) 
to the final learning phase at the 25th trial (2nd PET measure- 
ment) showed a statistically significant decrease in both groups 
(additional preparation group, p < 0.01; reaching group, p < 
0.05; paired t test). There was no statistically significant differ- 
ence in performance between the additional preparation group 
and the reaching group in the overall performance levels achieved. 

EMG recordings from the right forearm during the delay phase 
of the 3rd trial (initial preparation) and during the delay phase 
of the 25th trial (final preparation) showed no evidence of mus- 
cle activity. Except for the reaching movements of the right arm 
as well as some eye movements, no other obvious movement 
of any part of the body was observed on videotape recordings 
or by direct observation by the experimenters. In the preparation 
group, the mean (&SD) frequency of eye movements during the 
three PET measurements (rest, initial preparation, final prep- 
aration) was 0.21 + 0.10, 0.21 f 0.09, and 0.22 f 0.10 Hz, 
respectively. These differences in EOG activity between rest and 
initial preparation, and between rest and final preparation were 
not statistically significant (t test). In the reaching group, the 
mean (&SD) frequency of eye movements during rest, the initial 
reaching phase at the 3rd trial (initial reaching), and the final 
reaching phase at 25th trial (final reaching) was 0.26 + 0.13, 
1.28 +- 0.29, and 1.17 ? 0.22 Hz, respectively. The frequency 
of eye movements during the rest run was lower than during 
initial reaching and also lower than during final reaching (p < 
0.01 in both cases, paired t test). 

Cerebral activation pattern 
Since there is no gross anatomical way of delimiting the PMA 
in the human brain, we arbitrarily delimited the PMA poste- 
riorly from the M 1 by a line midway between central sulcus and 
precentral sulcus on lateral surface of precentral gyrus, and an- 
teriorly from the prefrontal area by a line extending laterally 
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from the anterior border of SMA. Superiorly, the limit was the 
superolateral border of the brain. In the precentral gyrus, the 
cortex lining the anterior lip of the central sulcus was classified 
as M 1, and the cortex lining the posterior lip of precentral sulcus 
was classified as PMA. On the exposed part of the precentral 
gyrus, the border was drawn at equal distance from the two 
sulci. The anterior border of SMA was defined by superimpo- 
sition of the atlas of Talairach et al. (1967) in which the SMA 
was defined by electrostimulation. 

All tasks, initial preparation, final preparation, initial reach- 
ing, and final reaching, activated cortical fields in the primary 
motor area (Ml) and in the premotor area (PMA) of the left 
hemisphere compared with the rest state (Fig. 6A-D). In ad- 
dition, the final preparation phase activated the left supple- 
mentary motor area (SMA). Quantitative data on changes in 
mean rCBF for each of these activated fields are summarized 
in Table 1. 

Fields were classified according to when they were active as 
follows: type Z, fields that were active during the preparation 
phase but were not active during the reaching phase; type ZZ, 
fields that were active during the reaching phase but were not 
active during the preparation phase; type ZZZ, fields that were 
active both during the preparation phase and during the reaching 
phase. Type II fields were further divided into type ZZu, which 
were consistently active during both reaching phases (initial 
reaching and final reaching), and type ZZb, which were active 
either during initial reaching or during final reaching. The total 
volumes of these field types in M 1 and in PMA are summarized 
in Figure 7. 

The topographic distribution of activated fields in the left 
motor areas is summarized for the initial and final preparation 
phases in Figure 8. The topographic distribution of activated 
fields in the left motor areas during the initial and reaching 
phases (trial 25) is shown in Figure 9. In each figure, the prep- 
aration and actual reaching fields of activation are indicated for 
comparison. 

Primary motor area. During the initial preparation phase (Fig. 
8) the activity in M 1 was located deep in the anterior lip of the 
left central sulcus (field 1). The volume of this field (field 1) was 
484 mm3. During the initial reaching phase (Fig. 9) a larger 
field (field 2, 660 mm3) was activated. These two fields partially 
overlapped. 

During the final preparation phase (Fig. 8), two separate fields 
were activated within Ml (fields 5, 6). One was situated deep 
in the anterior lip of central sulcus (field 5) partially overlapping 
the field that was also active during the initial preparation (field 
1). The other field (field 6) was situated relatively superficially, 
close to the surface of the precentral gyrus. The total volume of 
the fields of activation in Ml during final preparation (fields 5, 
6) was larger (1232 mm’) than that which appeared in initial 
preparation (field 1, 484 mm3). 

During the final reaching phase (Fig. 9) the field of activation 
(field 7) was larger than the activated field during initial reaching 
(field 2). This field 7 was partially overlapped by field 2, which 
was active during the initial reaching. The area of overlap be- 
tween field 2 and 7 has been designated as field 12 in Figure 10. 
This specific overlapping field was type IIa (both initial reaching 
and final reaching). The remainder of field 7 was a type IIb 
(either initial reaching or final reaching) field, since it was not 
active during initial reaching. The remainder of field 2 was also 
a type IIb field, since it was not active during final reaching. 
Fields active in initial preparation as well as in final preparation 

(fields 1, 5, 6) were located in positions adjacent to the type IIa 
field (Fig. 10). 

During the initial learning phases, 54% of the total volume 
of activated fields in Ml were type II (reaching only) fields. In 
contrast, the majority of fields activated during the final learning 
phase were type I (preparation only) fields (Fig. 7). 

In summary, there were four different activation fields in M 1, 
identified on the basis of their different anatomical location and 
when they were active. These were fields 1, 5, 6, and 12 (Fig. 
10). 

Premotor area and supplementary motor area. Within the 
PMA, initial preparation activated fields in the medial lip of 
superior frontal sulcus of the left superior frontal gyrus (Fig. 8, 
field 3). This activated field disappeared during Initial Reaching 
(Fig. 9). In contrast, a field of activation in the anterior lip of 
precentral sulcus of the superior frontal gyrus appeared during 
the initial reaching (Fig. 9, field 4) although this field had not 
been active during initial preparation. 

During final preparation, the same field in the left superior 
frontal gyrus (Fig. 8, field 8) was activated as in initial prepa- 
ration. The same field in the superior frontal gyrus that was 
active in final reaching (Fig. 9, field 9) was also active in initial 
reaching (field 4). Final reaching also activated a field in the 
posterior lip of the precentral sulcus (field 10). The areas of 
overlap between field 3 and 8 and field 4 and 9 have been 
designated as fields 13 and 14, respectively, in Figure 10. There 
were no type III (both preparation and reaching) fields in the 
PMA. 

In summary, there were three different activation fields in 
PMA, identified on the basis of their different anatomical lo- 
cation and when they were active. These were fields 13, 14, and 
10. 

Within the SMA, there was a field of activity in the posterior 
part that was not present in the initial preparation phase but 
which appeared during the final preparation phase (Fig. 8, field 
11). There was no field ofactivation in the SMA during reaching. 

Eficts of visuomotor learning. From Figures 8 and 9, it is 
apparent that additional fields became active after the learning 
had taken place. In order to prove that these fields were related 
to learning (and not to any particular pattern of activity during 
the rest measurement), we performed the following subtractions: 
final preparation minus initial preparation and final reaching 
minus initial reaching. The resulting subtractions revealed fields 
becoming active during the course of learning. Three such fields 
were found and are seen in Figure 11. These three fields over- 
lapped the positions of the fields appearing only in final prep- 
aration minus rest and final reaching minus rest. The overlap- 
ping is shown as the hatched areas in Figure 11. These hatched 
fields, 15, 16, and 17, thus appeared by analyzing the material 
in two independent ways. 

Discussion 
In this study, we have demonstrated a topographic distribution 
of activated fields in the primary motor cortex, the premotor 
cortex, and the supplementary motor cortex that were related 
to preparation and execution of movement and to visuomotor 
learning. The principal findings were (1) that specific fields of 
activation were identified in Ml, PMA, and SMA during the 
delay phases when there was no actual motor movement and 
(2) that new fields appeared in M 1, PMA, and SMA after leam- 
ing had taken place. These results give rise to the following three 
hypotheses: (1) there are specific cortical fields in M 1 that are 
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Figure 6. Atlas map of statistically significant changes in rCBF. All four pictures are of the same section through the sensorimotor hand area. The 
brain surface and central sulci were retrieved from the data base of the CBA program of Bohm et al. (1986). A, Initial preparation minus rest. B, 
Final preparation minus rest. C, Initial reaching minus rest. D, Final reaching minus rest. Right in these images is left in the brain. 

not directly involved in muscle contraction but are related to actual reaching, indicating that PMA has a direct role in motor 
higher-order motor control functions such as the encoding of control. 
visuomotor information, (2) specific neurons in Ml are mod- In a preliminary report (Decety et al., 1992) in which eight 
ulated in relation to the learning of new visuomotor information subjects participated, we were unable to find statistically sig- 
but not related to actual reaching, and (3) in PMA, a new field nificant changes in the motor areas during initial and final prep- 
arose as a consequence of learning and this field was related to aration phases. In the present study of the whole group of 10 
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Figure 7. Classification of fields ofactivation and their volumes. Fields 
of activation were classified according to when they were active. Type 
I, fields that were active during the preparation phase but were not 
active during the reaching phase. Type ZZ, fields that were active during 
the reaching phase but were not active during the preparation phase. 
Type ZZZ, fields that were active both during the preparation phase and 
the reaching phase. Type II fields were further divided into ryae ZZu 
fields consistently active during both reaching movements (initial reach- 
ing and final reaching) and Type IZb fields active either during initial 
reaching or during final reaching. On this figure, Initial indicates the 
initial learning phase, Final indicates the final learning phase. The vol- 
ume of activated fields belonging to each activation field type is shown 
for both initial and final learning phases. 

subjects, changes in the motor areas became statistically signif- 
icant according to our a priori fixed criteria. 

Preparatory activity 
Since the visual targets disappeared after each exposure, subjects 
had to retain this information in the brain over the delay period, 
during which time no muscle contractions were observed. Also 
during the delay period, subjects had to wait for a “POINT” 
command to initiate their voluntary motor activity. This was 
not a reaction time task but rather an accuracy task, that is, 
subjects had to prepare for movement only after hearing the 
“POINT” command. This means that cortical activation ob- 
served only in the motor areas during the 90 set delay period 
(type I fields, preparation only) most probably reflects the neu- 
ronal implementation of sensorimotor transformations of visual 
information. It probably does not reflect neuronal activity re- 
lated to initiation of actual movement (“readiness” to move) 
since this is usually observed for only a few seconds before 
muscle contractions commence (Deecke, 1987; Crutcher and 
Alexander, 1990; Georgopoulos, 199 1) and the “POINT” com- 
mand was given several seconds after the rCBF measurement 
was finished. 

There are several current hypotheses to account for directional 
coding of reaching movements (Georgopoulos et al., 1983; 
Soechting and Flanders, 1989; Jeannerod, 1990; Burnod et al., 
1992; Kalaska and Crammond, 1992). A consistent feature of 
these models is that at least three major neural operations are 
considered necessary in order to establish motor commands. 
The first one is to generate some form of sensory map that 
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Figure 8. Horizontal section of the brain showing the topographic 
distribution of activated fields in the left motor areas during the initial 
and final phases. Top left, Section of the present slice (cross-hatched 
line) projected onto the frame of Talairach et al. (1967). The contour 
of the brain and the sulci were drawn from the mean MRI (Fig. 2), and 
the fields of activation were copied from each PET image. White areas 
indicate the fields of activation during the initial preparation phase. 
Shadedureas indicate the fields ofactivation during thejinulpreparation 
phase. Broken lines indicate the arbitrary delimitation of the PMA. The 
PMA was delimited from the prefrontal area by a line extending from 
the anterior border of SMA. In the precentral gyrus, the anterior lip of 
the central sulcus was classified as Ml, and the posterior lip of the 
precentral sulcus was classified as PMA. In this figure, the medial side 
of the hemisphere is to the right, and the surface of the hemisphere is 
to the left. The fields were numbered to identify each field. A, anterior; 
P, posterior; S, superficial; M, medial; SFS, superior frontal sulcus; 
PCS, precentral sulcus; CS, central sulcus. 

encodes target positions as trajectory information in body-cen- 
tered coordinates. The second is to transform this information 
into a motor and/or proprioceptive map that encodes trajectory 
information in arm-centered coordinates. The third operation 
requires some form of sensory feedback in order to correct the 
error in attempted reaching movements. Since subjects had their 
eyes closed throughout the delay and the reaching periods, there 
was no direct visual feedback during the PET measurements or 
during the training series. 

Previous single-unit studies in monkeys have identified neu- 
ronal activity in Ml that is not directly related to peripheral 
muscle events (Georgopoulos, 199 1). It was suggested that these 
neurons may have a function in the encoding of trajectory in- 
formation. Three cell types have been reported, some active 
only during a delay period (Godschalk et al., 1981; Weinrich 
and Wise, 1982; Georgopoulos et al., 1989; Alexander and 
Crutcher, 1990a; Kalaska and Crammond, 1992) some active 
only in relation to actual motor movement, while others are 
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Figure 9. Horizontal section of the brain showing the topographic 
distribution of activated fields in the left motor areas during the initial 
and final reaching phases using the same format as Figure 8. White areas 
indicate the fields ofactivation during the initial reaching phase. Shaded 
areas indicate the fields of activation during the final reaching phase. 

active both during the delay period and during actual movement 
(Georgopoulos et al., 1986; Schwartz et al., 1988; Kalaska et 
al., 1989; Alexander and Crutcher, 1990b; Caminiti et al., 1990). 
Neuronal activity has also been recorded in PMA during actual 
motor performance (Weinrich and Wise, 1982; Godschalk et 
al., 1985; Caminiti et al., 199 1) and during a delay period (God- 
schalk et al., 198 1; Weinrich and Wise, 1982; Georgopoulos et 
al., 1989; Alexander and Crutcher, 1990a; Kalaska and Cram- 
mond, 1992) and in the SMA, also during actual performance 
(Crutcher and Alexander, 1990). Activity of neurons in Ml 
during the delay phase is said to be less frequently recorded 
than in the PMA (Kalaska and Crammond, 1992). 

In the present study, the rCBF measurement in the prepa- 
ration group was made during the 90 set before the start of 
movement. The onset latencies of neurons described in the above 
studies that showed directionally tuned activity during a delay 
period never exceeded a few seconds. However, recently, Wise 
and Kurata (1989) have shown preparatory activity of neurons 
in the monkey PMA that persisted for as long as 7.5 set after 
an instruction stimulus. That is, the relatively short onset latency 
times reported in previous monkey studies may have depended 
upon the specific task procedures, especially the time given be- 
tween the instruction stimulus to the “GO” signal. In our par- 
ticular study, subjects successfully performed and learned the 
task, so it might have been possible for them to persist with 
preparatory activity throughout the 90 set delay periods. This 
means that specific fields of activation in the Ml, PMA, and 
SMA that we observed during the delay phases (type I, prepa- 
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Figure 10. Horizontal section of the brain showing the topographic 
distribution of the areas of overlap. Format is the same as in Figure 8. 
The shaded area 12 indicates the location of the type IIa (both initial 
reaching and final reaching) field in M 1. White areus (I, 5, and 6) which 
indicate fields active during either the initial preparation or the final 
preparation, are adjacent to the edge of this type IIa field. The Shaded 
urea 13 indicates area of overlap between field 3 and field 8 (Fig. 8). 
The shaded urea 14 indicates area of overlap between field 4 and field 
9 (Fig. 9). There were three different activation fields (13, 14, and 10) 
in PMA, identified in this study. 

ration only) may well represent the neuronal activity involved 
in maintaining body-centered and/or the transformed arm-cen- 
tered trajectory maps during this time period. 

Learning-dependent activity 

This is the first human study that has identified visuomotor 
learning-dependent activity in regions of the motor cortex. The 
task used in this study was not intended to be a motor skill 
learning task. In fact, the reaching movements themselves were 
rather easy to perform for these normal subjects (Decety et al., 
1992). The subjects were required to learn the visual represen- 
tation of the targets. They were able to correct (learn) their 
“body-centered trajectory map” from visual information given 
during each 5 set cue period. They also had some opportunity 
to correct (learn) their trajectory maps (body-centered and/or 
arm-centered) from sensory feedback during each reaching when 
they pointed to and touched the screen (a distance between index 
finger and shoulder, and an angle of the shoulder), although they 
did not have any direct visual feedback at this time. The learning 
curves of pointing errors showed that a stable state was achieved 
in both groups roughly after the 10th trial (Fig. 5). Soechting 
and Flanders (1989) have suggested that a minimum level of 
pointing errors will continue, because of errors in the sensori- 
motor transformation from the visual representation of the tar- 
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get locations to the kinematic representation of the arm move- 
ment under conditions in which subjects have no visual feedback. 
The learning effects observed in the learning curves of both 
groups in our study indicate that the subjects had attained a 
reasonably accurate visual representation of target locations af- 
ter this stable state was achieved. 

In the present study, fields 15 and 16 in Ml and field 17 in 
PMA (Fig. 11) showed significant rCBF increases in the sub- 
traction images of the final learning phase minus the initial 
learning phase. That is, synapses in the parts consistently acti- 
vated in fields 15, 16, and 17 showed no activity in excess of 
the rest state during the initial learning phase, but they all sig- 
nificantly increased activity during the course of learning. 

Within the M 1, the fields of activation that appeared after 
learning were type I (preparation only) fields. As discussed above, 
type I field was not related to muscle contractions. Within the 
PMA, the activated field which appeared after learning was a 
type IIb (either initial reaching or final reaching) field. This 
indicates that PMA became more active in direct motor control 
and Ml in addition got new preparatory role. The reaching 
movements themselves were regarded as identical during initial 
reaching and during final reaching based on observations of the 
videotape recordings. Therefore, neurons in the type IIb fields 
may not relate exclusively to muscle contraction. These findings 
suggest that neuronal activity in three ofthe identified activation 
fields (two type I fields in Ml and a type IIb field in PMA) is 
associated with the learning of visuospatial information. 

Similar learning-dependent changes in neuronal activity have 
been reported in the PMA and in M 1 in monkey studies (Mitz 
et al., 1991) and also in the prefrontal area (Kubota and Ko- 
matsu, 1985; Niki et al., 1990; Watanabe, 1990). Gemba and 
Sasaki (1988) showed that field potentials over Ml appeared, 
and increased during learning of a visuomotor task. There have 
been several EEG studies in humans during motor skill learning 
(Niemann et al., 1991; Lang et al., 1992). These studies have 
shown negative DC potentials in mesial frontocentral cortex 
(Cz) and sensorimotor hand areas of either hemisphere (C3 and 
C4) that declined after learning. However, the precise location 
of changes in these electrophysiological studies remains uncer- 
tain. Human PET studies of motor skill learning (Grafton et al., 
1992; Seitz and Roland, 1992) have shown increases in rCBF 
in the contralateral M 1, PMA, and SMA during actual execution 
of the movements. However, in these two studies, no new areas 
were described in Ml, PMA, and SMA due to the effect of 
learning the skill, in the execution phase of the skill. In the 
present study, the fields related to visuomotor learning may 
reflect synaptic modulation that occurs through synaptic plas- 
ticity in these motor areas (Asanuma and Keller, 199 1). 

Activation pattern 

Our study also showed some fields that were active only during 
the preparation phases (type I), some fields which were active 
only during the reaching phases (type II), and others which were 
active during both the preparation phases and the reaching phases 
(type III). A new finding from the present study is that we were 
able to separate the location of these different types of cortical 
activation fields in human motor areas. 

Neuronal activity in the activated fields was most probably 
related to preparation, initiation and execution of movement 
of the right arm. Another possibility is that some of the acti- 
vations were associated with eye movements. Eye movements 
were recorded from the EOG during the reaching phases. How- 
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Figure I I. Horizontal section of brain showing areas of increases in 
mean rCBF appearing after visuomotor learning. The topographic dis- 
tribution of activated fields is shown in the same format as Figure 8. 
Fields of activation were estimated from the subtraction images of the 
final preparation minus the initial preparation and of the final reaching 
minus the initial reaching (white areas). Within these areas, shaded areas 
indicate areas which overlapped with fields that were active during the 
final preparation or the final reaching. 

ever, neither M 1 nor PMA is considered to have neurons related 
to eye movements (Weinrich and Wise, 1982; Weinrich et al., 
1984; Godschalk et al., 1985; Mauritz and Wise, 1986; Vaadia 
et al., 1986). Also, the fields of activation in this study were 
located more superiorly than the location of the frontal eye field. 

Primary motor area. The location of the type IIa activation 
field in Ml that was consistently active during both reaching 
phases (Fig. 10, field 12) had almost the same stereotaxic co- 
ordinates as the fields activated during a visually guided motor 
tracking task (Grafton et al., 199 l), a tactile discrimination of 
shape (Seitz et al., 199 1; Kawashima et al., 1992) and a com- 
plicated sequence offinger movements (Seitz and Roland, 1992). 
That is, neurons in this field may relate exclusively to peripheral 
motor events (i.e., muscle contractions) in the right hand and 
arm. This represents the traditional functional role of M 1 (Brooks 
and Thach, 198 1; Delong and Georgopoulos, 198 1; Evarts, 198 1). 
Our field 12 was located in almost the same place as were the 
fields of activation in the studies of Seitz et al. (1991) Ka- 
washima et al. (1992) and Grafton et al. (199 l), indicating that 
it was not possible to find any difference in the representation 
of hand and arm-shoulder movements. Grafton et al. (199 1) 
also reported that they were unable to distinguish between the 
activated sites in M 1 during voluntary movements of the fingers 
compared with voluntary movements of the arm. In M 1 of the 
monkey brain, the somatotopic representation of forearm mus- 
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cles is broadly distributed (Sato and Tanji, 1989; Schmidt and 
McIntosh, 1990). Penfield and Boldrey (1937) also described a 
broad distribution of the somatotopic representation ofthe fore- 
arm in humans. Within M 1, there are bidirectional connections 
that link movement representations of different digits with each 
other, and with representations of movements of the wrist, el- 
bow, and shoulder joints (Huntley and Jones, 199 1). Thus, it 
may simply not be possible to separate the somatotopic rep- 
resentation of the arm and the somatotopic representation of 
the hand in Ml in human subjects by PET techniques. 

Fields that showed preparatory activity (fields 1, 5, 6) were 
juxtaposed with fields of type IIa (Fig. 10). An interpretation of 
this topographic distribution may be that some of the activated 
fields in the human M 1 are related to control of muscle synergies, 
but that there also exist, in close association, other fields con- 
cerned with higher-order processing of visuomotor information. 
These different fractional fields would have to be interconnected 
in some way. In the monkey brain, the specific anatomical dis- 
tribution of the different kinds of neurons recorded in Ml has 
been unclear. However, Alexander and Crutcher (1990a) have 
recently shown that cells that are active only with preparatory 
activity are located more rostrally to the central sulcus, com- 
pared with those that are active only during movement-related 
activity. This finding indicates that there may be functional 
separation of these two cell types within Ml in monkeys. The 
results of the present PET study show that these two types of 
neurons may also exist in the human primary motor area. 

The fields of activation in our study were derived from blood 
flow measurements integrated over 80 sec. This limitation in 
temporal resolution means that one cannot discuss the hierar- 
chical levels of movement representation based on the onset 
latency of neuronal activity changes. However, one can argue 
that fields of activation during the delay period may be involved 
in the planning of the upcoming reaching movement (Kalaska 
and Crammond, 1992) and may therefore be at a relatively 
higher hierarchical level than fields active only during the actual 
reaching phases. 

The proportion of type I (preparation only) activation fields 
was 26.9% of the total volume of activated fields during the 
initial learning phase. As discussed above, type I fields may 
reflect preparatory activity of neurons in transforming visual 
information into an arm-centered trajectory map. It is possible 
that the volume of the activated fields may reflect the numbers 
of activated synapses (Grafton et al., 199 1). This proportion of 
type I field during initial learning phases is almost the same as 
the proportion of neurons in the monkey Ml that showed ac- 
tivity changes only during the delay period (Riehle and Requin, 
1989; Alexander and Crutcher, 1990a). During the course ofthe 
learning, this proportion increased to 55.6%. These findings 
support the hypothesis that M 1 contains zones that are related 
to muscle contractions directly, zones that are related to pre- 
paratory activity, and zones that change synaptic activity with 
learning, that is, show plasticity. 

Premotor area. The task used in the present study was a 
delayed reaching task, which was guided both by an internal 
visual representation and by somatosensory feedback. As dis- 
cussed in the previous section, the neurons in the type I (prep- 
aration only) activation field (field 13) which appeared in the 
medial lip of superior frontal sulcus of PMA may play a role in 
the preparation of reaching movements. Neurons in the type II 
(reaching only) field, which appeared in the anterior lip of pre- 

central sulcus (field 14) may play a role in the somatosensory 
guidance (and/or internal visual representational guidance) of 
reaching movements and of the preparation of movements. This 
suggestion is consistent with the idea that the PMA is involved 
in the sensory guidance of movement and in some aspects of 
motor preparation (Roland et al., 1980b; Wisendanger, 198 1; 
Wise, 1985; Gentilucci and Rizzolatti, 1989; Mitz et al., 199 1). 

Recent studies in monkeys have demonstrated that the PMA 
(area 6) is functionally quite heterogeneous (Wise, 1985; Riz- 
zolatti, 1987). The results from the present study are consistent 
with this view. In contrast with M 1, there were no type III (both 
preparation and reaching) fields in the PMA. The cortex in the 
medial lip of the superior frontal sulcus (Fig. 8) and in the 
ipsilateral surface of superior frontal gyrus (Fig. 6a,b) were ac- 
tivated only during the delay phases. The cortex surrounding 
the precentral sulcus was activated only during reaching move- 
ments (Fig. 9). These observations indicate that (1) fields with 
different function in PMA appear anatomically segregated, and 
(2) the cortex surrounding the precentral sulcus (fields 14 and 
10) directly relates to movement, that is, an executive control 
of spinal motor output, in accordance with the anatomical cor- 
ticospinal projection to the cervical segment of the spinal cord 
from the PMA (Dum and Strick, 199 1). 

There were overlapping fields of activation in initial prepa- 
ration and final preparation in the PMA (field 3 and field 8) and 
in the Ml (field 1 and field 5). There was also partial overlap 
of fields during initial reaching and final reaching (i.e., type IIa 
fields), in the PMA (field 4 and field 9) and in Ml (field 2 and 
field 7). It is possible that the overlapping fields in the PMA 
(fields 4 and 9) are coactivated with the overlapping fields in 
Ml (fields 2 and 7). Similarly, overlapping fields in the PMA 
(fields 3 and 8) are coactivated with the overlapping fields in 
Ml (fields 1 and 5). These coactivations between PMA fields 
and Ml fields may reflect a topographic relationship for corti- 
cocortical connections between Ml and PMA in humans. The 
learning-dependent fields of activation that were located rela- 
tively close to the surface in the precentral gyrus (field 16 and 
field 17) may also reflect these corticortical connections. 

Supplementary motor area. The activation field identified in 
the SMA appeared only during final preparation (field 11). This 
field was located in the posterior part of the SMA. The presence 
of somatotopic organization in the human SMA has been de- 
bated. Recently, Fried et al. (199 1) demonstrated by electrical 
stimulation study that the human SMA may be somatotopically 
organized. According to their results, the specific activation field 
identified in our study is at a site near the upper extremities 
representation area. 

Roland et al. (1980a) and Fox et al. (1987) have demonstrated 
increases in rCBF in the human SMA that occur in the planning 
of movement, without execution of the movements. Deiber et 
al. (199 1) have also demonstrated this result by removing the 
effect of motor execution from the analysis by task minus task 
image subtraction. These findings, together with our results, are 
consistent with the hypothesis that the SMA plays a specialized 
role in movements generated from an internal reference (Roland 
et al., 1980a; Eccles, 1982). 

Field 11 did not appear to increase in rCBF in the subtraction 
images of final preparation minus the initial preparation. This 
was probably because it was to some extent already active in 
initial preparation, although this did not reach statistical sig- 
nificance. 
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