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Abstract

The purpose of this study was to investigate the cortical motor areas activated in relation to unilateral complex
hand movements of either hand, and the motor area related to motor skill learning. Regional cerebral blood flow
(rCBF) was measured in eight right-handed healthy male volunteers using positron emission tomography during
a two-ball-rotation task using the right hand, the same task using the left hand and two control tasks. In the two-
ball-rotation tasks, subjects were required to rotate the same two iron balls either with the right or left hand. In
the control task, they were required to hold two balls in each hand without movement. The primary motor area,
premotor area and cerebellum were activated bilaterally with each unilateral hand movement. In contrast, the
supplementary motor area proper was activated only by contralateral hand movements. In addition, we found a
positive correlation between the rCBF to the premotor area and the degree of improvement in skill during motor
task training. The results indicate that complex hand movements are organized bilaterally in the primary motor
areas, premotor areas and cerebellum, that functional asymmetry in the motor cortices is not evident during
complex finger movements, and that the premotor area may play an important role in motor skill learning.

Keywords: cerebral blood flow, functional asymmetry, motor areas, motor skill learning, positron emission
tomography

Introduction

Handedness and hemispheric dominance are basic aspects of humain the present study, in order to shed light on this question, we

motor function. The concept of left hemisphere motor dominance ircompared cortical activation during complex finger movements of

right-handed individuals for controlling cognitive-motor tasks wasthe left and right hands by measuring changes in regional cerebral

originally derived from the description of apraxia by Liepmann blood flow (rCBF) using positron emission tomography (PET). In

(1905). Many investigators have reported clinical evidence consisteritddition, since the performance of complex motor tasks requires

with Liepmann’s argument (see Haaland & Harrington, 1996 formotor skill learning, we addressed the question of whether there are

review). specific cortical structures in the human brain that may be responsible
Recent developments in brain imaging techniques have allowefpr the learning of motor skills during motor task training.

the functional asymmetry of the cortical motor control system to be

invgstigated b_y stu_dies specificall_y aimed at cqmparison of CorticaNaterials and methods

activation during simple sequential thumb-to-finger movements o

the right and left hands (Kawashine al., 1993, 1997; Kimet al., Subjects

1993). Differences in the cortical mechanisms underlying simplegight healthy male volunteers (aged 20—24 years) participated in the

and complex finger movements have been suggested by margtudy. None had any signs or history of medical or neurological

investigators. In the human brain, functional roles of the supplementargisease, and all demonstrated normal results for magnetic resonance

motor and premotor areas in complex sequential finger movemenigaging (MRI) of the brain. All subjects were strongly right-handed

have been demonstrated by brain imaging studies (Roktrad, according to the Edinburgh Handedness Inventory (Oldfield, 1971).

1980; Seitzet al, 1991; Shibasaket al, 1993; Sadatet al, 1996).  Written informed consent was obtained from each subject in accord-

However, little is known about the asymmetry of cortical function ance with the guidelines approved by Fukui Medical University and

during complex finger movements. the Declaration of Human Rights, Helsinki, 1975.
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Prior to PET experiments, a catheter was placed into the righ PETlscan
brachial vein of each subject for tracer administration. Individual v
stereotaxic fixation helmets were worn during the PET measurement: 1 3
A high resolution MRI scan (1.5 T) of the brain was also performed Paced I—I |_| ﬁ
for each volunteer on a separate occasion.

Non-Paced % |_| %

PET measurements 2 4 6 120ms

The PET scans were performe.d using a General Electric Aqvancﬁe. 1.Schematic diagram of the time course of the training. A PET scan was
tomograph (GE/Yokogawa Medical System, Tokyo, Japan) with theyerformed for each subject during the seventh trial. During the odd-numbered
interslice septa retracted. The physical characteristics of this scanngials, subjects were asked to rotate the two iron balls around each other in

have been described in detail by De Gradal. (1994) and Lewellen their hands once a second when the auditory cue was given. During the even-

. . - . . - numbered trials, subjects were asked to rotate the balls as fast as possible. A
etal (1996). It acquires 35 s_Ilces with an mtersllc_e spacing of .., improvement ratio (see Materials and methods) was calculated on the
4.25 mm. In the three-dimensional mode, oblique sinograms wergasis of their performance during the second and sixth trials.

obtained with a maximum cross-coincidence+ef1 rings. A 10 min
transmission scan was performed using two rotating Ge-68 sources
for attenuation correction. CBF images were generated by summing
the activity during the 60 s period following the first detection of an

increase in cerebral radioactivity after an intravenous bolus injec’[ioqNere not required for the task. A video recording was made of the

i l - i . . .
of 10 mCi of 0 Iabglled waFer (Sadatetal, 1997). Thg IMages  antire study for subsequent analysis of each subject’'s performance.
were reconstructed with the Kinahan—Rogers reconstruction algorlthrﬂrom these recordings, the mean speed (revolutions per minute: r.p.m.)

(Kinahan & Rogers, 1989). Hanning filters were employed, givingof ball rotation was calculated for each trial. For further analysis, we

transaxial and axial resolutions of 6 and 10 mm (full-width at half- calculated a skill improvement ratio for each hand task for each
maximum), respectively. The use of wide filters here was to increasgubject as follows:

signal to noise ratio in the PET images, and to account for anatomical

differences in the subjects and interindividual differences in activation SIR= (T6 - T2)/T2

patterns (Fristoret al., 1991). The field of view and pixel size of the

reconstructed images were 256 mm and 2 mm, respectively. Nwhere T6 and T2 indicate the mean speed of the ball rotation during
arterial blood sampling was performed, and thus the images werthe sixth and second trial, respectively. Electromyograms (EMG) of

All subjects were trained to avoid the movement of muscles that

those of tissue activity. the extensor digitorum and flexor carpi ulnaris muscles were also
recorded with surface electrodes during the PET measurements.
Task procedures Because we used surface electrodes, the possibility of coactivation

Each subject was placed comfortably in the supine position in thef the other extremity, especially of the deeper muscles, cannot be
scanner, a darkened and quiet room, for the duration of the studyuled out. Eye movements were not monitored in the present study.
and asked to hold two iron balls in each hand with their eyes closed
throughout the study. The iron balls had a smooth surface, wer
450 mm in diameter and weighted 140 g.

All subjects performed the following three tasks: (i) a two-ball- In the present study, the standard anatomical structures of the
rotation task with the right hand; (ii) a two-ball-rotation task with computerized brain atlas of Rolard al. (1994) were fitted interact-
the left hand; and (iii) a control task. None had previous experiencévely into each subjects MRI using both linear and non-linear
of similar motor tasks. In the control task, subjects were asked tgarameters. These parameters were subsequently used to transform
hold two iron balls in each hand without movement, with the armseach subject's PET and MRI images into the standard atlas form.
in a resting position. An auditory stimulus, a beep tone, was presentefinatomically standardized PET images were smoothed with a three-
once every second during the control task. We obtained two PETimensional Gaussian filter of 4 mm width, then globally normalized
scans for the control task, one at the beginning and the other at tiie whole brain tissue counts of 100 counts/voxel. Subtraction pictures
end of the study. The right hand task was always followed by theof the control task from each hand task were then made, as well as
left hand task. For the latter, each subject performed seven successigttasks from one another, on a voxel by voxel basis, for each subject.
trial sessions (Fig. 1) starting 10 min after completion of the firstin order to eliminate the possible effects of habituation (Grafton
PET scan for the control task. In the first trial, auditory cue beepet al, 1992), counterbalancing of the order of the control task across
tone signals were presented once every second. Subjects wesebjects was performed for this calculation, i.e. the control images
instructed to rotate the two balls around each other with their righobtained at the beginning of the study were used for four subjects,
hand once the auditory cue had been given. Subjects held two balésd those obtained at the end of the study for the other four subjects
in the hand contralateral to the moving hand, without movement. Thé&inally, mean and variance pictures as well as descriptive Student’s
first trial continued for 100 s. After a 60 s intertrial interval, the t-pictures were calculated. In the present study, voxels with
subjects were asked to rotate the two balls with their right hand agalues over 5.41K < 0.001; after Bonferroni correction for multiple
fast as possible without any auditory cues (second trial). An intertriacomparisons with a control) were considered to represent regions
interval of 360 s was incorporated before the third trial. The instruc-with a significant change in rCBF. Then, each activation was superim-
tions and cues, as well as the time course, for the third, fifth angposed onto the average reformatted MRI of the same eight subjects
seventh trials were the same as those for the first trial, and those fguarticipating in the study. Precise anatomical localization of activation
the fourth and sixth trials were the same as those for the second trih each subtraction condition was made in relation to the mean
(Fig. 1). The seventh trial was started at the time of the bolus injectionieformatted MRI. In addition, correlation coefficients between skill
and with the performance of the PET scan. The left hand task wasnprovement ratios and rCBF during each task at points of maximal
started 10 min after the right hand task, using the same schedule. difference in significant activations were calculated.

?’E T data analysis
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Primary motor area
RPM RPM ok

o x A significant increase in rCBF was observed bilaterally in the anterior
60 | bank of the central sulcus, i.e. in the primary motor area (Kawashima
70 | etal, 1994), during unilateral movements of each hand when com-
pared with the control. Larger increases in rCBF were observed
50 in the contralateral hemisphere than in the ipsilateral hemisphere
60 (P < 0.001) for tasks with either hand. During movements of the
right hand, increases in rCBF in the left primary motor area were
50 | also significant when compared with those during movements of the
— left hand P < 0.001). The same was the case the other way round
o during movements of the left han& & 0.001).

40

1 I3 é I7tria| 2 2 6 trial
Premotor area
Fic. 2. Mean speeds of ball rotation. Odd-numbered and even-numbered maEach hand movement activated the cortex lining surrounding the

are shown in (A) and (B), respectively. Speed is indicated in revolutions | sulci of both hemisoh h d with |
per minute (r.p.m.). Filled circles and open squares represent mean speeegecentra sulci of bot emispheres when compared with contro

during the right and left hand movements, respectively. Bars indicate standard-igs 3 and 4). These cortices are located in the dorsal premotor area
errors of the mean. * < 0.05, **: P < 0.01, ***: P < 0.001 (paired-test). (Kawashimaet al., 1994). All activation foci were located in the

posterior bank of the precentral sulcus. With movement of either
hand, increases in rCBF in the contralateral premotor area were

Results significantly higher than in the ipsilateral premotor arBa<(0.001),
during movements of the right hand, increases in rCBF in the left
Task performance premotor area were significant when compared with that during

Data for the mean speeds of ball rotation during each trial aranovements of the left handP(< 0.001), and also during movements
summarized in Fig. 2. In the auditory-cued movement trials (Fig. 1A),of the left hand, the rCBF increase in the right premotor area was
the subjects were able to synchronize their hand movements witkignificant when compared with that during movements of the right
auditory signals after the third trial. In the first and second trials, thehand P < 0.001).

mean speeds of ball rotation were significantly faster for the left than During movements of the right hand, a field in the ventral part of
for the right hand taskR < 0.005 andP < 0.01, respectively, paired the precentral gyrus in the premotor area of the right hemisphere was
t-test). During the PET measurements (seventh trials), the differencexctivated (Table 1). During movements of the left hand, no significant
in the speed of ball rotation calculated for the right and left handactivation was observed in the ventral premotor area.

tasks were not significant. In the trials in which the subjects were

asked to rotate the balls as fast as possible (Fig. 2B), the mean spegdpplementary motor area (SMA)

of ball rota_tlon showed a statistically s_lg_nlflcant increase with eac'buring movements of the right hand, activation was found only in
‘T'a' (see Fig. 2B). The mean (SEM) skill improvement ratios for,thethe contralateral (lefty SMA (Fig. 3). Since these activation foci
right and left hand tasks were 40.3 (5.7) and 15.6 (3.5), respectlvelywere located caudal to a perpendicular line crossing the anterior

showing a statistically significant differende € 0.005, paired-test). commissure, we refer to this area as the SMA proper (Picard &

We did not opserve any.phasm. EMG activity, in the hand Contralat'Strick, 1996), no increase in rCBF was observed in the right SMA
eral to the moving hand, in relation to hand movements.

proper. The movements of the left hand also significantly activated
the contralateral (right) SMA proper (Fig. 4), in this case, the left
SMA proper also showed an increase in rCBF, but this did not attain
Table 1 summarizes the data for Talairach coordinates (Talairach &tatistical significance.
Tournoux, 1988) and-values of peak activation for significant
activations during each hand movement task minus the control imag&omatosensory area

Complex right hand (Fig. 3) and left hand (Fig. 4) movements wer
associated with increases in rCBF bilaterally in the sensori-moto
areas and cerebellum when compared with the control. Sever
activation foci were identified within these sensori-motor activation
clusters. During movements of the right hand, the left sensori-moto
cluster consisted of activation foci in the anterior bank of the centra
sulcus, the posterior bank of the precentral sulcus, the anterior ba
of the postcentral sulcus and the intraparietal sulcus (Fig. 3). Durin
movements of the left hand, the same activation foci, located in th
anterior bank of the central sulcus, the posterior bank of the precentra
sulcus and the anterior bank of the postcentral sulcus were identh‘ie‘tﬁon
in the activation cluster (Fig. 4). In the right hemisphere, the left
hand movements activated a field consisting of activation foci in thé~€rebellum
anterior bank of the central sulcus, in the posterior bank of theDuring movements of the right hand, both the anterior lobule and
precentral sulcus and in the anterior bank of the postcentral sulcuserebellar vermis were bilaterally activated (Fig. 3), these areas in
(Fig. 4). During the right hand movements, activation foci located inthe right hemisphere were also significantly activated compared
the same anterior bank of the central sulcus and in the posterior bankith that during movements of the left han® € 0.001). During
of the precentral sulcus were identified in an activation cluster (Fig. 3)movements of the left hand, the same areas were activated (Fig. 4)

PET activation

ith each hand movement, an increase in rCBF was observed
ilaterally in the postcentral gyrus. Activation foci were located in
the anterior lip of the postcentral sulcus of each hemisphere. In the
teft hemisphere, the same field was activated during movement of
ither hand. A larger increase in rCBF was observed in the left
misphere during movements of the right hand than during move-
ents of the left handq(< 0.001). In the right hemisphere, areas of
ctivation during right and left hand movements overlapped (Figs 3
nd 4), however, activation foci were identified in different loca-
s (Table 1).
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TasLE 1. Significant activations in unilateral complex movements

Stereotaxic Right-hand Left-hand

coordinates
Structure X, Y, 2) t % vol t % vol
Left hemisphere
Primary motor* 40, -26, 54 16.3 38.6 2078 9.6 9.2 519
Premotor (dorsal)* 34,-18, 62 12.5 394 2078 7.6 13.9 519
SMA 4,-12, 54 10.7 37.0 170 —
Postcentral* 52, -24, 42 225 19.2 2078 119 8.2 88
Intraparietal* 30, —34, 48 19.1 34.1 2078 —
Talamus 20,-16, 3 10.4 105 30 9.8 9.2 36
Cerebellum** 14, -52, -18 9.0 12.0 146 233 25.0 519
Cerebellum 24, -50, -24 9.0 11.0 36 7.7 19.8 37
Right hemisphere
Primary motor** -32,-28, 56 6.7 9.2 252 20.6 30.4 1263
Premotor (dorsal)** -30, —23, 60 6.2 7.3 252 11.1 26.6 1268
Premotor (ventral) -52, 0, 36 7.3 7.0 30 —
SMA** -4, -14, 56 — 11.9 10.8 178
Postcentral** =31, -29, 52 — 18.3 28.2 1263
Postcentral -52, 28, 42 10.5 9.1 %52 —
Postcentral —44,-32, 30 9.1 10.5 37 —
Intraparietal -42, -36, 46 — 14.5 16.7 1263
Cerebellum* -10, -52, -20 13.1 12.4 ™7 —
Cerebellum* —-28, —46, —24 19.4 175 7 7.6 9.2 35

Talairach coordinates, (X, Y, Z) are in millimetres corresponding to the atlas of Talairach & Tournoux (1988). Volume of activation fs Rrenise anatomical
localization was made of these identified structures by superimposition of the activations onto the mean anatomically standardized MRI. Regions where the
was also a significant difference in right hand movements minus left hand movements and vice versa are indicated by * and **, respectively. a—e: Sever
activation foci were identified within activation clusters (see Results).

SMA: supplementary motor area, vol: volume.

Fic. 3. PET/MRI superimposition. PET data fewalues during right finger
movements displayed on a colour scale (whitdé0, red>5.41,

yellow > 4.79, greern> 3.50) superimposed onto the averaged transformedFic. 4. PET/MRI superimposition. PET data fowalues during left finger

MRI data (grey scale). Images are horizontal sections positioned from —25novements displayed on the same colour scale as for Fig. 3. Images are
0, 50 and 60 mm above the bicommissural (CA-CP) plane (Talairach &horizontal sections positioned from -25, 0, 50 and 60 mm above the

Tournoux, 1988). bicommissural (CA-CP) plane.
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in the right hemisphere, however, activation focus was only identifiec
in the anterior lobule. The left cerebellar vermis activation was alsc
significant when compared with the movements of the right hanc
(P < 0.001). (34, -18, 62)

Other regions

In the present study, the contralateral intraparietal cortex and lef
thalamus were also activated during movement of either han
(Table 1).

Correlation analysis

Statistically significant correlations between skill improvement ratios ~PET counts PET counts

and the rCBF were observed for the ipsilateral premotor area fo 1 @ L .
movement of either hand, i.e. subjects demonstrating a higher ski ] - ] s
improvement ratio showed a higher rCBF in the premotor area of the Right Handj T e s i .

ipsilateral side. For the left PMA, the correlation between the skill povements ] ]
improvement ratio for the left hand and the rCBF during movements - ]
of the left or right hand was significant € 0.908,P < 0.01 for the 1 ]
left hand, andr = 0.718,P < 0.05 for the right hand) (Fig. 5). For

the right PMA, the correlation between the skill improvement ratio

of the right hand and the rCBF during movements of the right hanc 4 -
was statistically significant (= 0.980,P < 0.001) (Fig. 6). The skill Left Hand | & p——— /
improvement ratio for the left hand and the rCBF during movements Movements 1 * * -
of the right hand showed positive correlations without statistical y 1
significance = 0.483). Other points of maximal difference in | — — 1
activation did not show any significant correlation. i 145 -

135 ] 135 ]
Discussion 125 - 125

Control 4 .. 4 i -

Task performance L s . R
In the present study, the mean speed of ball rotation was found to kt &b T il “
i ifi i i i i a5 T T T 1 95 T X T =
:lgnlflcantl_ylfaséer in the tI1eft _thﬁn hln tlc]e rl?(ht hanoll tasksfd#rlngdtrl;e ST T TR TR % 5. &6 b 4
irst two trials. Because the right hand task was always followed by SI (right) SI (left)

the left hand task, this difference was probably due to a transfer o.
motor skills from the right hand to the left (Hicks, 1974). After the g 5 Regional cerebral blood flow at points of maximal difference in
third trial, however, no significant differences in the speed of ballactivation of the left premotor area during right hand (top), left hand (middle)
rotation were observed. and control (bottom) tasks. The Iocation_of the focus is indicated at t_he top
After the third trial, no significant differences in performance were €ft and by x, y and z coordinates (Talairach & Tournoux, 1988). Sl is the
bserved during the auditory cued movements. and the mean spe skill improvement ratio (se_e Materials and methpds). The correlation betwgen
0 8 g ; y ] e p 8 skill improvement ratio and the rCBF during left hand movements is
of ball rotation during the sixth trial were significantly faster than statistically significantr(= 0.908,P < 0.01).
the speed required to perform auditory cued movements, i.e. 60 r.p.m.,
suggesting that the learning effect was minimal during the PET scan.
However, since mean speeds increased with each trial during WhiCE] . . . .
- ; . tion of the cortical motor areas during unilateral sequential thumb-
the subjects were asked to rotate the balls as fast as possible, it IS . L . .
difficult to conclude that the subjects had reached an overtrainet “finger movements in right-handed subjects (Kawashinal,
o ) 993; Kimet al,, 1993) and left-handed subjects (Kawashietal.,
condition. In the present study, although PET scans were taken aftir

- L o . 997). The results indicated that the primary motor and premotor
sufficient training and no EMG activity was observed in the muscles ) ) . he p y P
. - areas are involved in the control of ipsilateral movements only when
of the hand contralateral to the moving hand, the possibility of

. - right-handed or left-handed subjects move their non-dominant hand.
suppression of movement for the non-moving hand cannot be ruled Ou'I’he difference between asymmetrical activity and symmetrical activity
evident in our data, is presumably related to differences in the
complexity of the movements. Since the classification of movements
In the present study, the two-ball-rotation task with either handas ‘simple’ and ‘complex’ is not absolute, and is sometimes mis-
activated the primary motor and premotor areas, as well as thkeading, we think it is necessary to clarify what is meant by the terms
cerebellum bilaterally. The magnitude and spatial extent of thessimple and complex movements in the present paper, at this point.
activations were more prominent in the contralateral cortical motolWe categorized movements as ‘simple’ and ‘complex’ as follows: if
areas and ipsilateral cerebellum, and since no significant interhemboth elements and sequences of movement had the most basic
spheric differences in rCBF change related to contralateral andrganization, the movement was considered ‘simple’; and if either
ipsilateral movements were observed, the existence of functionalements or sequences were relatively complex, the movement was
asymmetry could not be established. Previous human brain imagingonsidered ‘complex’. Therefore, finger movements in the two-ball-
studies have, however, indicated functional asymmetry in the activarotation task in this study were ‘complex’, because cooperative

Functional asymmetry

© 1998 European Neuroscience AssociatiBaoropean Journal of Neuroscienct0, 2254-2260
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Premotor area

In the present study, the cortex surrounding the precentral sulcus,
located in the premotor area which directly relates to motor output
(-30, -23, 60) (Kawashimeet al.,, 1994), was bilaterally activated during movement
of either hand. In monkeys, the premotor area has been divided into
at least two functionally and anatomically distinct parts, i.e. the dorsal
premotor area and ventral premotor area (Dum & Strick, 1991). These
premotor regions may be equivalent to the dorsal premotor area,
since they are located in the dorsal part of the brain. Consistent
results have been obtained in previous rCBF studies on right-handed
subjects, indicating that the dorsal premotor area is activated bilaterally
during complex unilateral hand movements, and that contralateral
PET counts. PET counts increases in rCBF are larger than ipsilateral increases (Ralaat
1980; Colebatclet al,, 1991; Deiberet al,, 1991; Seitzet al., 1991,
Jenkinset al., 1994; Sadatet al. 1996), similar results were obtained

Right Hand ] 7 * in neurophysiological studies of monkeys (Rizzolatial., 1987;
Movements - - Tanji et al, 1988). Furthermore, Sadagd al. (1996) found that the
g -',_,-—l-—,//’— right but not the left premotor activity progressively increased with
2 '. i increasing complexity of the movement sequence. Although their

observations were limited to dominant (right) hand movements in
right handed subjects, they suggested the existence of different roles

. for the right and left premotor areas in motor control, and that one
Left Hand ] ] . of the functions of the right premotor area was to store motor
Movements - 1. ° sequences in a working memory buffer, the results of previous
d ] LTI physiological studies in monkeys, indicating that many neurons are
——— 1 active in the dorsal premotor area bilaterally during complex motor
145 - 145 - performances, whereas contralateral premotor activity is more marked
i ] - during simple limb mov_er_nents (Rizzolatt al., 1987;_Tanjiet al,
1988), may support their idea. In the present case, it was noted that
Control 257 1251 the higher the skill improvement ratio, the higher the rCBF in the
1159 115+ ipsilateral premotor area during unilateral complex finger movements,
105-_____.._3__,_.__.._- 054" e furthermore, while the contralateral premotor activity also showed an
95 vt a5 —:‘_:'TT—_'T"‘"‘_ increase, a correlation with the subject’s skill improvement ratio was
0 20 40 60 80 0 10 20 30 40 less significant. Thus, it seems reasonable to conclude that the
SI (right) SI (left) ipsilateral dorsal premotor area plays a more significant role in motor
skill learning.

Fic. 6. Regional cerebral blood flow at points of maximal difference in
activation of the right premotor area during right hand (top), left hand (middle)
and control (bottom) tasks. Other details are the same as for Fig. 5. Th&EMA

correlation between the skill improvement ratio for the right hand task and . . - .
the rCBF during right hand movements is statistically significart 0.980, Yt is of interest to note that SMA activation was found only in the

P < 0.001). SMA proper, although results of recent PET studies indicate that the
SMA proper is activated during simple motor tasks requiring the
most basic spatial or temporal organization of movement, and that

movements of the hand muscles were required indicating that thte pre-SMA s activated during complex tasks which are characterized
movement element was complex, and sequential thumb-to-fingé?y additional motor or cognitive demands (see Picard & Strick, 1996
movements were ‘simple’ because both elements and sequences fgf review). One possible explanation for the activation of the SMA
movement were relatively basic. Hence, we conclude that humaRroper in our study is a difference in the level of skill acquisition.
cortical motor areas are symmetrically organized during complexThe results of recent PET studies on motor sequence learning indicate
finger movements but not during simple finger movements. Anothethat the level of activity of the SMA proper increases when learned
possible explanation for this discrepancy may be the right-to-leftmovements become automatic (Jenkitsal, 1994) or improved
transfer of motor skills, however, since PET scans were taken afte{Graftonetal, 1992, 1995). Another possible explanation is sequence
sufficient training, the right-to-left transfer effect at the time of the generation. The motor tasks used in the previous PET studies which
PET measurements in our study is considered minimal. showed pre-SMA activation (e.g. Rolared al,, 1980; Seitzet al.,

In the present study, thalamus activity demonstrated functional991; Shibasalet al., 1993; Jenkinst al.,, 1994; Graftoret al., 1995;
asymmetry. Our results are in line with the results of previous PETSadatoet al., 1996) had complex sequences which may require
studies (Seitz & Roland, 1992; Sadatbal., 1996) indicating that cognitive demands for sequence programming, but relatively simple
the left hemisphere of the thalamus is involved in complex motorelements of movement. However, the two-ball-rotation task in the
control. Functional asymmetry of the thalamus has also been suggestptesent study required a relatively simple sequence but complex motor
by lesion studies in humans (Parkihal., 1994; Kumrakt al,, 1995).  elements of movement, and the cognitive demands were minimum.
For example, Parkiet al. (1994) demonstrated that patients with left  In the present study, we found activation only in the contralateral
thalamic lesions had impaired memory for the temporal informationSMA to the moving hand. However, the results of some previous
necessary for complex sequential finger movements. PET studies indicate that bilateral SMA activation occurs during

© 1998 European Neuroscience AssociatiBaropean Journal of Neuroscienct0, 2254-2260



2260 R. Kawashimat al.

unilateral hand movements (Colebatehal., 1991; Deiberet al., Jenkins, L.H., Brooks, D.J., Nixon, P.D., Frackowiak, R.S.J. & Passingham,
1991; Graftonetal, 1993; Jenkinsetal, 1994). In these studies, R.E. (1994) Motor sequence learning: a study with positron emission

R . - tomography.J. Neurosciencel4, 3775-3790.
SMA activation foci were clustered near the midline. On the OtherKawashima, R., Inoue, K., Sato, K. & Fukuda, H. (1997) Functional asymmetry

hand, the results of some PET studies indicate that SMA activation of cortical motor control in left-handed subjedieuroreport 8, 1729-1732.
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