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Mesial Motor Areas in Self-Initiated Versus Externally Triggered
Movements Examined With fMRI: Effect of Movement Type
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Dieber, Marie-Pierre, Manabu Honda, Vicente Ibahez, Norihiro INTRODUCTION

Sadato, and Mark Hallett. Mesial motor areas in self-initiated versus . o . .
externally triggered movements examined with fMRI: effect of move- 1 he identification and role of the mesial frontal cortical are

ment type and ratel. Neurophysiol81: 3065-3077, 1999. The humaninvolved in human motor control are topics of continued d
frontomesial cortex reportedly contains at least four cortical areas thgte. Initially, the supplementary motor area (SMA) was c(
are involved in motor control: the anterior supplementary motor argglered to be the only motor field within area 6 of the med
(pre-SMA), the posterior SMA (SMA proper, or SMA), and, in theya|| (Penfield and Welch 1951; Woolsey et al. 1952). R

anterior cingulate cortex, the rostral cingulate zone (RCZ) and tg . however, several functionally distinct motor fields
caudal cingulate zone (CCZ). We used functional magnetic resonarce °'’ !

imaging (fMRI) to examine the role of each of these mesial motdP€ Mesial surface of the hemisphere have been recognizeq gof
areas in self-initiated and visually triggered movements. Healtidy review, see Picard and Strick 1996). One of the cen}r3l
subjects performed self-initiated movements of the right fingers (seffuiestions about the SMA concerns its role in self-initiat 3.
initiated task, Sl). Each movement elicited a visual signal that wasovements as opposed to movements triggered by ext rga
recorded. The recorded sequence of visual signals was played bagimuli. Preferential involvement of the SMA in self-initiateff:
ar]d the squects moved the right fingers in response to each S'%Vements has been suggested by the results of several
(visually triggered task, VT). There were two types of movementﬁophysiological and lesion experiments in monkeys (Che gt

repetitive €1xep) or sequential{eQuencs, performed at two different ; - . a ’
rates:sLow or FasT. The four regions of interest (pre-SMA, SMA, al. 1995; Mushiake et al. 1991; Okano and Tanji 1987; Pgss-

RCZ, CCZ) were traced on a high-resolution MRI of each subjectt§gham 1987; Thaler et al. 1988, 1995; Wise 1984). Data fr
brain. Descriptive analysis, consisting of individual assessment @fectroencephalographic (Jahanshahi et al. 1995; Papa
significant activation, revealed a bilateral activation in the four mesiaP91) and functional neuroimaging studies in humans (Larspgn
structures for all movement conditions, but S| movements were matal. 1996; Rao et al. 1993; Tyszka et al. 1994; Wessel ef al.
efficient than VT movements. The more complex and more rapid th@97) are also consistent with this idea. However, the results‘of
movements, the smaller the difference in activation efficiency bg-study by Remy et al. (1994), who observed greater blood f ]
tween the Sl and the VT tasks, which indicated an additional procegg-the SMA with externally triggered movements, have b @
ing role of the mesial motor areas involving both the type and rate 86 troversial. In addition to the mode of movement initiatiopn,
'Iﬁiﬂe'

wo P p&pev|még

movements. Quantitative analysis was performed on the spatial ext8 er variables in motor control may modulate the activity [of

of the area activated and the percentage of change in signal ampliti . . . )
In the pre-SMA, activation was more extensive for S| than for V SMA. In particular, the SMA is said to have a role in motpr

movements, and for fast than for slow movements; the extent $fduences (Jenkins et al. 1994; Mushiake et al. 1990, 1991
activation was larger in the ipsilateral pre-SMA. In the SMA, thé&hibasaki et al. 1993; Tanji and Shima 1994). Further, the
difference was not significant in the extent and magnitude of activaéensitivity of the SMA to movement rate is a controversial

tion between SI and VT movements, but activation was more extassue, with some studies showing significant negative degen-
sive for sequential than for fixed movements. In the RCZ and CCdence at higher rates (MacKinnon et al. 1994; Sadato ef al.
both the extent and magnitude of activation were larger for Sl than fp996b), and others reporting nonsignificant negative (Blinkgn-
VT movements. In the CCZ, both indices of activation were alSgerg et al. 1996) or positive (Schlaug et al. 1996) dependefce
""I‘rger for seq“‘i”“?'htha” gortf'xe‘j mo‘t’efmer;.ts' alnd for.;.‘"‘stt. tha”f for picard and Strick (1996) reviewed the anatomic and physi-
?OW movements. These data suggest functional specificities of INg oo\ jata obtained from nonhuman primates and humaris td
rontomesial motor areas with respect not only to the mode of movg- . . e )
ment initiation (self-initiated or externally triggered) but also to th OrmUIate a functlona! anatom_lc cIaSS|f|c§1t|0n of the_ meslal
movement type and rate. cortical areas. In their analysis of functional neuroimagipg

studies in humans, they distinguished between simple tagks
which require basic organization of movement, and compjex
The costs of publication of this article were defrayed in part by the paymeﬁﬁlsks’ which make additional motor or COgmth.e .deman jS'
of page charges. The article must therefore be hereby mawewettisemerit ey concluded that humans have at least four distinct mesial
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. =~ motor regions: anterior SMA (pre-SMA), posterior SMA
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(SMA proper, or SMA), and, in the anterior cingulate cortexpovement, slow rate (VTrixep, sLow); self-initiated, repetitive
the rostral cingulate zone (RCZ) and the caudal cingulate zonevement, fast rate (Skixeo, rasT); visually triggered, repetitive
(CCZ) (Picard and Strick 1996). In the superior frontal gyrugjovement, fast rate (VTRIXED, FAST); se!f-lnltlateq, sequence move
the SMA proper, lying caudal to the level of the anteriof’ent: slow r?te (S'SE?\%NCE sLow); V'S;Ja”y””.'ggereg* sequence
commissure (VAC iine), is activated mainly by simple taskgOVement, slow rate (VISequence stow); self-initiated, sequence
and the pre-éMA |yin§)1 rostral to the VACyIini is gctivate%oovemem’ fast rate (Skequence Fast); and visually triggered,

. . equence movement, fast rate (\SEQUENCE FAsT). A visual control
during relatively more complex tasks. In the cortex of botRyngition (1suaL) also was included: when the sequence of flastes

banks of the cingulate sulcus, from the genu of the corpuscorded during the Skixep, Fast condition was played back, the
callosum (Brodmann area 32) to the posterior border of Brogubjects were asked not to make any movement. The order of cgndi-
mann area 24, the large RCZ is activated by complex tasks, aiods was pseudorandomized across subjects, with the constraing thal
the smaller CCZ is activated during simple tasks. the Sl tasks had to be performed before the VT tasks withinj a

On the basis of Picard and Strick’s (1996) classification #fovement type and rate, in accordance with the yoked experimgntal
the mesial cortical areas according to the simple/complex @fsign described earlier. _ _
chotomy, we reexamined the role of each mesial area in sejfSUPIECts were taught to perform a brisk and precise tap of fhe
initiated versus externally triggered movements. In addition,eihumb to the fingers. The sequence and repetition rate of the fipger,

) : o i | icall i | | A
assess the interaction between factors that modulate act|V|t3éé%VS?(r)?]egésnsﬁé% (Tfogl:ggs Ct%l: gfﬁﬁrﬁgcrzs{ Egr?é%gegng ct)r\:?ee

the SMA, we introduced two other movement variables: tyRoyement periods (3 repetitions of the same movement conditipn),
of movements (repetitive finger movements of a single digihd began with a rest period. Each period was 30 s long so thaf the
versus sequential finger movements) and rate of movemepégormance of one session lasted 3 min. One session was perfofmed
(slow, ~0.25 Hz, vs. fast~1 Hz). We used functional mag- for each movement condition without replication. Subjects practi¢ed
netic resonance imaging (fMRI) to achieve better spatial regach movement condition once before the experiment started. o
olution of the mesial cortical areas and to allow single-subject

analysis. Magnetic resonance imaging

Images were obtained by a whole-body 1.5 T magnetic resongnge

METHODS imaging (MRI) scanner (Signa, General Electric, Milwaukee, W))Z:
Subjects _equipp_ed with a full-head Med_ical Advar_lc_e (_:oil permittin_g co_mplet§
isotropic coverage. Head motion was minimized by placing tight

26-52 (mean, 35) years. The subjects were all right-handed as md& images were obtained for anatomic reference. A three-dim
sured by the Edinburgh Inventory (Oldfield 1971). The protocol wesional, T1-weighted sequence (TR/TE/flip: 100 ms/5 ms/70°)
approved by the Institutional Review Board, and all subjects gaused to obtain 15 contiguous high-resolution sagittal images of 6-
their written informed consent for the study. thickness, with a 24-cm field of view and a 256256 matrix. The _S
images covered the mesial structures, the left hemisphere (contrpft
eral to the movements), and part of the right hemisphere. The i
hemispheric fissure served as the reference for positioning the sagigal
The subjects performed two motor tasks, each of which hadshces, with slices on the left and right sides of the brain separateq
distinct mode of initiation: self-initiated (SI; rate decided by théhe fissure. High-resolution echo planar imaging scans then wWege
subject) and visually triggered (VT, rate imposed by a signal). Aobtained in the same planes with a T2*-weighted acquisition (TR/T
cording to Jahanshahi et al. (1995), the term self-initiated is moflg: 3000 ms/40 ms/90°), which produced a 8464 matrix with a
suitable than ‘“self-paced” because in the self-initiated mode tH&i-cm field of view and 3.75-mm in-plane resolution. In each hem
desired rate of movement was specified, and on each trial the subjsgisere, analysis was restricted to the two slices covering the m¢s
had to decide when to initiate the movement to maintain the desireaitical areas. A time-course series of 60 images/slice was acqyi
rate. A visual signal was used to keep the rhythm and number fof each trial, in arorron cycle paradigm of 30 s of rest and 30 s ¢
movements constant in the SI and VT tasks. The subjects wor@vement.
goggles, and in the Sl task, each movement elicited a red flash of light.
The sequence of flashes generated in the Sl task was recorded %aga analysis
played back in the VT task. Thus the rate of movement in the VT tas
was yoked to that generated in the SI task. To remove motion artifacts, the fMRI time series from each subjgect
Two types of movements, both involving digits of the right handvere realigned according to the method of Friston et al. (1995a), With
(digit 2, index finger; digit 3, middle finger; digit 4, ring finger; digit the first image of each slice used as a reference. Within-plane spptia
5, little finger), were performed: a repetitive movement in which themoothing was applied with a two-dimensional Gaussian kerne| of
thumb was opposed to the index finger (2—2-2—-2rixgp) and a 5.6 X 5.6 mm of full width at half-maximum (FWHM). No smoothing
sequence movement in which the thumb was opposed to each ofrees applied in the interplane direction. No spatial normalization of the
other four fingers (2—3-4-5-5-4-3-2-2-3-4-5.seQuencyg. Each data was performed because the brain was only partly samgled.
type of movement was performed at two different rates: a slofherefore the data were analyzed on an individual basis. The fNIRI
rate—one movement approximately eyer s (~0.25 Hz,sLow)— time series were analyzed by statistical parametric mapping (SPM;
and a fast rate—one movement approximately every secetidHz, SPM software, Wellcome Department of Cognitive Neurology, Lgn-
FasT). In the Sl task, the subjects were instructed to generate modsn, UK). The effect of global differences in scan intensity whas
ments at an average rate centere@d.25 or 1 Hz. They were askedremoved by scaling each scan in proportion to its global intensjty.
specifically not to pursue a very regular rate but rather to introdu&tatistical analysis was performed for each condition in a gengral
some irregularity in the rhythm of their movements to minimizénear model, in which regionally specific activation is explored as|to
automaticity in the Sl task and anticipatory behavior in the VI taskhow well the reference waveform fits to the observed time serieg of
Eight movement conditions were tested: self-initiated, repetitivee fMRI signal (i.e., hemodynamic response) at each and every voxel
movement, slow rate (SEixep, sLow); visually triggered, repetitive (Friston et al. 1995b). The reference waveform was obtained|by

Tasks
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F ACRC

Fic. 1. High-resolution magnetic resonance images from 1 subject: sagittal slices 6-mnitaidkB: left hemisphereC and
D: right hemisphere. Interhemispheric fissure is located betBesdC. The landmarks used to trace the regions of interest (ROIs)
are shown on slic® (top), according to the scheme of Picard and Strick (1996). Pre-SMA, rostral portion of the supplementary
motor area; SMA, caudal portion of the supplementary motor area, corresponding to the SMA proper; RCZ, rostral cingulate zone;
CCZ, caudal cingulate zone; AC-PC, horizontal line passing through the anterior and posterior commissures; VAC, vertical line
perpendicular to AC-PC, passing through the anterior commissure; VPC, vertical line perpendicular to AC-PC, passing through the
posterior commissure; 1, vertical line delimiting the pre-SMA anterior boundary (from VAC, percentage of total anteroposterior
brain dimension: 17.1%); 2, vertical line delimiting the CCZ anterior boundary (3.7%); 3, vertical line delimiting the CCZ posterior
boundary (9.4%); 4, vertical line delimiting the RCZ anterior boundary (28.6%). Pre-SMA and SMA are traced on the more medial
slice in each hemispher8 for the left hemisphered for the right hemisphere), and RCZ and CCZ are traced on the 2 more medial
slices in each hemispheré é&ndB for the left hemisphereC and D for the right hemisphere).

smoothing a time-dependent sensorimotor parameter of interest (veas assessed by measuring the amplitude of the fitted (or modd
a box-car waveform with 0s for rest epoch scans and 1s for movemesference waveform at each and every voxel. The fitted refere
epoch scans) with a Gaussian kernel of a delay and dispersion of filnection was obtained by

square root of 8 s, modeling the hemodynamic response function. The )

time-series fMRI data also were smoothed over observation (time) by Yfit = Xb @)

use of the same Gaussian kernel as the hemodynamic response fiypesre Yiit denotes the matrix of the fitted reference waveform, w
tion. Thus with the use of matrix notation, the model can be expressgdins in rows. one column per voxel, akiéndb are the same as in
as Eqg. 1.Note thatb includes the term for the mean across all scans. T
percentage of the change in signal intensity (%CSI) at each voxel
calculated by normalizing the amplitude of the fitted reference fu
arranged wiien to its minimal value

Y=Xb+e 1)

whereY is the observed data matrix after smoothing,
scans in rows, one column per VOXKl;iS the design matrix with the Y%CS|= 100 X [Yflt(max) _ Yflt(mln)]/Yflt(mln) (3)
same number of rows ag and two columns, one for the reference

waveform and the other for the mean of all scamgs the matrix for whereY%CSI denotes the row vector expressing %CSI at each vo

unknown parameters (to be estimated), with two rows correspondiagd Yfit(max), or Yfit(min), is the row vector consisting of the max}

to columns ofX and one column per voxel; amds for the error term. imal, or minimal, value of the fitted reference function at each vo
The null hypothesis of no activation corresponds to zero amplitude (@&., maximum, or minimum, of each column¥it). This estimation
the reference waveform (i.e., the first rowlnéquals 0). The resulting is analogically identical to the estimation of a difference between
statistics are expressed by théistribution with the “effective de- means of two different conditions in t statistics. Thus a map of 1
grees of freedom,” which is calculated from the number of observaercentage of change in signal intensity (%CSI map) also was
tions (i.e., number of scans) and the size of the smoothing keri@ined for each subject and each condition.

(Friston et al. 1994a). Thievalues constituted a statistical parametric A region-of-interest (ROI) approach was used to describe
map SPM{t}, which was transformed to a unit normal distribution t@esults over the nine subjects. On the high-resolution MRI slices, fi
give a SPM{Z} (Z-score map). To assess statistical significance,ROIs were traced on the medial wall of the hemisphere for e
Z-score map was thresholded at 3.09; the significance of the activatibject: pre-SMA, SMA, RCZ, and CCZ (Fig. 1). In each hemisphe
detected was estimated by the use of distributional approximatidhe pre-SMA and SMA regions were traced on the more medial sl
from the theory of Gaussian fields in terms of spatial extent and/and the RCZ and CCZ regions were traced on the two more me
peak height of the fMRI signal (Friston et al. 1994b). Accounting faslices. The regions were delimited according to the analysis of Pid
multiple nonindependent comparisons, an estim&eelue of 0.05 and Strick (1996), who reviewed the results of positron emiss
was used as the final threshold for significance. A map of the bradmography (PET) studies on activation in the medial wall of t
regions in which there was significant cerebral activation, composkdman brain. First, the anatomic landmarks of Talairach and Tq

of voxels for whichZ > 3.09 andP < 0.05, called a cluster map, wasnoux (1988) were drawn on the appropriate high-resolution MRI
produced. Thus &-score map and a cluster map were obtained fonidsagittal slice: AC-PC line, VAC line, and VPC line. Measur¢

each subject and each condition. ments of the brain were taken (anteroposterior dimension, maxi
At the same time, the intensity of the signal in the activated arelgight from AC-PC plane). ROIs then were traced as follows: p
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SMA, region rostral to the VAC line, above the cingulate sulcusasLe 1. Intervals between taps and movement frequency
extending anteriorly up to 17.1% of the anteroposterior brain dime®=

sion; SMA, region between the VAC and VPC lines and above the Fixed Sequence
cingulate sulcus; CCZ, region including the cortex on both banks of

the cingulate sulcus, extending rostrally to the VAC 1i58.7% and N Visually N Visually
caudally=9.4% of the anteroposterior brain dimension; RCZ, region Self-Initiated  Triggered  Self-Initiated  Triggered

including the cortex on both banks of the cingulate sulcus, adjacentto

CCZ and extending rostrally=28.6% of the anteroposterior brain ITI (mean)

dimension (Fig. 1). The number of pixels, including both hemi- o 3,888 3,985 3,564 3,599
spheres, in the four ROIs (mean SD of 9 experiments) was 650 ITI (max) 5,050 5448 4,685 4815

84 for the pre-SMA, 533t 95 for the SMA, 775+ 117 for the RCZ, ITI (min) 2,613 2,674 2,470 2,527

and 402z 70 for the CCZ. [According to Talairach and Tournoux Frequency,

(1988), the brain is 175 mm in total anteroposterior length. Given that Hz 0.30= 0.05 0.30+ 0.05 0.30+ 0.06 0.32* 0.06

measurement, the proportional measurements are determined fronfheT
numerical boundaries given in Figs. 4 and 5 of Picard and Strick!T! (mean),
(1996). The pre-SMA anterior boundary is 30 mm rostral to VAC _MS 1677 1,747 1,433 1,506

(i.e., 17.1% of 175 mm, the total anteroposterior brain dimension), thqq: Em%) 327238 12’2,3 19'224 %;3;1
CCZ anterior boundary is- 6.5 mm rostral to VAC (i.e., 3.7% of 175 Frequency ' '

mm), the CCZ posterior boundary is16.5 mm caudal to VAC (i.e., (mean),

9.4% of 175 mm), and the RCZ anterior boundary is 50 mm rostral to Hz 0.64+0.09 0.62+-0.08 0.76+0.16 0.73+0.16

VAC (i.e., 28.6% of 175 mm)].
The fMRI images were interpolated to have the same pixel size as/alues are means SD.

the high-resolution MRI. To avoid distortion of the functional images,

the high-resolution images were coregistered to the mean of the f/MRIFO Hz in Sl, 0.67 Hz in VT). A repeated measures ANOV.
time series by use of the algorithm of Woods et al. (1993), and tiith RATE (SLOW, FAST), MOVEMENT (SEQUENCE FIXED), andTask (S,
ROI templates were applied to tize cluster, and %CSI images. TheyT) as within-subject factors, was performed on the movem
ROIs were used for two purposes: a descriptive analysis, in which tﬁ‘@quency data. There was a significant effectrafe (F =
results of the individual cluster analysis were reported and whi 9.76,P < 0.001) andvovement (F = 12.01,P < 0.01) on

=

01} PopEO|UMOQ

resulted in histograms showing the number of subjects having sig lovement frequency. However, as expected because of the 3

icant activation in each ROI and each condition and a quantitati;/g\ - t f t sianificantly affected
analysis of activation differences between conditions, which w&§S!9n, movement frequency was not significantly atiecte

performed separately on the extent of activation and on the %C%EK- . o .
during movement versus rest periods. The extent of activation, com-The movements were performed with relative irregularity
puted from theZ maps, was expressed as the number of pixels $hown by the large difference between the maximum §

which Z > 3.09. Analysis of the %CSI during movement periodsninimum values of the ITIs (Table 1). Accuracy was measufés

versus rest periods was performed from the %CSI maps on tbaly in the SI mode because of limitations of the study desi
maximum value within each ROI. For RCZ and CCZ, measuremen errors were reported imxep movements. INSEQUENCE

from the two medial slices within each hemisphere were averageflgyements, on average, 96.9% of the responses were corr¢d a

Results were analyzed by repeated measures ANOVA, with a Gre@ha s ow rates and 97.8% were correct at thet rates

house-Geisser correction.
RESULTS Descriptive analysis
Task performance Figures 2 and 3 show the results of the cluster analysis in

left paramedial slice of four individual subjects in each con

Intervals between finger taps or intertap intervals (ITIs) arttbn. The cluster analysis revealed significant activation in {

movement frequency are shown in Table 1. No movement waesial cortex for the movement conditiond & 3.09,P <
recorded during the control conditiomguaL), but small-ampli- 0.05), with differing distributions depending on ROIs, heni
tude movements that did not trigger an electrical signal from tisphere, and condition. Examination of activity distributig
glove cannot be excluded. Movement frequency was calculatesing the ROI approach revealed that location of the actiy
for each subject in each condition as follows: the number pkak in the mesial cortex was quite variable among subje
movements performed in each movement period was computeéad conditions. However, VT movements frequently were
the number of ITIs plus 1, and the sum of ITls gave the movemesuciated with maxima of activity in the most posterior mes
time (the first ITI corresponding to the beginning of a 30-s restgions, i.e., in the SMA or CCZ. In Sl sequential movemen
period to the first movement was always discarded); movemehé four mesial structures were activated in most subje
frequency was obtained by dividing the number of movements thereas in Sl fixed movements, activation was generally |
the movement time (in seconds). For each condition, the numiestended and did not always include all four mesial regio
of movements and the movement time in each of the thr¥@riability across subjects regarding the mesial activation
movement periods were added, to calculate the movement fieat was even higher for VT movements. In addition to t
guencysLow movements were performed at a mean frequency wfesial cortex, foci of activity also could be found indepe

0.31 Hz andrasT movements at 0.69 Hzaequencemovements dently of the movement condition in the visual cortex, cefe-

were performed slightly faster (mean, 0.53 Hz) therap move- bellum andthalamus (Figs. 2 and 3). Histograms of the distri
ments (mean, 0.47 Hz), a result solely attributable to the fdiin of activation over the nine subjects are shown in Fig. 4. T
movements. The frequencies of the movements in the SI and ¥iEsial structures were activated in very few subjects in the corj
tasks were very similas(ow: 0.32 Hz in SlI, 0.31 Hz in VTgasT:  condition, that is, when flashes were presented but no mover
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Fixed Sequence
SI SI VT

FiGc. 2. Cluster maps of significant cerebral activation in 2 subjects, for each condit{@riop row9: subject 1 2 (2 bottom
rows): subject 2 For each subject, the clusters are superimposed on the high-resolution magnetic resonance (MR) image of the more
medial sagittal slice in the left hemisphere (frbject 1,the slice corresponds # in Fig. 1). Cluster maps were obtained by
thresholding th&-score maps at 3.09, and the significance of the activation was estimated in terms of its spatial extent and/or the
peak amplitude of the signal, with a final threshold for significance ef 0.05 after a Bonferroni correction. On the color scale,
purple represents the lowestscores (from 3.09) and red the high&sscores £5.8). The brain is reduced in scale in the visual
condition for figure clarity. Sl, self-initiated condition; VT, visually triggered condition.

was performed\(suaL). In all movement conditions, SsubjectSEXTENT OF FUNCTIONAL ACTIVATION. The extent of functional
showed more constant bilateral activation of the mesial structueasgivation was assessed as the number of pixels Zvith3.09.
with the Sl task than with the VT task. The difference in activatioln a comparison of movement conditions with the conti
between the Sl task and the VT task was large instu@encg  condition, the extent of activation was significantly affected
sLow movements, especially for the contralateral pre-SMA angbnoition (F = 10.66,P < 0.001). Moreover, contrast analysi
RCZ, whereas the difference was much smaller instwencg  showed that the extent of activation was significantly larger
FAST movements. Mesial structures were activated in fewer suixe eight movement conditions than for the control conditi
jects with therixep, sLow movements than with the other move{56 vs. 4 pixelsfF = 22.37,P < 0.001).
ments. In all conditions, activation in the pre-SMA was usually In a comparison between movement conditions, there
more ipsilateral than contralateral. no significant effect of ROl andiemispHERE The extent of
activation was affected significantly byask (SI: 77 pixels,
VT: 35 pixels;F = 19.11,P < 0.01), movemENT (FIXED: 43
pixels, seQUENCE 69 pixels;F = 31, P < 0.001), andraTe
For measurements of the extent of activation and %CSs$Low: 45 pixels,FasT: 66 pixels;F = 9.48P < 0.05). There
two distinct questions were posed: are the movement comas a significant interaction of ROl ardmispHERE(F = 8.99,
ditions different from the baseline conditiomguaL) and P < 0.01), ROl andask (F = 5.43,P < 0.05), and ROI7ask,
how do the movement conditions differ from each other? Tandrate (F = 4.8, P < 0.05).
answer the first question, we performed a repeated measure& repeated measures ANOVA was performed for ea
ANOVA with conbition (8 movement conditions and 1ROl on the extent of activation for the eight moveme
control condition) as the within-subject factor. We sought toonditions. The results are shown in Fig. 5 and summariz
answer the second question by performing a repeated memaTable 2. In the pre-SMA, there was a significant effect
sures ANOVA with the following within-subject factors: TASK, with more extended activation for Sl (116 pixels
ROI (pre-SMA, SMA, RCZ, CCZ)ask (SI, VT), move- than for VT (30 pixelsf = 25.21,P < 0.01).raTe had also

Quantitative analysis

MENT (FIXED, SEQUENCH, RATE (sLow, FAST), andHEMISPHERE a significant effect, as there was more extended activafion

(left, right). with fast movements than with slow movements (85 vs.
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Fixed Sequence
N |

FiG. 3. Cluster maps of significant cerebral activation in 2 subjects, for each condit{@rtop row9: subject 3; 4(2 bottom
rows): subject 4For each subject, the clusters are superimposed on the high-resolution MR image of the more medial sagittal slice
in the left hemisphere. Conventions as in Fig. 2.

pixels,F = 6.76,P < 0.05). Last, there was a significantsignificant effect of ROl (pre-SMA: 0.92%, SMA: 0.96%
HEMISPHERE effect, with more extended activation in theRCZ: 0.66%, CCZ: 0.57%F = 5.41,P < 0.05) andrask (SI:
hemisphere ipsilateral to the hand movement (left: 49 pixel3.89%, VT: 0.66%;F = 7.02, P < 0.05). There were alsg
right: 97 pixels;F = 9.51,P < 0.05). There was a signif- significant interactions betweewemispHere and Task (F =
icant interaction betweeremispHeRe and movement (F = 10.78,P < 0.05) and between ROl anebvement (F = 4.12,
6.74,P < 0.05). In the SMA, the extent of activation wag” < 0.05).

significantly affected bymovement (Fixep: 57 pixels,se= A repeated measures ANOVA was performed for each R
QUENCE 104 pixels;F = 7.28,P < 0.05), and there was a©n the %CSI for the eight movement conditions. The rest
significant interaction ofiemispHereE and Task (F = 6.73, are shown in Fig. 6 and summarized in Table 2. In the p
P < 0.05). In the RCZ, theask had a significant effect on SMA, there were significant interactions eEmispHERE and
the extent of activation, with SI (42 pixels) being greaterAsk (F = 6.99,P < 0.05) and ofrate and movement (F =
than VT (14 pixels) (F= 10.1,P < 0.05). In the CCZ, the 11.56,P < 0.05). In the SMA, none of the within-subjeg

extent of activation was Signiﬁcant|y affected h)/ySK (Sl factors had a Signiﬁcant effect on the %CSI. In the RCZ, the

54 pixels, VT: 31 pixelsfF = 51.04,P < 0.001),movement TAsk had a significant effect (SI: 0.77%, VT: 0.54%;= 8.41,
(FIxED: 24 pixels,seQuENCE 60 pixels;F = 23.6,P < 0.01), P < 0.05). There was also a significant interaction-efa-
RATE (sLow: 30 pixels,FasT: 54 pixels;F = 6.5,P < 0.05), SPHErReandTask (F = 6.74,P < 0.05). In the CCZ, the %CSI
andHemispHerE (left: 60 pixels, right: 24 pixelsF = 15.91, Wwas significantly affected byask (SI: 0.63%, VT: 0.51%F =
P < 0.01). 11.33,P < 0.05), movemenT (FiIxep: 0.5%, seQUENCE 0.64%;
. F =29.09,P < 0.01),rRATE (sLow: 0.51%,FasT: 0.63%;F =
PERCENTAGE OF CHANGE IN SIGNAL INTENSITY. The change in 1018 p < 0.05), anduemispHerE (left: 0.63%, right: 0.52%:

signal intensity during movement periods was calculated rela-— 17 gg p < 0.01). There were significant interactions ¢f

tive to rest periods as a percentage. Repeated Measyes rare, and movement (F = 8.28, P < 0.05) and of
ANOVA were performed on the maximum values. In a COMyeysPHERE TASK, RATE, andmovement (F = 5.69,P < 0.05).
parison of movement conditions with the control condition, the

%CSI was affected significantly byonoirion (F = 3.2, P < DISCUSSION

0.05). However, contrast analysis did not show a significan%

difference among the eight movement conditions and the con4n the present study, we focused on the mesial wall of {he

trol condition (0.78 vs. 0.63%; = 2.3, P > 0.05). cerebral hemispheres to examine the participation of
In a comparison between movement conditions, there wagator areas in self-initiated movements and moveme)
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FIXED, SLOW SEQUENCE, SLOW pre-SMA
& 10 %
5] Z 1
2 é 140 S
=L s Z 2 120
3 : ]
@ f/ 3 100
T o ;? s 80
5 % 5 60
2R 5 v =
: = o
Zz 10 102 Z 209 _
pre-SMA SMA RCZ CCZ pre-SMA SMA RCZ CCZ 0= - ] .
LR SIVT FixSeq S F LR SIVT Fix8Seq S F
HEMI TASK MVT RATE HEMI TASK MVT RATE
FIXED, FAST SEQUENCE, FAST
% 10 10 140 RCZ
ELs 7 L E
3 . 17 2
Z ;
c 0 % 0 5
5 f E
Z 7
-g R 5 é R s % 3
Z 104 104 ) -
L R SIVT FixSeq S F L R SI VT FixSeq S F
preSMA SMA - RCZ - CCZ pre-SMA SMA  RCZ  CCZ HEMI TASK MVT RATE HEMI TASK MVT RATE
VISUAL 7 o FIc. 5. Mean extent of activation and SEs over the 9 subjects in each RO| for
*3 10 S.elf m't'at,ed each of the 4 variablesEMisPHERE(HEMI), TASK, MOVEMENT (MVT), and RATE.
2L s 2 Visually triggered Extent of activation is expressed as the number of pixels #ith3.09. For each | O
2 variable, the SE value takes into account the variability among the 3 remaini@
o= 0 variables, as well as the subjects (e.g., the standard Brsgr SI movements | S
5 reflect the variability among the variables HEMI, MVRATE, and subjects). L: 8
2 R 5 left; R: right; Fix: fixed; Seq: sequence; S: slow; F: fast. asterisks, significant eﬁaﬁ
E asterisks over the horizontal bars, significant interaction between effects (repgated
Z 104 measures ANOVA performed for each ROI; see text for details). =
preSMA SMA RCZ CCZ g
Fic. 4. Histograms of the distribution of activation over the 9 subjects in eaddotor paradigm and performance =1
condition. Data were obtained from the individual assessment of significant =
gt_erte%rat[ activfattLon (@.e.szromtclrst;ar mapls;t_seetFitghS. ZRaOnId 3). Fodr eac_k;)sgbjgg:, thghere is abundant literature on changes in regional cerepgl
IStrioution O e signiticant clusters relative 1o the S was descriped wi H _ . =%
binary code (1: including a cluster or part of a cluster, 0: not including a cluster @Oo_d flow (rCBF) as W_el_l as in movement-related potentlals Ig'
part of a cluster). For RCZ and CCZ, the results were compiled from the 2 slidé&lation to the $e|f decision on a motor response (Deiber et @l
in each hemisphere (for each subject, hemisphere and ROI: 1 on each slice edl@81, 1996; Frith et al. 1991, Playford et al. 1992; Praamstra et
1; 1 on only 1 slice also equals 1). al. 1995, 1996; Touge et al. 1995; Van Oostende 1997) ‘g1
>
triggered by a visual signal. First, we discuss the anatomigsLe 2. Summary of quantitative analysis Z
basis of our work and describe the technical limitations S
inherent in this context. Because in humans there is still no o Percent Change in Signal | 3
absolute identification of separate motor fields in the mesial Extent of Activation Intensity o
wall, we elected to use the more recent classification @fi data  Task (SI> vT) ROI (SMA > pre-SMA> RCZ | P
Picard and Strick (1996), which is based primarily on the Movement (Seg> Fit) > CC2) N
analysis of several functional imaging studies. As these Rate (F> S) Task (SI> VT) 2
. tigat ticivated. thei k id tical ROI X Hemisphere Hemispherex Task
investigators anticipated, their work provides a practica ROI X Task ROI X Movement
framework for studying the role of the medial wall motor ROI X Taskx Rate
areas. They mainly have used data from group PET studig&SMA  Task (SI> VT)
for their analysis, which have in common the reference Rate (F> S)
; Hemisphere (R> L)
frame of Talairach and Tournoux (1988). Conversely, our Hemispherex Movement ~ Hemisphere Task
approach is based on individual examination of fMRI im- Movementx Rate
ages. We have chosen to keep intact as much as possible$é mo"‘?mim (SeTQ> E'X)
high spatial resolution provided by this technique, and th ng:('s(%lir?;n as Task (SI> VT)
we have resorted to spatial normalization, which might have Hemispherex Task
been problematic because the brain was only partially sagez Task (SI> VT) Task (SI> VT)
pled. However, we applied the landmarks’ conventions of Movement (Seg> Fix) Movement (Sec> Fix)
Talairach and Tournoux (1988) in each brain to delimit the Rate (F> S) Rate (F> S)
tomic ROIls according to Picard and Strick’'s (1996) Hemisphere (L= R) Hemisphere (> R)
ana . g - Hemispherex Taskx
scheme. Our calculations for the ROl boundaries were based Movementx Rate
on the visual examination of Figs. 4 and 5 in the paper of Taskx Movementx Rate
Picard and Strick (1996) because no numerical measurest ive effect n italics. ROL. redion of interest: SMA |
H H : eractive efrects are In Italics. , region of Iinterest; , supplemen-
were prowded. We are aware that SUCh. a.n mterpretanon (:Ifél y motor area; RCZ, rostral cingulate zone; CCZ, caudal cingulate zone| Sl,
lead to some error and that our ROI de“m!tat'on in referenc@it.initiated: VT, visually triggered: Seq, sequence; Fix, fixed: F, fast; S, siqw;
to the study of Picard and Strick (1996) is not absolute. L, left; R, right.


http://jn.physiology.org

3072 DEIBER, HONDA, IBANEZ, SADATO, AND HALLETT

stimulation without any detectable movements was associ
with minimal activity. Activation was largely bilateral, with thq
hemisphere contralateral to the movements generally n

LR LR

% change in signal intensity
f=)
o

SI VT FixSeq S F SI VT FixSeq S F

HEMI TASK MVT RATE HEMI TASK MVT RATE smaller for sequential movements performed at a fast rate.
RCZ CCZ

during the interval between movements for both SI and

interpretation also should apply to the fixed movements 3

so small for those movements. An alternative explanatior

% change in signal intensity

HEMI TASK MVT RATE HEMI TASK MVT RATE . .
rally demanding, as it is in the sequence performed at a

FIG. 6. Mean percentage of change in signal intensity (% ;
the 9 subjects in lgach Ro?for each c?fthe 4%/ariables: Hyﬁ(w/;;f,sll\zl\a/‘?',d;%s OY??{te' the difference between the Sl and VT .taSkS tends
RATE. %CSI is expressed as the maximum percentage of change durﬁ#&appear because ‘?f the additional proce;smg rolg of
movement periods relative to rest periods. Conventions as in Fig. 5. mesial motor areas in movement complexity and high-r
movement production.
these studies, a free-selection condition, characterized by thQuantitative analysis focused on the extent of activat
subject’s own decision about “what to do,” generally is op{Fig. 5) and the percentage of change in signal intensity (R
posed to a cued condition, in which the subject is instructed 6 These measurements might correspond to neural rec
the movement by a signal; in both conditions, the preciseent and neural activity rates, respectively, but the relat
timing of the movements is determined externally by a pacirgetween CBF and neuronal discharge rates remains too ur
stimulus or also can be decided by the subject. In contrast, ¢ain for us to give any definite conclusion. From a theoreti
question related to the effect of the movement initiation mogmint of view, one has to be aware that with the use of spa
on brain activation, that is, the aspect of timing or “when temoothing, an increase in signal intensity could artificia
do” something. The movements we tested were all instructgetoduce an increase in activation extent, the intensity valug

that is, the subjects knew in advance what to do. Only the waypixel being smeared to its nearest neighbors. However, (@1

in which they timed their movements was variable: it wasidering the increase range of the fMRI signal obtained%

pre-SMA SMA the significance of activation by its intensity and spatial ext¢nt
within each task for every subject. The results clearly showed
more intense activation for Sl tasks than for VT tasks; visdal

activated than the ipsilateral hemisphere, except for the pre-
SMA. The difference between SI and VT movements was

sequence, the decision about the next movement can be mad
tasks. When the sequence must be performed at a fast fatg,
timing preparation in Sl is minimal, and one can argue that for
fast sequences, the Sl and VT tasks are not very different. This

fast rate; however, the difference between S| and VT was hot

L R SIVT Fix Seq S F L R SIVT Fix Seq S§ F that when the movement is sufficiently complex and tempo-
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visual trigger signal (visually triggered). In the present discugi-plane), the effect of the Gaussian filter on data disper
sion, we will restrict our review of the literature to studiesan be estimated as being negligible. This is supported fu
focused on the initiation mode of instructed movements; thisliy the observation that a motor parameter could affect sig
distinct from the topic of movement selection. In the selficantly the extent of activation without affecting the increase
initiated mode, we focused on the volitional aspect of makirgignal intensity (Table 2).

the movements by asking the subjects to attempt a slightlyln confirmation of the descriptive approach, the main reg
irregular rate centered around a given value. We wanted db the quantitative analysis is that, compared with the
avoid establishing automaticity or rhythmicity that potentiallynovements, the SI movements were associated with a la|

either their own decision (self-initiated) or dictated through en average, see Fig. 5) and the small FWHM used (5.6;{1@
&
rihgr

could obscure differences between the SI and VT modextent and intensity of activation in the mesial motor regions.

Moreover, strict regularity in movement performance likelyloreover, significant interaction betweessk (Sl vs. VT) and

would generate undesirable anticipatory behavior in VT movROIl (SMA, pre-SMA, RCZ, and CCZ) was observed for th

ments, with specific effects on brain activity. In terms oéxtent of activation, which means that the effect of the ta

movement frequency, our choice of testing a slow and a fatiffered according to the mesial structure involved (Table

rate was motivated by the study of Sadato et al. (1996b), whiéldditionally, for all regions taken together, the extent of ac

showed a clear difference in SMA blood flow between 0.2%ation was also sensitive to movement typexsdp vs. s&

and 1-Hz movements. However, as shown in Table 1, theence and rate {0.31 vs.~0.69 Hz), with larger values for|

difference in the frequency of slow and fast movements wasquential movements and faster rates (Table 2).

smaller than expected, with slow movements performed at

~0.31 Hz and fast ones at0.69 Hz. This observation, alongpye_sMA and SMA

with the fact that only two movement rates were tested, limits

the interpretation of the rate effect observed in the presentOur measures showed predominant changes in the exte

study. activation with no main effect on intensity of activation. On
Because an fMRI study is primarily a single-subject teclihe pre-SMA was affected significantly by the nature of t

nique, we consider it essential to show how each subjeask, with SI movements inducing more extended activat

behaved on the different tasks tested. Histograms of the restiian VT movements. The SMA showed a trend for such

(Fig. 4) were based on cluster maps, which essentially assgfferential response, although it did not reach significance.
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the other hand, the SMA was affected by the movement tygetential occurring before wrist movements in self-paced gnd
with sequential movements associated with a larger extentestternally cued conditions. The Bereitschaft potential was
activation than fixed movements. present only in self-paced conditions, suggesting different qor-

. . .. tical areas for the generation of self-paced and stimuli-trjg-
EXPERIMENTAL DATA. Some neurophysiological studies in

monkeys have addressed the issue of specificity of the prerﬂered movements. Jahanshahi et al. (1995) confirmed |the

tor areas in self-initiated versus externally triggered movi gsence of Bereitschaft potential in externally triggered

ments, most of which comparing the SMA with the Iatergﬂovements when the rate of presentation of the trigger stim-

us was very variable. With more regular trigger presentatipn,
e amplitude of the Bereitschaft potential was smaller for
ternally triggered than for self-initiated movements. If the
reitschaft potential mainly reflects SMA activity (Deecke
d Kornhuber 1978; lkeda et al. 1992; Lang et al. 1991), then
absence or reduced amplitude in externally cued movements

premotor area (Mushiake et al. 1991; Okano and Tanji 19
Romo and Schultz 1987). However, their goal differed frorg
ours on a basic point: movement rates in the two modes
selection were not matched. In the self-initiated mode, tr&%
monkeys had to “learn” to respond at their own pace within s
time window, whereas in the triggered mode, a cue Was Pigyyqots minor activation of the SMA in this type of movp-
sented intermittently. In those studies requiring performanceﬁ)lem which is consistent with our data. However. differdnt
s!mple motor tasks, both the SMA and the: premotor area W%&mponents can be distinguished in the Bereitschaft potential,
similarly active regard'less of the generating .mode. Howev%rnd their cortical generators remain an object of debjpte
long lead neurons, which are more abundant in the SMA, w Socker et al. 1994 Bael et al. 1993: Neshige et al. 1988
?2?“{%%7”1‘3,1{23/rgr?;?rﬁ]osdelgt’%%eqn mgvgmimsa(sﬂléa% . 6$o et al. 1993). Moreover, the spatial resolution of scalp-
occhJIr earli)ér foLrj seIf—initiat: d Ithar|1 for extern;\llly trigugere%ecorded electrical potentials is too weak to achieve definite
movements (Thaler et al. 1988). Mushiake et al. (1991) con'Sthtlon between the pre-SMA and the SMA proper.

trasted f-initiated task in which the monk had to r "A few studies have used either PET or fMRI to comp
asted a sefl-initiated tas ch theé monkeys had 10 reg f-paced and externally triggered movements (Jahanshahge
member a predetermined sequence with a visually trigge

. . . Jerg - 1995; Larsson et al. 1996; Rao et al. 1993; Remy et al. 19%$};
task in which the sequence of touch pads was visually Quided,o; 2 ot a1 1994; Wessel et al. 1997). However, the reshifis
the self-initiated mode cannot be considered as purely Selfs . § - ' '

aced because the time to start the whole sequence was clig these studies have been divergent, possibly becausezb
P q ftfsrent paradigm designs. We will review the available d4ta

Results showed that the SMA was more active in the se nd draw parallels with our own findings as far as possibl¢.>

initiated than in the triggered mode, whereas the premotor are : : : P
showed the inverse behavior. Altogether, the results of tg Two studies failed to replicate the classic picture of t

X : . . OF Wesociation between self-paced movements and larger acfi
aforementioned studies suggest some preferential participa A of the SMA. namelv the studies of Remv et al (1994) &
of the SMA in self-initiated movements, especially when MOI&t Jahanshahi ét al (12;95) Remy et al (1%/94) observed |

complex movements are involved. However, the studies webg-y, acoustically triggered movements, but not self-pa

e e e e e PoPe! b ovements, actvated the SN The fegon they refered 1
' P e SMA covered mainly the SMA proper and extended ir

our data as to Wh'Ch part of_the SMA Is concerned_. ... the pre-SMA. An unequal number of subjects performed {
Recent experimental studies have analyzed the implicatiq f.paced and cued conditions (10 and 3, respectively), w

of differences between self-initiated and externally guid nders a proper comparison between the two modes diffic

actions. Thaler et al. (1995) removed the '.“ed'a' Premotiline self-initiated task, subjects were asked to move at t
cortex, which corresponds to the whole SMA, in monkeys. Trqun “automatic” frequency, which suggests that the mo

animals were poor at performing a simple, learned arm-raiﬁ{s\ents might have been performed at a relative regular p

task at their own rhythm, but much less impaired when a to e movement rate in the cued condition theoretically a8
triggered their performance. The investigators concluded gl oy 45 the self-paced condition. However, the calculation| of
the medial premotor areas play a crucial role in the perfofs vement frequency in the self-p.aced condition was based on
mance of self-initiated actions, independently of the nature ual examination by an experimenter, suggesting that dnly

the movements (simple or sequential). Chen et al. (199} o) number of movements, but not the actual rhythm
further analyzed the role of the tone in externally tnggerel% y '

. . . nitored. As a result, it is likely that the self-paced and cyed
tasks and showed that animals with Iesu_)ns of the meo'@ﬁ\ditions were performed at distinct rhythms, with a potential
premotor cortex performed better when given external CUES'tqard a more regular rate in the cued condition. By siich
because the cues acted as instructions. In other words, Ifigy ) ihesis the SMA activation observed in the cued corjdi-
authors interpreted the impairment of the monkeys with

mesial area 6 lesion in terms of a lack of retrieval of ththn could be due to anticipatory and preparatory behavfor,

aporopriate action. Our own findinas suagest that the role her than to the initiation mode. Jahanshahi et al. (19Pp5)
mppi ? rea 6 n'd mor ii %I thgg e-SMA  is rath served that externally triggered movements activated [the

esial area o, a ore speciiically the pre L S A€l me areas activated by self-initiated movements but lesg ex
related to the timing of the self-initiated response; i.e., that tteg

impairment of lesioned monkeys could be interpreted as nsively. They found no difference in rCBF in the mesial
pairment o y P sftuctures between self-initiated and externally triggered move-
default in timing the response.

ments, the rate of both types of movement being accurately
HUMAN ELECTROPHYSIOLOGY AND FUNCTIONAL IMAGING. Stud- yoked. These authors insisted on a regular movement progluc-
ies of movement-related potentials preceding movements shibown in the self-initiated mode. As they themselves recognizgd,
that these potentials indeed are modulated by the modeita$ possible that, because of the regularity and predictability of
motor initiation. Papa et al. (1991) recorded the Bereitschdffte trigger, stimulus anticipation and motor preparation Had

b By

NPU

gz TRISB®



http://jn.physiology.org

3074 DEIBER, HONDA, IBANEZ, SADATO, AND HALLETT

occurred in the externally triggered condition, leading to actinents were performed at a slower rate than the simple dnes
vation of the SMA and thus blurring a potential difference witli2.2 vs. 2.9 Hz), thus introducing a potential confoundipg
the self-initiated condition. This reasoning supports the hfactor. In a 2-Hz metronome-cued condition performed by tyvo
pothesis that movement rhythmicity could have a significastibjects, no functional activation was detected for the simple
impact on cerebral activation. movements, but for the sequential movements, activation yas|
Movement rhythmicity remains an unclear issue in the PEJenerally less with the metronome-paced movements than yvith
study by Larsson et al. (1996). In the self-paced task, thige self-paced movements. The unequal number of subjgcts
authors required “rhythmic movement” of the fingers at th@erforming the self-paced and cued movements reduces| the
same rate as previously used in a visually triggered task,validity of the comparison between the two modes.
which subjects were asked to respond to changes in screem the present study, subjects specifically were instructed [not
luminance occurring randomly at 250—2,000 ms. This wide generate regular movements. Our findings support the [hy-
range of trigger intervals appears incompatible with productigrothesis that movements initiated on a variable, as opposgd td
of rhythmic movements, and indeed the mean movement feeregular mode, activate the mesial area 6 more extensiyely
qguency varied by 37%. Results of the self-initiated task corthan movements triggered at a yoked pace by an extefnal
pared with a no-movement condition are compatible with ourstimulus. In pursuing a special effort to resolve the two regigns
showing activation in the SMA (including both SMA propewithin mesial area 6, we further suggest some functional sgec-
and pre-SMA, as deducted from activation coordinates) aifitity in this area, although it is relative rather than absolute:
rostral cingulate motor area. Activation in these mesial mottre pre-SMA is especially concerned with the mode of moye-
regions was significantly larger in the self-paced condition thament initiation, whereas the SMA proper is implicated in t
in the visually triggered condition. On the other hand, thetgpe of movement.
was no significant difference between the visually triggered The role of the human pre-SMA and SMA proper in sequentiab
condition and the reference condition. A parallel could b@movements is complex. The results of some electrophysiologicl
drawn between this finding and the observation by Jahanshahd rCBF studies suggest that the SMA is involved especially &
et al. (1995) that the Bereitschaft potential was absent befaeguential finger movements (Catalan et al. 1998; Deiber e} gl.
the movements in a triggered condition with high variability 0£991; Jenkins et al. 1994; Lang et al. 1992; Roland et al. 1
trigger occurrence. Shibasaki et al. 1993), whereas others found no differenc
In the PET study of Wessel et al. (1997), short self-paced finggMA activity between simple and sequential hand movem
sequences were to be produced every 4—6 s {148 touches/ (Colebatch et al. 1991; Fox et al. 1985; Sadato et al. 1996a). |
min), thus intermingling the regularity of the sequence perfoprobable that many factors are implicated in regulating S
mance with some variability in the sequence initiation. The meietivity. In particular, human ablation and lesion studies h
ronome-triggered task differed in that the movements wesbown an absence of difficulty in performing single joint mo
performed continuously at a regular rate of 2 Hz (120 touchesents in contrast with long-lasting deficits in bimanual coordi
min). The difference in rate makes it difficult to properly compartion, sequencing multiple movements, and retrieving corr,
the two types of movements, as the authors recognized. Interesbvement or motor sequence from memory (for a review, see
ingly, the focus of maximal activation in the SMA during self-Tanji 1994). Data from our present study suggest that the S
paced movements was more anterior (at pre-SMA coordinatesdper, but not the pre-SMA, is more responsive to relativ
than during metronome-paced movements (at the anterior caimple sequential finger movements as opposed to repetitive
missural line, that is, in the rostral part of the SMA propergle-finger movements. This finding also could be related to [
Although there were fewer movements, the pre-SMA and rostgakeparation process, which is supposedly more demanding i3
cingulate motor area, along with prefrontal and inferior parietatotor sequence involving a different target digit each time thal
cortex, were more active in self-paced than in cued movemerassingle digit movement (Deiber et al. 1991; Simonetta et &
These findings agree with our observations of the mesial strd891). ©
tures. Moreover, the results of both studies provide additionalRecently several experiments have examined the effect of
information about the predominance of task effect over rate effenbvement frequency on cerebral activation and have denjon-
in the pre-SMA. Indeed, Wessel et al. (1997) found a task effesttated frequency-dependent changes in the contralateral |sen
despite the slow performance rate, whereas we observed a satémotor cortex, higher activation being associated wjth
effect of the type “fast rate> slow rate,” which did not hamper higher movement rates (Blinkenberg et al. 1996; Jenkins ef al.
the task effect. 1997; Sadato et al. 1996b; Schlaug et al. 1996). In terms of|the|
Rao et al. (1993) and Tyszka et al. (1994) have examined tBMA, however, the findings have been inconsistent. Sadatp et
mesial motor structures with fMRI, but their results providal. (1996b) tested three frequencies (0.25, 0.5, and 0.75 |Hz)
only partial information to the present concerns. Tyszka et @nd observed peak activation of the SMA proper at 0.5 Hz,
(1994), using self-paced sequential movements of undettalowed by a decreasing response at higher frequencies, ¢nd
mined rate, identified three distinct sites of activation caudal tog with a plateau between 2 and 4 Hz. Blinkenberg et fal.
the VAC within the SMA proper or the adjacent cingulat€1996) began with a frequency of 0.5 Hz, observed pgak
cortex. No comparison with cued movements was carried oattivation of the SMA proper at 1 Hz, and, as in Sadato et|al.
Rao et al. (1993) studied six subjects while they performd996b), noted a decreasing response at higher frequencig¢s g
self-paced simple or sequential finger movements with the2 Hz; however, a second and higher peak of activity was
right or left hand. Activation was more widespread with sesbserved at 4 Hz. Using fMRI, Schlaug et al. (1996) also
guential movements than with simple movements, and ishowed a significant positive dependence of the contralateral
cluded the SMA and bilateral premotor cortex in addition to th@ensorimotor cortex with movement rate (1, 2, and 3 Hz were
contralateral motor cortex. However, the sequential moviested) but only a covariant trend for positive dependencq of
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the SMA. Jenkins et al. (1997) used joystick movements ahd CCZ. Consequently, activation in the cingulate cortey is
frequencies=1 Hz and showed that the rCBF changes in thdiscussed with reference to the extent and intensity togethef. In
SMA proper correlated strongly with the frequency of movéioth RCZ and CCZ, self-initiated movements induced gregter
ment, with a nonlinear trend as the frequency reached 1 Hwtivation than did visually triggered movements, and actiya-
Sadato et al. (1996b) used an index-to-thumb opposition tagn was consistently larger in the left hemisphere (contralat-
similar to ourrixep task, and their Fig. 2A showed a nearlyeral to the movements). In addition, in the CCZ, sequential
identical response in the SMA proper at the two frequencies wevements and faster movements were both associated with
tested (0.30 and 0.63 Hz) for our fixed movements, slow anabre activation.
fast rates, respectively. Therefore our observation on the abin monkeys, Shima et al. (1991) found two distinct movg-
sence of a rate effect on the SMA proper at the two frequencieent-related foci in the cingulate cortex that were associ
we tested is in accordance with their data. However, we notetth self-paced and signal-triggered movements. Using a sjm-
a rate effect on the pre-SMA, which neither Sadato et gile key-press task and matching the execution rate of the
(1996b) nor Jenkins et al. (1997) had observed. The reasonstjgres of movements, they found that more neurons resporded
such a discrepancy are unclear. However, the rates we testeithe self-paced motor task in the anterior than in the postefior
our study originated primarily from a self-initiated decisiortingulate cortex. Long-lead type of activity (500 ms to 2|s
constrained through the instruction to generate movements diediore movement) was observed mainly before the self-paced
variable frequency, whereas the aforementioned studies stotbvements and was more frequent in the anterior cingulate
ied strictly controlled acoustically cued rates. An importardortex. According to Picard and Strick (1996), the anterfor
point of our study is that no interactive effectiefsk andrate  cingulate cortex described by Shima et al. (1991) is equivalent
was found in any of the mesial areas, which means that, for tteethe rostral cingulate motor area and would correspond to|the
two frequencies tested, the effects of movement initiatidRCZ in humans, whereas the posterior cingulate cortey s
mode were independent of the frequency of execution. equivalent to both dorsal and ventral cingulate motor areas
The hemisphere of activation of the SMA relative to unilateralould correspond to the human CCZ. Our data showed
movements is not easily resolved in group PET studies. Indeédth parts of the human cingulate cortex were more active
the spatial smoothing used in the analysis of group data usuaif-paced than in triggered movements. No direct comparig
precludes a definite conclusion about the exact location of SMas made between the rostral and the caudal zones to dpgf]
activity, and a single focus of activation standing on the midlirmine whether, as suggested by Shima et al. (1991), the H
generally is interpreted as bilateral activation of the SMA. Singl&as a greater role in self-paced movements.
subject fMRI can improve this spatial limitation. In the present In most of the functional imaging studies that have examir
study, we found, for the first time, a significant preponderance thfe effect of the movement initiation mode on brain activatig
the ipsilateral rather than the contralateral response in the piee boundaries of the anterior cingulate cortex were not clea
SMA. In monkeys, Tanji et al. (1988) examined the neurondklineated, and little attention was given to this mesial stryre-
activity of the SMA related to ipsilateral, contralateral and bilature (Rao et al. 1993; Tyszka et al. 1994). Remy et al. (19 3§)
eral hand movements. They found that, contrary to motor cortdgfined an “upper anterior cingulate cortex” region who @
activity, SMA neuronal activity did not code the activity ofanteroposterior coordinates covered both RCZ and CCZ. Thay
muscles per se: instead, changes in SMA activity occurred did not report any significant changes of activity in this regip2
relation to movement only when movement of one limb wagith different modes of movement initiation. Wessel et @I3
coupled with the other in a bimanual action or only when the limd997) observed that, as in the pre-SMA, activation in the RCZ
operated alone. In the primary motor cortex, the cells alwayss significantly larger with the self-paced than with the mgta
showed modulation before movement of the contralateral limtmnome-paced task. They found a converse result in the C[GZ,
regardless of whether it was coupled with a bimanual movemebtit the movement rate was faster for the metronome-paced t%l
These findings suggest a complex interhemispheric distributiontb&in for the self-paced task. In view of our own results, whifc
activity in the SMA. Such an hypothesis is supported by a recesitow higher activity in the CCZ with the self-paced movg-
fMRI study (Hikosaka et al. 1996), which showed that the prenents as well as with the faster rate, it is possible that the effect
SMA was active unilaterally in relation to learning sequentiaf rate is predominant over the effect of movement initiatipn
procedures (on either the left or right side, according to tmode (self-initiated versus visually guided) in the CCZ, |n
subject). In a purely motor paradigm, Shibasaki et al. (1998pntrast with the pre-SMA (selere-SMA and SMA
showed that the increased rCBF tended to be greater in a compleXhere are very few studies in which the activity of the
sequential task than in a simple one in the ipsilateral SMAnterior cingulate cortex is examined in relation to the com-
Although region designation differs among studies, this obsenexity and rate of motor tasks. Shibasaki et al. (1993), c¢n-
tion is consistent with our report of a significant interactive effettasting a simple finger sequence with a more complex finger
between movement type and hemisphere of activation in thequence, executed at a self-paced rate of 2 Hz, found ng
pre-SMA. Specifically, we found that sequential compared wittifference in rCBF in the anterior cingulate cortex. Our findi

gests that the critical factor is the sequential nature of fhe

Rostral and caudal anterior cingulate cortex movement, and not its intrinsic complexity, as studied py
Shibasaki et al. (1993). Recently, Picard and Strick (1997)

In contrast with the pre-SMA and the SMA, for which theexamined 2-deoxyglucose uptake in the mesial cortex of mpn-
extent of activation was more sensitive than the magnitude kafys during the performance of remembered simple sequences
activation, both variables were affected similarly in the RCaf reaching movements. The arm areas of the pre-SMA and
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SMA proper showed radioisotope uptake, but it was the dorgaén, Y.-C., THALER, D., Nixon, P. D., SErN, C. E.,AND PAssINGHAM, R. E.
cingulate motor area, which is equivalent to the CCZ in hu- The functions of the medial premotor cortex. Il. The timing and selection
mans, that showed the most intense and extensive 2—deoxy@u'?—amed movement&xp. Brain Resd61-473: 1995.

. . OLEBATCH, J. G., AoAmMS, L., MuURrPHY, K., MARTIN, A. J., LAMMERTSMA,
cose uptake. These results further suggest that this region’is s toc.on D. H., QLark, J. C., RisTon, K. J., AND GUZ, A. Regional
involved more than any other medial area in the preparationerebral blood flow during volitional breathing in mah.Physiol. (Lond.)
and execution of highly practiced, remembered sequences of43: 91-103, 1991.
movements. Concerning movement frequency, Sadato et @&kckg L. aND KornHUBER H. H. An electrical sign of participation of the
(1996b) observed a peak of activity in the region we termed thenesial “sypplementary” motor cortex in human voluntary finger mov
CCZ at very slow movement rates (0.25 and 0.5 Hz), Whictpmem'Bra'n Res.159: 473-476, 1978.

lated with the activity in the SMA proper. and a mono_ElBER_, MP |I?ANEZ, V., SADATO,.N.,.AND HALLETT, M. Qerebral _:strgctures

Cor.re . y . p p ! partICIpatlng in motor preparatlon in humans: a pOSItI’Oﬂ emission tom
tonic decrease in rCBF at higher repetition rates. Because Wgyphy study.). Neurophysiol75: 233-247, 1996.
only tested relatively slow rates, it is difficult to draw anybeiger, M. P., RssiNngHAM, R. E., GLEBATCH, J. G., RisTON, K. J., NXON,
parallel with our study. P. D.,AND FrACkowiAK, R. S. Cortical areas and the selection of moveme

It is interesting to note that, of all the mesial regions we & study with positron emission tomograplf§xp. Brain Res84: 393-402,
studied, the CCZ is the onIy one with a Signiﬁcam response t(alrv?gé. P.AND StRICK, P. L. The origin of corticospinal projections from thg
every variable tested in the present study, thatAsk, Move- A T oLty
MENT, andraTe. Furthermore the signal increase contralateral ;%‘;fegf Oﬁr ;ffﬁ;” ,t;]eém:ﬁﬂ I%tfc,’:‘ ew?if'iﬁ'nﬁffjnjiiééz?ng of the
the movements was significantly larger than the ipsilateral on€xauman cerebellum with positron emission tomogragsoc. Natl. Acad.
The CCZ is likely to correspond to the dorsal cingulate motor Sci. USA82: 7462-7466, 1985.
area in the monkey (Picard and Strick 1996), which projedtgisTon, K. J., ASHBURNER J., FOLINE, J. B., FRITH, C. D., HEATHER, J. D.,AND
directly to the spinal cord (Dum and Strick 1991; He et al. FRA,CK‘;AW'AK_’ Rlzsi'e gpfligg' flegéz”af'on and normalization of imagian.

; ; ; rain Mapping2: —188, a.

1995)' The .doﬁal Cm?(UIati m?toli area is the Or.“y Cm.gﬁlakl%gimm K. J., HoLmES, A. P., WoRsLEY, K. J., PoLINE, J. B., RiTH, C. D.,AND
motor area In the monkey that lacks interconnections wit t q:RACKOWIAK, R.S.J. Statistical parametric maps in functional imaging;
dorsolateral prefrontal cortex (Lu et al. 1994), an observationgeneral approactHum. Brain Mapping2: 189—-210, 1995b.
that correlates in humans with the dissociation observed @ston, K. J., Ezzarp, P.,AND TURNER, R. Analysis of functional MRI time
tween activation of the CCZ and that of the prefrontal cortexseriesHum. Brain Mappingl: 153-171, 1994a.
(for a review, see Picard and Strick 1996). Those propositiofRgsTon, K. J., WORsLEY, K. J., FRACKOWIAK, R.S.J., MzzIOTTA, J. C.,AND
suggest that the CCZ might be functionally closer to theEVANS, A. C. Assessing the significance of focal activations using th

. . atial extentHum. Brain Mappingl: 210-220, 1994b.
executive motor system than to a supramotor center, Whl'g%pH o e o o %1 o P cromm RS, Willed

might explain why the signal there is so responsive to each Oftion and the prefrontal cortex in man: a study with PEToc. R. Soc.
the relatively simple motor features tested in this study, with-Lond. B Biol. Sci244: 241-246, 1991.

out preference for any of them. Our analysis also revealed th&t S.-Q., Dum, R. P.,anD StRick, P. L. Topographic organization of corti
the CCZ was the region in which the intensity of signal changecospinal projections from the frontal lobe: motor areas on the medial surf
was the smallest, suggesting both a low threshold and loypf the hemispherel. Neurosci15: 3284-3306, 1995.

. . . IKOSAKA, O., SAkAl, K., MivaucHl, S., TAKINO, R., SAsaki, Y., AND PuTz, B.
magnitude for the correlations reported. The other mesial |léfﬂ\ctivation of human presupplementary motor area in learning of sequel

gions showed more selectivity in their activity. Self-initiated | ,cequres: a functional MRI study. Neurophysiol76: 617—621, 1996.
movements induced larger activation in the more rostral mesjaloa A., Libers H. O., BURGESS R. C., AND SHIBASAKI, H. Movement-
areas, that is, the pre-SMA and the RCZ. The movement typeelated potentials recorded from supplementary motor area and prin
was the only variable that affected the SMA proper, with motor area. Role of supplementary motor area in voluntary moveme
sequential movements inducing larger activation than simpJLeE;S'S:ﬂ& N}Ol;;ilgfh 19326\/%1 R G, MAreomn C. D PrsSmeran
repetitive flnger movements. R. E., AnD Brooks D. J. Self-initiated versus externally triggered mov4
ments. |. An investigation using measurement of regional cerebral bl
The authors thank Dr. S. P. Wise for comments on an earlier version of thigfow with PET and movement-related potentials in normal and Parkinsg
manuscript and B. J. Hessie and D. G. Schoenberg for skillful editing. disease subject&rain 118: 913-933, 1995.
Address for reprint requests: M. Hallett, Clinical Director, NINDS, NIH,JENKINS, 1. H., BROOKS D. J., NxoN, P. D., FRACKOWIAK, R. S.,AND PAss: |
Bldg. 10, Room 5N226, 10 Center Dr. MSC-1428, Bethesda, MD 20892-1428,NGHAM, R. E. Motor sequence learning: a study with positron emissi|
tomography.J. Neurosci.l4: 3775-3790, 1994.
Received 20 July 1998; accepted in final form 11 February 1999. JENKINS, |. H., PassiNngHAM, R. E.,AND BRooks D. J. The effect of movement]
frequency on cerebral activation: a positron emission tomography sty
J. Neurol. Scil51: 195-205, 1997.
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