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Despite the fact that the knowledge about the struc-
ture and the function of the supplementary motor area
(SMA) is steadily increasing, the role of the SMA in the
human brain, e.g., the contribution of the SMA to the
Bereitschaftspotential, still remains unclear and con-
troversial. The goal of this study was to contribute
further to this discussion by taking advantage of the
increased spatial information of a whole-scalp magne-
toencephalography (MEG) system enabling us to
record the magnetic equivalent of the Bereitschaftspo-
tential 1, the Bereitschaftsfeld 1 (BF 1) or readiness
field 1. Five subjects performed a complex, and one
subject a simple, finger-tapping task. It was possible to
record the BF 1 for all subjects. The first appearance of
the BF 1 was in the range of 21.9 to 21.7 s prior to
movement onset, except for the subject performing the
simple task (21 s). Analysis of the development of the
magnetic field distribution and the channel wave-
forms showed the beginning of the Bereitschaftsfeld 2
(BF 2) or readiness field 2 at about 20.5 s prior to
movement onset. In the time range of BF 1, dipole
source analysis localized the source in the SMA only,
whereas dipole source analysis containing also the
time range of BF 2 resulted in dipole models, including
dipoles in the primary motor area. In summary, with a
whole-head MEG system, it was possible for the first
time to detect SMA activity in healthy subjects with
MEG. © 2000 Academic Press

Key Words: supplementary motor area; magnetoen-
cephalography; Bereitschaftsfeld; readiness field; mo-
tor cortex; voluntary movement.

INTRODUCTION

After the discovery of the readiness potential (Bere-
itschaftspotential, BP) (Kornhuber and Deecke, 1964,
1965) and the classification of brain potentials preced-
ing voluntary movement into readiness potential, pre-
motion positivity, and motor potential (Deecke et al.,
969, 1976), it became obvious that the vertex maxi-
697
mum of the BP cannot be explained by potentials from
both primary motor cortices (MI). Rather, the vertex
BP must have its own generator independent of the MI
area, the best candidate being the supplementary mo-
tor area (SMA; Deecke and Kornhuber, 1978), which
was first described by Vogt and Vogt (1919) in the
monkey and by Foerster (1936) in humans.

Subsequently, many authors investigated the struc-
ture and the function of the SMA with different meth-
ods. SMA activity during voluntary hand movement
has been shown using regional cerebral blood flow
(rCBF) measurements with the gamma camera (Las-
sen et al., 1978a, b), and using positron emission to-

ography (PET) (Roland et al., 1980). Referring to
these results, some authors have stated that the SMA
functions as a “supramotor area” for programming and
execution of voluntary movements (Orgogozo and
Larsen, 1979; Roland et al., 1980; Goldberg, 1985).

owever, in view of electrophysiological recordings,
he term “premotor area” appears to be sufficient
Deecke, 1987, 1990). On the basis of movement-re-
ated electrical potentials, SMA was proposed as the

ajor source of the BP, as well as the region of the
rain where functions such as will or intention to move
re represented (Barrett et al., 1986; Kornhuber et al.,
989). The finding that performance of bilateral hand
ovements is impaired in patients with unilateral
MA lesion, and related work, supported the notion
hat the SMA functions bilaterally and is involved in
rganizing the timing and coordination of sequential
ovement (Dick et al., 1986; Deecke et al., 1987;
eecke, 1990; Lang et al., 1991; Deiber et al., 1991;
rafton et al., 1993).
Discussion has also been centered around the ques-

ion of whether serial or parallel processing of SMA
nd MI has to be assumed. It has been suggested that
he early Bereitschaftspotential (BP 1) reflects prepa-
atory activity of the SMA prior to voluntary move-
ent (Deecke and Kornhuber, 1978; Lang et al., 1991;
nösche et al., 1996) and the late component of the
ereitschaftspotential (also termed NS9) reflects acti-
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698 ERDLER ET AL.
vation of the MI following the onset of SMA activity
(Barrett et al., 1986). Recently, a sequential order of
activity in the SMA preceding activity of MI has also
been shown by functional magnetic resonance imaging
(fMRI) (Atlas et al., 1996; Wildgruber et al., 1997). In
contrast, single-cell recordings have found activation
onsets ranging from 22000 ms to the onset of move-
ment within both SMA and MI at the single-cell level
(Neafsey et al., 1978; Okana and Tanji, 1987; Thaler et
al., 1988).

The conclusion that the SMA is necessary for the
organization of upcoming movements in complex motor
sequences, especially when they are retrieved from
memory, was made when high-frequency repetitive
transcranial magnetic stimulation (rTMS) was applied
to explore SMA (Gerloff et al., 1997). These data are
consistent with the assumption of serial processing
between SMA and MI.

Furthermore, the contralateral SMA seems to con-
tribute somewhat more to the initiation of a movement
than the ipsilateral one (Deecke, 1987; Ikeda et al.,
1992), and it has been shown that SMA activity corre-
lates with movement complexity (Neshige et al., 1988;
Lang et al., 1990; Simonetta et al., 1991; Kitamura et

l., 1993; Shibasaki et al., 1993). These studies suggest
hat the SMA is significantly more activated in pro-
ramming and executing complicated motor perfor-
ances than in executing simple movements.
Both techniques, PET and fMRI, are able to demon-

trate movement-correlated SMA activation (Rao et al.,
993; Boecker et al., 1994; Weiller et al., 1996; Jenkins
t al., 1997; Wessel et al., 1997; Atlas et al., 1996;
ildgruber et al., 1997).
On the other hand, some authors have failed to find

vidence of SMA activation prior to voluntary move-
ent (Cheyne and Weinberg, 1989, in the MEG; Bötzel

t al., 1993; Boecker et al., 1994; Nagamine et al., 1996,
hen using dipole source analysis). Possible explana-

ions for this failure are that the contribution from the
MA may be too small to be detected from the scalp,
hat two tangentially oriented dipoles opposing each
ther may weaken the detectable field (Lang et al.,
991), or that the movement paradigms used were not
ufficiently complex. Also, when AC recordings with
ong time constants rather than DC recordings are
sed in EEG, SMA activity may escape detection. De-
pite the fact that so many studies have been per-
ormed in the past and the knowledge about the struc-
ure and the function of the SMA is steadily increasing,
he role of the SMA in the human brain still remains
nclear and continues to promote the discussion.
The goal of this study, therefore, was to contribute

urther to this discussion by taking advantage of an
xtended area of single sampling of a whole-scalp mag-
etoencephalography system enabling us to record the

agnetic equivalent of the Bereitschaftspotential 1. t
MATERIAL AND METHODS

Subjects

Six healthy males with a mean age of 28 years (range
2 to 32 years) participated in the experiment. All were
ight-handed as measured using a modified Oldfield
1971) Inventory. All subjects gave informed written
onsent and the study was approved by the Ethical
ommittee of the University of Vienna. Subjects were
aid ATS 350 for participation in the study.

Paradigm

Five of the six subjects performed a sequential tap-
ing of the right thumb against the tips of the other
our fingers in the following order: starting the move-

ent by tapping against the fifth finger, then the
ourth, third, second, third, fourth, and back to the fifth
gain (see Fig. 1a). Figure 1b shows the time course of

FIG. 1. (a) Paradigm: Subjects had to perform a sequential tap-
ping of the right thumb against the tips of the other fingers. The first
sequence was started by tapping against the fifth finger, the second
by tapping against the fourth finger, the third by tapping against the
third finger, the fourth by tapping against the second finger, the fifth
by tapping against the fifth finger, and so on. Note that the sequence
always began and ended with the same finger. (b) The time course of
the averaged rectified EMG of S4 is shown with the seven taps of the
thumb against the tips of the other fingers for one sequence of
movement.
he rectified EMG of the finger-tapping task of subject
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699DETECTING SMA ACTIVITY WITH MEG
4 (S4) with its seven taps. Subjects had to execute the
movements and sequences as fast as possible and were
asked to be attentive and concentrate on the precise
performance of the movement to avoid the movement
becoming automatic. After a self-determined pause of
at least 5 s, subjects had to start the next trial, but this
time beginning with the fourth finger. Each subse-
quent trial then began with the next finger in the
sequence. According to Fig. 1a, the sequence always
began and ended with the same finger. Subjects per-
formed a minimum of 300 of such movements split into
three blocks with 100 trials each. One of the six sub-
jects (S6) performed a simple single tapping of one
finger of the right hand at irregular intervals not
shorter than 5 s also 300 times.

Data Acquisition

Data were recorded with a whole-scalp MEG system
featuring 143 channels (CTF, Inc., Port Coquitlam,
Canada) located in a magnetically shielded room using
a software third-order gradiometer (orders of gradiom-
eter can be selected even offline). The noise level of the
system is ,10 fT rms/=Hz. Detection coils are first-
order axial gradiometers with a coil diameter of 2 cm
and a baseline of 5 cm. The distance from sensor coils
to room temperature helmet surface is 1.7 cm. Chan-
nels are distributed over the whole cortex with an
approximate separation between sensors of 3.2 cm. A
sample rate of 125 Hz, a low-pass filter of 40 Hz, and a
recording time of 5 s with 2.5 s pretrigger time were
used. EMG was recorded from two surface electrodes
overlying the abductor pollicis muscle. The onset of the
rectified EMG was used as a trigger. Head localization
was done before and after each run with a motion
tolerance of 0.3 cm, using electrodes over the nasion
and the two preauricular points as references.

To avoid artifacts due to head movements the sub-
ject’s head was wrapped up with a gauze bandage in
order to fix the head perfectly into the dewar. Subjects
sat in a comfortable chair and were requested not to
move during recording and to fix their gaze on a cross
in front of them. Subjects were monitored during ac-
quisition via a video camera. In addition, MR images
were obtained for all subjects (except S3). These were
T1-weighted images showing high anatomic resolution.

Data Processing

After acquisition, data from every trial were visually
xamined for artifacts such as drifts, muscle activity,
ye movements, or head movements. Such artifact-
ontaminated data were excluded from further analy-
is. The mean number of remaining artifact-free trials
n one dataset was 230 (range 179–270). These arti-
act-free trials were subsequently averaged for each
ubject. The baseline period was determined from 22.5
to 22 s. The field distribution of every subject was then
examined in 8-ms steps for magnetic fields originating
from SMA. The time range in which such a field was
recognized was recorded. The onset of the Bere-
itschaftsfeld 1 (BF 1) and the subdivision into the early
component BF 1 and the late component BF 2 was
determined both by estimating the development of the
field distribution and by exploring the signal time
course of selected channels with the largest signal
changes located over the activated area (Fig. 4). For
every subject, different dipole models were then com-
puted for different time windows of the epoch. Local-
ization of equivalent current dipoles was performed
using a least-squares fitting algorithm. Sources were
fitted spatiotemporally. One-dipole models, two-dipole
models, and three-dipole models were calculated ac-
cording to “best fit” criteria. These criteria included the
physiologic dipole position, judgment of the time course
of the source activity of the SMA dipole, whether the
source was active over the whole period of fitting, and
the error being acceptably low.

After calculation of a chosen dipole model, the time
courses of the strengths of the SMA dipole and, for the
case of multiple dipole models, also for the MI dipoles
were examined for the selected time period.

The computed spherical head models, together with
the calculated dipoles, were superimposed on anatom-
ical MRIs (except for S3). For S3, the judgment about
the position of the dipoles was formed qualitatively on
the basis of their relative position inside the spherical
head model. For the central dipole localization no gross
deviations from a realistic head model are to be ex-
pected.

RESULTS

The first appearance of the bipolar field of the SMA
was in the range of 21.9 to 21.7 s prior to movement
onset for subjects 1–5 (see Table 1). Figures 2 and 3a
show the field distributions over the time course for
two of the subjects (S1 and S5). Figure 3b shows the
averaged waveforms of each channel for S5. Figure 4
shows superimposed waveforms of representative
channels, one of each subject. At these selected chan-
nels waveforms with large amplitudes were found.

Table 1 gives a brief overview of the results. The time
epochs for dipole calculations were always chosen on
the basis of the temporal development of magnetic
fields arising from SMA and MI. After dipole positions
were calculated over a selected time period, the time
courses of the SMA dipole and, for multiple-dipole mod-
els, the MI dipoles were examined. In all subjects and
in all calculated dipole models the SMA dipole mo-
ments increased with time and had their maximum
immediately before the onset of movement (see Fig. 5).

Concerning individual results, the best solution for
S1 was a three-dipole model fitted in the time range

from 21 to 0 s (onset of movement). Figure 2 shows the
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field distribution over the time course, Fig. 5 the dipole
localization in the spherical head model together with
the waveforms of the source activities of the SMA di-
pole and the two MI dipoles and the time course of the
total error. Figure 7a shows the overlay of the dipoles
of the anatomical MRI. The two lateral dipoles repre-
sent the two MI motor areas and the dipole located over
the anterior–posterior median line represents the
SMA.

For S2, three different dipole models for different
time epochs were established. For the one-dipole model
a time period from 21.5 to 20.5 s prior to movement
was selected because activity of SMA in the field maps
was clearly visible at 21.5 s, while at 20.5 s activity of
MI became more dominant. A two-dipole model was
calculated in the time period from 21 s to the onset of
movement. Further, a three-dipole model was calcu-
lated over the period from 21.8 s (the beginning of
SMA activity) to 20.3 s to test SMA dipole stability.
Since the dipoles over MI were active only in the later
portion of this time range, the resulting error was a
little higher than for the one- and the two-dipole mod-
els. The variance in the localization of the SMA dipole
is very small, i.e., in the range of millimeters (Table 2).
Figure 6 shows the dipole localization for these three

teps of 10 ms. Each map shows the field distribution at an indicated
e head and the red field represents the magnetic flux entering the
eak field at 22.0 s), the definite field arising from the contralateral
arlier). The color scale on the right side displays the strength of the
TABLE 1

Subject No. and
dipole model

Beginning
of BF

prior to
movement
onset (s) Time epoch

for the
dipole model (s) Error in %BF 1 BF 2

1 21.9 20.7
3-dipole model 21 to 0 8.5

2 21.8 20.5
1-dipole model 21.5 to 20.5 13
2-dipole model 21 to 0 11.6
3-dipole model 21.8 to 20.3 16

3 21.7 20.6
1-dipole model 21.7 to 20.6 18

4 21.9 20.5
3-dipole model 21.2 to 0 18

5 21.7 20.5
2-dipole model 21.7 to 21 10.9
3-dipole model 20.6 to 0 13

6 21.0 20.5
3-dipole model 21 to 0 10.8

Note. The different dipole models chosen for each subject, the time
epoch in which this model was calculated, and the residual error are
shown. The time points of BF 1 and BF 2 onset are also given for each
subject.
FIG. 2. The development of the field distribution for S1 is shown in s
time point. The blue field represents the magnetic flux coming out of th
head. The definite field arising from the SMA is seen first at 21.9 s (a w
MI at 2700 ms prior to movement onset (again, a weak field a little bit e
reases with time until movement onset.
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different dipole models and Fig. 7a the overlay of the
three-dipole model on the individual MRI.

The best result for S3 was achieved with a one-dipole

FIG. 3. (a) The development of the magnetic field distribution for
21.7 s, activation of MI at about 2500 ms prior to movement onset. (b
setting was from 22.5 to 22 s, a low-pass filter of 40 Hz and no high p
be seen.
model calculated in the period from 21.7 to 20.6 s.
This dipole was clearly located in the contralateral
SMA.

The best solution for S4 was found in a three-dipole

in the same setting as in Fig. 2. Activation of the SMA starts at about
he averaged waveforms of all channels of S5 are shown. The baseline

filter was used. 270 trials were averaged. The good SNR can clearly
S5
) T
ass
model, one SMA dipole and the contra- and ipsilateral
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702 ERDLER ET AL.
MI dipoles, computed over the time range from 21.2 s
o the onset of movement. The overlay on the MRI is
hown in Fig. 7a.
The first of two different dipole models fitted for S5
as calculated in the time epoch between 21.7 and 21
prior to movement onset. Only in this subject was it
ossible to fit a dipole in both the contralateral and the
psilateral SMA for the specified time range. At the
eginning of BF 1 (at 21.7 s) the dipole moment for the
ontralateral dipole was stronger, having a moment of
.4 nA compared with the ipsilateral dipole moment of
.65 nA. This difference in dipole moments, strongest
n the contralateral side, remained over the whole
eriod of the BF until the onset of movement. The
econd stable dipole model for this subject was a three-
ipole model fitted in the time range from 20.6 to 0 s.
he localization of the dipoles of the two-dipole and the
hree-dipole model are shown on an overlay on the
ndividual MRI in Fig. 7b.

Finally, S6 was performing the simple single-finger
apping. In the time range from 21 to 0 s a three-dipole
odel was established with two dipoles in the two

rimary motor areas and one dipole in the contralat-
ral SMA (Fig. 7b). While for S1–5 SMA activity
tarted between 21.9 and 21.7 s prior to movement
nset on average, SMA activity began at 21 s prior to
ovement onset in S6.
The localization and orientation of SMA dipoles of all

FIG. 4. Waveforms of representative channels, one of each sub-
ect, are shown. The localization of these channels over the scalp are
hown at the top. At these channels waveforms with large ampli-
udes were found.
ubjects are shown in Fig. 8. t
DISCUSSION

As a main result the present study showed the pos-
ibility of detecting SMA activity in healthy subjects
ith magnetoencephalography for the first time.
With our first MEG recordings (Deecke et al., 1982,

983; Cheyne et al., 1990, 1991; Kristeva et al., 1991)
nly BF 2, the late component of the readiness field,
as detected with one-channel or oligochannel MEG

ystems, and the dipoles were localized in the MI area,
istributed in a somatotopic homuncular pattern

FIG. 5. The upper row shows the dipole localization for S1: the
filled circle represents the SMA dipole, the hollow circle the dipole of
the contralateral MI, and the hollow square the dipole of the ipsilat-
eral MI. The curves of the source activation for the contralateral MI,
the ipsilateral MI, and the SMA dipole and the error are shown
within the time window (in s on the abscissa) in which the dipole
model was calculated. The strengths of the dipoles are given in nA on
the axis of ordinates (the percentage of error for the error course).
Note that the courses of the source activation of the two MI dipoles
are getting steeper at the beginning of BF 2.

TABLE 2

Dipole model
Anterior–posterior

axis in mm
Mediolateral
axis in mm

Craniocaudal
axis in mm

1-dipole model 34.5 2.5 73
2-dipole model 36.7 2 72.9
3-dipole model 34.5 2.5 73

Note. The coordinates of the SMA dipole for the three calculated
ipole models of subject 2 are given in all three dimensions. Note the
ery small variance of the localization of the SMA dipole for the
ifferent dipole models, i.e., in the range of mm and thus indicating

he accuracy and reliability of the measured data and the analysis.
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703DETECTING SMA ACTIVITY WITH MEG
(Cheyne et al., 1991). Following this observation, dipole
source analysis was applied to the BF by other inves-
tigators. Some presented dipole models did not include
a SMA source at all (Bötzel et al., 1993; Böcker et al.,
1994) or the SMA source was said to not contribute to
the premovement negativity (Toro et al., 1993). There

ay be many reasons for these failures to record BF 1
r find an adequate SMA source.
One explanation given was that both SMAs are al-
ays active even preceding unilateral movement (the
P 1 is symmetrical). The two opposing SMA dipoles

herefore may cancel one another to a large extent in
he MEG (cancellation hypothesis). One solution to this
roblem was to investigate a patient with a unilateral
MA lesion (Lang et al., 1991).
While the above-mentioned dipole source analyses in

ealthy subjects failed to find significant activity of the
MA prior to movement onset, intracranial recordings

of Ikeda et al., 1992, and of Rektor et al., 1994) showed
MA activity preceding voluntary movement, confirm-

ng the opinion that the SMA participates in BP gen-
ration (Deecke and Lang, 1996). It therefore seemed
ery likely that the reported absence of the SMA con-
ribution to the BF in dipole source analyses was due to
ethodological failures and problems, such as an in-

ufficient and inaccurate separation of SMA and MI
ctivity. Such failures were possibly due to the fact
hat SMA and MI sources were grouped together into
ne source by the source model used (Boetzel et al.,

FIG. 6. The localization of the dipoles for three different dipole
models (1-dipole, 2-dipole, and 3-dipole model) calculated for S2 are
shown. The filled circle represents the SMA dipole, the hollow circle
the dipole of the contralateral MI, and the hollow square the dipole
of the ipsilateral MI. The different dipole models were calculated in
different time epochs (see Table 1). Note the stable position of the
SMA dipole for all dipole models (for coordinates of the SMA dipole
see Table 2).
993). This problem was solved with an improved fi
ethod for separating MI and SMA activity with EEG
ata (Praamstra et al., 1996).
To optimize the SNR, the measurements for the

resent study were done at night when the environ-
ental noise from street cars, etc., was reduced to a
inimum. Also head fixation by use of gauze bandage
rapping contributed to SNR improvement. The good
NR that was achieved can be seen in Fig. 3b.
The selection of movement type is also a very impor-

ant issue when studying SMA activity. Involvement of
he SMA in processing complex movements is well
upported. A larger amplitude of the slow negative
lectrical activity over the SMA during execution of
omplex movements compared with simple ones has
een demonstrated (Lang et al., 1989), as well as an
ncrease in rCBF of the SMA while performing various
omplex movements (Orgogozo and Larsen, 1979).
imilar results were achieved by comparing a simple
nger-opposition task with a complex sequential fin-
er-opposition task (Shibasaki et al., 1993) and a sim-
le compared with a complex finger-tapping task (Rao
t al., 1993). The latter authors showed that this find-
ng is also valid for both self-paced and metronome-
aced movements. Stimulating the SMA with rTMS
aused errors in the most complex task only and not in
ore simple movement sequences. Thus it was con-

luded that the SMA is more active and more critically
nvolved in processing complex sequences than simpler
nes (Gerloff et al., 1997).
Investigating the neural activation of cells in the

MA in trained monkeys in a visually guided motor
ask and a memory guided motor task (Mushiake et al.,
991) showed that more than half of the SMA neurons
ere preferentially or exclusively active before and
uring the memorized motor task. In the visually
uided task, however, neurons in the premotor area
ere more active. In a subsequent study, it was simi-

arly found that a majority of SMA neurons were pref-
rentially active when the sequence of the movement
as generated on the basis of memory (Tanji and
hima, 1994). The task selected for the present study,

ncluding a complex sequential movement which was
rained before the recording and then executed on the
asis of memory, takes these previous findings into
ccount. Thus it is most likely that performing such a
ask involves strong activation of the SMA.

We measured one subject with a simple single tap-
ing task of the fifth finger. As reported under Results,
t was possible to detect contralateral SMA activity in
his subject, but activity of the SMA began distinctly
ater than in the other subjects performing the more
omplex task. However, it is not possible to draw too
any conclusions from the data of just one subject.
Concerning the data analysis approach selected, the

rincipal idea was to select individual dipole models for
ach individual subject. The basis of this selection was

rst the development of the field distribution over the
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704 ERDLER ET AL.
whole recording time (Figs. 2 and 3a) and second the
course of channel waveforms over the area of the two
generators of the BF, namely SMA and MI (Fig. 4). The
subdivision of the BF into the early BF 1 component
and the late BF 2 component (see also Table 1) was
determined in the following way: we estimated the
development of the field distribution and explored a
number of selected channels located over the activated
areas. With such knowledge of the individual onsets of
SMA and MI activities, adequate dipole models were
selected. One of the problems when calculating dipole
models including SMA and MI dipoles is the weakness
of the SMA field compared with the strength of the

FIG. 7. (a) Overlays of 3-dipole models on axial and coronal anato
ipole, the circle the contralateral MI dipole, and the square the ips
, left; R, right. (b) For S5 two different dipole models are overlaid
-dipole model, the white cross representing the contralateral SMA
-dipole model for S5 and the bottom row the 3-dipole model for S6,
ipole, and the square the ipsilateral MI dipole. Dipoles are visualiz
fields arising from MI. This problem could be solved by
thorough selection of the chosen dipole models in indi-
vidual time ranges. The detailed processing and anal-
ysis and the way in which individual problems occur-
ring in individual dipole models were handled are
described under Material and Methods and Results. It
is important to mention that all dipole models had to
fulfill the “best fit” criteria, including physiologic dipole
positions, judgment of the time courses of the source
activities of the SMA dipole and MI dipoles, whether
the source was active over the whole period of calcula-
tion, and an acceptably low error.

Figure 8 shows that the SMA dipoles always tend to
be oriented anterior when fitting models with one SMA

al MRIs are shown for S1, S2, and S4. The cross represents the SMA
eral MI dipole. Dipoles are visualized through different MRI slices.
an axial and coronal MRI. The upper row shows the overlay of the
d the black cross the ipsilateral SMA. The middle row shows the
cross representing the SMA dipole, the circle the contralateral MI

through different MRI slices. L, left; R, right.
mic
ilat
on

an
the
dipole, whereas both the contralateral and the ipsilat-
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705DETECTING SMA ACTIVITY WITH MEG
eral SMA dipole in S5 are more laterally oriented.
Having in mind that two SMA sources exist, the ques-
tion occurs why it was mostly possible to fit only one
SMA dipole with this specific orientation. Dipoles that
are organized in a quadrupole manner with strictly
antiparallel orientation and identical dipole moments
cancel each other with far field measurements like
MEG (Dumitru and King, 1993). Any imbalance of the
two antiparallel dipole moments of the quadrupole
should result in a detectable magnetic field with a
resulting dipole with a strict lateral orientation. A
deviation of the antiparallel orientation of the two di-
poles would also lead to an incomplete cancellation of
the dipoles and thus to a detectable magnetic field. It
may be assumed that the two SMA dipoles are not
organized in a perfect symmetric manner, with differ-
ences in dipole strengths and at least small angles
between dipoles. On the basis of this model it may be
proposed that the anterior-oriented dipole is the result
of an imbalanced quadrupole. Since a separation of the
contralateral and ipsilateral SMA dipole was only pos-
sible in S5, it seems that the two SMA sources usually
may lay too close together to be successfully separated,
especially when they have a slight antiparallel orien-
tation (Lütkenhöner, 1998). Another obvious reason for
he posteroanterior direction of the SMA dipole is that
he activated area also includes a fissure within the
nterhemispheric surface. Thus the dipoles of opposite
irection on the inner surfaces facing each other would
ancel each other, whereas the posteroanterior cur-
ents in the fissure would add up.

The question whether SMA activity operates up-
tream of or in parallel with MI activity in the planning
nd execution of voluntary movement has been and

FIG. 8. The relative localization and the orientation of SMA
ipoles of all subjects are shown within a common coordinate system.
n addition, for S5 the two separated SMA dipoles of the 2-dipole
odel are shown (x, anterior; y, left; z, up).
till is a controversy. A sequential order of activity in
he SMA preceding activity of MI has been confirmed
y electrophysiological recordings, as well as by fMRI
Kornhuber and Deecke, 1965; Deecke and Kornhuber,
978; Barrett et al., 1986; Lang et al., 1991; Knösche et
l., 1996; Atlas et al., 1996; Wildgruber et al., 1997). In
ontrast, single-cell recordings have found activation
nsets ranging from 22000 ms to the onset of move-
ent within SMA and MI at the single-cell level (Neaf-

ey et al., 1978; Okana and Tanji, 1987; Thaler et al.,
988), but also show that the percentage of cells that
re activated earlier than 500 ms in advance of volun-
ary movements is many times higher in the SMA (and
n the anterior cingulate gyrus) than in any other part
f the cortex related to motor preparation and execu-
ion. This notion fits very well with the findings of the
resent study, as well as with those of some previous
tudies.
The time point of about 500 ms (Table 1) prior to the

nset of movement represents approximately the tran-
ition period between BF 1 and BF 2. The analysis and
elected dipole models showed that only SMA sources
ould be localized in the time range from the beginning
f the BF until BF 2 onset. From 2500 ms until move-
ent onset, sources in the SMA as well as in both

rimary motor cortices could be detected.
It is important to note that this result is not in

ontrast, but in good accordance, with the above-men-
ioned single-cell recordings, which are of course a
uch more sensitive method. With noninvasive func-

ional brain imaging methods, it seems to be possible
ow to detect even very weak signals when using ade-
uate methodological approaches.
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