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Abstract

To clarify the differences of movement-related potentials (MRPs) among ipsilateral. contralateral and simultaneous bilateral
movements, MRPs with finger, thumb or foot movements were recorded from subdural electrodes chronically implanted on the
supplementary motor arca (SMA) in 3 patients, and also from the primary sensorimotor area in two of them being evaluated for epilepsy
surgery. As a result: (1) SMA generated clear pre-movement potentials regardless of the type of movement. Its amplitude was almost
identical between contralateral and bilateral movements except for the motor potential (MP). The pre-movement potentials associated with
ipsilateral movements were relatively smaller than those with contralateral or bilateral movements. (2) The primary sensorimotor area
generated clear pre-movement potentials in contralateral and bilateral movements with similar amplitude. With ipsilateral hand
movements, however, only a small Bereitschaftspotential (BP) and no negative slope (NS') or MP was scen, and ipsilateral foot
movements were not preceded by any BP. It is. therefore. most likely that. as Tar as the preparation for simple voluntary self-paced
movement is concerned. the SMA plays an equally important role in unilateral and bilateral movements, whereas the primary

sensorimotor area is involved predominantly in the preparation of contralateral movements.
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1. Introduction

The functional role ot the supplementary motor arca
(SMA) in relation to the primary sensorimotor area is still
debated. Namely. (wo hypotheses, i.c.. ““supramotor’ ™ and
“supplementary”” function have been proposed (Deecke et
al., 19851 Goldberg, 1985: Wiesendanger. 1986; Wiesen-
danger ct al.. 1987). The ““supplementary™” function hy-
pothesis speculates that the SMA and primary sensorimo-
tor arca arc active in parallel with and complementary to

cach other in the programming. initiation and execution of

the voluntary movements. This hypothesis was suggested
when it was initially named so in humans (Penficld and
Welch, 1951 Woolsey et al., 1952). and subsequently it
has been supported not only by clinical observations but
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also by experimental animal studies (Penficld and Jasper,
1954: Laplane et al., 1977; Fox et al.. 1985; Schell et al,,
1986: Hyland et al., 1989:; Alcxander and Crutchler,
1990a.b: Crutchler and Alexander, 1990; Chen et al., 1991;
Schmidt et al.. 1992). The *“*supramotor’” function hypoth-
¢sis. on the other hand, speculates that the SMA initiates
and regulates voluntary movements contributing to the
generalion of a new motor program and to the control of
the execution of established movements (Eccles, 1982;
Goldberg. 1985). This idea was supported by cercbral
hlood flow studies in human (Orgogozo and Larsen, 1979;
Roland et al.. 1980; Rao et al., 1993) and by experimental
animal studies (Tanji and Kurata, 1982, 1985a,b; Tanji et
al.. 1987, 1988; Matsuzaka et al., 1992).

Damage to the SMA in humans initially produces re-
duced spontancous speech, akinesia and slowness of repeti-
tive or alternating movements of the upper limb contralat-
cral to the SMA lesion (Penfield and Jasper, 1954; Laplane
et al.. 1977: Schell et al.. 1986; Rostomily et al., 1991),
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but those symptoms recover in several weeks. Eventually.
only slowness, mainly involving the opposite extremities,
and difficultics in bimanual motor performances as well as
in rapid alternating movements remained. Similar observa-
tions were also made on lesion studies in monkeys. Tran-
sicnt neglect of the contralateral arm and impairment of
smooth movements (Brinkman. 1984), severe difficulty of
sequential movements (Halsband, 1983). and deficits in
bimanual coordination (Brinkman. 1981,1984) were ob-
served. Therefore, it is certain that the SMA has a signifi-
cant rolc in preparation and/or execution of bilateral
movements (Porter, 1990), although the question as to
whether the SMA is upstream of or parallel to the primary
molor area still remains unsolved.

In previous studies of movement-related potentials
(MRPs) in which cortical potentials were directly recorded
from human SMA with subdural electrodes in patients
during preparation for epilepsy surgery, it was demon-
strated that bilateral SMAs generated pre-movement poten-
tials (Bereitschaftspotential: BP by Deecke et al.. 1969 and
negative slope: NS’ by Shibasaki et al., 1980), even pre-
ceding unilateral simple movements (Ikeda and Shibasaki.
1992; Ikeda ct al.. 1992). Furthermore, potentials recorded
subdurally from the human SMA preceding single unilat-
eral movements were as large as those with repetitive
unilateral movements (Ikeda et al., 1993). These results led
us 1o the hypothesis that the SMA might play an cqually
significant role in preparation for simple and *‘complex”™
movements. provided that the motor task was unilateral.

As has been mentioned above. it is apparent that an
SMA lesion permanently atfects bimanual maneuvers as
well as untlateral sequential movements. However. our
previous invasive MRP studies did not give any clue to the
question as to whether the SMA generates pre-movement
potentials more actively in bilateral movements than in
unilateral ones. Comparison of MRPs of the SMA between
bilateral and unilateral movements would shed light on the
SMA function, especially regarding the hypothesis that the
SMA plays a more significant role in bilateral than in
unilateral movements. Thus the present study is aimed at
complementing our previous results for understanding hu-
man SMA function.

2. Materials and methods
2.1. Subjects

The data were obtained from 3 patients with a diagnosis
of medically intractable partial cpilepsy. All patients were
cvaluated for epilepsy surgery using chronically implanted
subdural clectrode grids according to the Cleveland Clinic
Epilepsy Surgery Protocol (Morris, 1992). Invasive record-
ing and clectrical stimulation of the cortex were done with
chronically implanted subdural clectrode strips or grids

(Habn and Luders, 1987). Each clectrode was made of

stainless steel, 3 mm in diameter, and the center-to-center
interelectrode distance was 1 ¢cm. This technique can help
to identify (1) the extent of the cpileptogenic region, and
(2) the function of the cortex around the epileptogenic
region (Lueders et al., 1982; Liiders et al., 1987). Informed
consent was obtained from all patients following the proce-
dures approved by the Institutional Review Board at the
Cleveland Clinic Foundation.

Patient 1 was a 19-year-old right-handed woman with
medically intractable partial seizures of unknown etiology
since the age of 11 years, consistent with supplementary
motor scizures (Morris et al., [988). Her neurological
examination was unremarkable. Bimanual alternating and
unilateral sequential movements of the hand or foot were
also normal. An MRI of the brain was normal. PET scan
demonstrated hypometabolism at the left fronto-central
arca. The intracarotid sodium amobarbital (Wada) test
demonstrated speech and memory dominance in the right
hemisphere. The Wechsler Adult Intelligence Scale (WAIS)
full-scale 1Q was 87. For presurgical evaluation of the
seizures, the patient had initially one 1 X 11 and one | X 4
subdural clectrode strip at the left mesial fronto-central
area. onc | X 11 at the right mesial fronto-central area, and
two 1 X 11 and one | X4 at the left lateral frontal area.
Seven days afterwards, two more | X 11 subdural elec-
trode strips were added on the right mesial to lateral
fronto-central region in order to localize the seizure focus.
The 3 sirips placed on the mesial areas are illustrated in
Fig. 1.

Patient 2 was a 48-year-old right-handed man with
medically intractable partial seizures since the age of 27
years, which always started with a sudden vibration-like
pain in the left third to fifth fingers. The etiology was
unknown. His neurological examination demonstrated
dysesthesia in the left third to fifth fingers, and absent deep
tendon reflexes throughout. Postictally, the patient demon-
strated a transient weakness of those 3 fingers, but not in
the thumb. Bimanual alternating and unilateral sequential
movements of the hand or thumb were normal. An MRI of
the brain was normal. The Wada test demonstrated that the
left hemisphere was dominant for speech and that memory
function was represented by each hemisphere indepen-
dently. For presurgical evaluation of the seizures, the
patient had an 8 X 8 subdural electrode grid at the right
lateral fronto-parictal area and two 1 X 11 subdural elec-
trode strips at the right mesial fronto-central area, as
shown in Fig. 1.

Patient 3 was a 33-year-old right-handed man with
medically intractable partial seizurcs of unknown etiology
since the age of 12 years. Supplementary motor seizures
were suspected. His neurological examination was normal,
and bimanual alternating and unilateral sequential move-
ments of the hand or fingers were normal. An MRI of the
brain was normal. A PET scan demonstrated patchy hy-
pometabolic areas in the right hemisphere. The Wada test
demonstrated speech and memory dominance in the right
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Fig. 1. Schematie representation of the placement of subdural clectrode
strips (patients 1. 2 and 3) and grid (patient 2). Each diagram shown was
copied directly from the lateral view of an X-ray film and the sagittal
views of MRI as described in Methods. The lines across the subdural
electrode strips in patient | represent the location of the precentral sulcus
The site of the responses to electrical stimulation of each of the different
implanted electrodes is indicated in the symbol in the figure. More details
are given in the text

and feft hemispheres, respectively. WAIS full-scale 1Q was
75. For surgical intervention of the seizures. the patient
had a total of six [ X |1 subdural electrode strips: two on
cach side of the bilateral mesial fronto-central areas, and
one cach at the left lateral frontal and parietal areas. The
strips at the bilateral mesial fronto-central arcas are illus-
trated in Fig. 1.

2.2. Cortical stimulation and anatomical localization of
the electrodes

Each subdural electrode was individually stimuiated to
identfy cortical function. Electrical currents were applied
at progressively increasing intensity until (1) either move-
ments or paresthesias were elicited. (2) after-discharges
occurred. or (3) & maximum stimulus intensity of 13 mA
was rcached. Details of the stimulation methodology have
been described elsewhere (Liiders et al., 1987: Lesser et
al., 1992). It has been confirmed that the current spread to
the adjacent or distant areas. which could lead to false

positive findings, does not occur in this method (Liiders et
al., 1987: Lesser ct al., 1992; Nathan et al., 1993). Cortical
regions at which stimulation elicited muscle contraction
were identified as *“positive motor arca” (Liuders et al.,
1985, 1988). The SMA was identified by its unique re-
sponses on the mesial surfacc as described by Penfield and
Welch (1951), consisting of prcdominantly tonic positive
motor responses of the upper as well as lower limb and of
the trunk. neck and face, either unilaterally or bilaterally.
Stimulation of some rostral parts of the SMA elicited
negative motor responses affecting any part of the body.

The anatomical location of the subdural electrodes in
the interhemispheric fissure was also assessed as follows,
and it was taken into account when interpreting the func-
tional mapping of the cortex by electrical stimulation as
described above (Lim et al., 1994). A lateral view of the
skull X-ray film, taken with subdural electrode grids or
strips, was superimposed upon the sagittal view of the
T1-weighted MRI image taken before surgery, using com-
mon landmarks (i.e.. nasion and inion) by adjusting the
size to cach other.

2.3. Mocement paradigms

Unilateral and bilateral voluntary movements of the foot
were studied in patient 1, and those of the thumb and
finger in patients 2 and 3. For unilateral foot movements in
patient I, the patient was laid in a supine position on a
bed. and brisk extensions of an ankle joint, immediately
followed by a return 1o the resting position by relaxing the
dorsiflexed foot, were repeated at a self-paced rate of
approximately once every 5 sec. This was done for the
right and left foot movements separately, and for bilateral
simultaneous movements.

For unilateral finger movements in patient 2, brisk
voluntary abductions of the thumb at the metacarpo-
phalangeal joint, immediately followed by a return to the
resting position by relaxing the abducted thumb, were
repeated at a self-paced rate of approximately once every 5
sec in a supine position. Like in the foot movements, the
thumb movements as described above were executed uni-
laterally for each hand and bilaterally simultaneously. In
patient 3, brisk voluntary extensions of the middle finger
were employed for the movement and were also studied
for unilateral and bilateral simultaneous movements.

The subject was told to keep quiet during each record-
ing session and also asked to postpone the next task
movement for several seconds if he accidentally moved
prior to the task movement. Before recording sessions, the
subject was given a training period until the examiner was
satisfied that the subject consistently produced brisk move-
ments preceded and followed by complete relaxation. One
recording session typically lasted 5-6 min. The sessions of
the left, right and bilateral movements were repeated in
this order at least 3 times for cach. with an intermission of
a few minutes between sessions.



326 A Theda eral., Electroencephalograpin and clincal Newrophiysiology 95 (1995) 323334

2.4. Recording of MRPs

Cortical recordings were done simultancously from 66
10 86 subdural clectrodes in cach patient. All the record-
ings were performed in the Epilepsy Monitoring Unit
concurrently with continuous video-EEG seizure monitor-
ing (Burgess, 1992; Collura et al., 1992). For clectromyo-
gram (EMG) recording. u pair of cup electrodes were
placed on the skin overlying the anterior tibial muscle tor
foot dorsitlexion (patient 1), abductor pollicis brevis mus-
cle at the thenar eminence for thumb abduction (patient 2),
and the extensor digitorum muscle in the forcarm for
middle finger extension (patient 3). All subdural clectrodes
were referenced to a scalp electrode over the left mastoid
(TP7) in patient I, one of the subdural electrodes over the
Jateral convexily in patient 2. and one subdural electrode
over the mesial frontal arca in patient 3. The reference
subdural clectrode did not clicit any symptom on stimula-
tion and showed no ictal or interictal epileptiform dis-
charges. All recorded potentials were led o two or three
32-channcl EEG amplifiers (NEC San-ei BIOTOP) for
amplification. filtering and simultaneous monitoring.
Recording amplitude was set to 5 mV full-scale. 12 bits for
the EEG. and 500 wpV full-scale. 12 bits for the EMG. The
low [requency filter (LFF) was sct to 0.016 Hz for EEG
recording and 1o 5 Hz tor EMG recording. The high
frequency filter (HFF) was set 1o 100 Hz for both EEG and
EMG recordings. A 60 Hz notch filter was used in all
channels. Signal monitoring with a non-fade graphic termi-
nal at a sweep speed of 30 mm /see was done throughout
the examination. All of the above electrographic output
signals were digitized by an analog-to-digital converter at
a sampling rate of 200 Hz/channel, and stored on an
HPY000O /835 using 670 Mbyte disks for subsequent oft-
line analysis.

2.5 Data analtysis

To average FEG signals time-locked to the onset of the
movements of interest, computer programs adopting a
concept originally described by Barrett et al. (1985) were
developed. Visual inspection on an interactive graphics
terminal permitted us to obtain essentially artifact-free
epochs and allowed precise manual identification ol the
EMG onscet of the trigger movements (Neshige et al.,
1988: Ikeda et al.. 1992, 1993). Movements which were
not brisk enough 1o identify a clear EMG onset or move-
ments associated with other recording artifacts were elimi-
nated. Bilateral movements in which the difference of
EMG onset between the two sides was more than 100
msce were also climinated. Otherwise, a leading EMG
onset of cither side was taken as the fiducial point for
averaging. A total of 123-163 cpochs were sclected for
cach trial. After contirming that two cnsemble averaged
EEGs of 61-81 ¢pochs cach were almost identical, a grand
averaged EEG was finally made. All analysis epochs be-

gan 3000 msec before and ended 2000 msec after the
time-locking fiducial EMG onset. Computer-assisted meth-
ods were used to measure time intervals and amplitudes,
hased on the calibration data obtained during data collec-
tion. The bascline was derived from the average of the
segment from 3000 to 2500 msee before the trigger point
for each channel. For the terminology of components of
the subdurally recorded potentials in the present study, the
conventional one used for the scalp-recorded MRPs was
adopted except for the polarity: Bereitschaftspotential (BP)
was defined as a slow, usually negative, shift which started
about 1.5-2 scc before the EMG onset and gradually
increased in amplitude (Kornhuber and Deecke, 1965).
The steeper potential following the BP, starting about
—300 msee to the EMG onsct. was defined as negative
shift (NS') (Shibasaki et al., 1980; Barrett et al., 1986).
The much steeper potential following the NS', starting
about — 100 to — 50 msec to the EMG onset, was defined
as a motor potential (MP) (Deecke et al., 1969; Shibasaki
ct al., 1980).

3. Results
3.1, Cortical mapping (Fig. 1)

Cortical mapping of thc mesial brain surface was based
on the results of electrical stimulation and on the anatomi-
cal location of the electrodes. The results of electrical
stimulation are illustrated in Fig. 1.

In paticnt I, the ncarly horizontal lines across the
clectrode strips indicate the location of the precentral
sulcus. Stimulation at RS elicited clonic movements at the
left ankle. while stimulation at R2, R3 and R4 elicited
tonic posturing with flexion of the right hip and knec and
inversion of the right ankle at the same time. The precen-
tral sulcus was located between R4 and RS. It was con-
cluded, therefore, that the SMA was located at and anterior
to R4, and the primary motor foot area was located at and
posterior to RS. The anterior part of the SMA demon-
strated positive motor responses in the arm and face.
Antero-poslerior somatotopy, as previously reported in the
human SMA (Fried ct al, 1991; Lim et al., 1994), was
ohserved. In patient 2. stimulation of the right mesial
fronto-central subdural clectrodes elicited mainly positive
motor responses as illustrated in Fig. [. These motor
responscs were seen in the face, arm, trunk and bilateral
feet. All these responses were typical SMA responscs
(Penficld and Welch, 1951) and also demonstrated somato-
topy. Stimulation of the subdural grids at the right lateral
convexity elicited a somatotopic representation of the pri-
mary sensorimotor cortex along the central sulcus. In
patient 3, stimulation of bilateral subdural strip electrodes
clicited a somatotopic representation in the SMA which
was similar to that seen in the two other patients.
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3.2. Movement-related potentials

Unilateral movenents

Fig. 2a demonstrates MRPs associated with left foot
movements recorded subdurally from the left and right
mesial brain surfaces in patienr 1. On the mesial surface
contralateral to the movements (right hemisphere), a clearly
defined positive BP started at about — 2600 msec at both
SMA foot areas (R3) and primary motor foot areas (R5).
The BP at R3 gradually increased in amplitude until — 60
msee (+55.5 uV), then it was followed by a slowly
increasing negative deflection until +2000 mscc. The
positive BP at RS was followed by a steeper negative
deflection (NS') at —400 msce. then turned into a much
steeper negativity at —50 msee (MP). A clear transient
negative activity started at +115 msec and peaked al
+ 140 msece (reafferent potential: RAP by Kornhuber and
Deecke. 19653). In the SMA ipsilateral to the movements
(left SMA). a clearly defined positive BP started at about
— 2600 msec at L4 and L3. which was similar to that scen
in the contralateral (righty SMA. The positive BP at L4
was stable in amplitude until the EMG onsct { —28.8 uV).
at which time a steeper positive deflection of 600 msec
duration occurred. Otherwise no clear MP was seen, al-
though a small negative shift was apparently seen at L3
and L2 from —400 mscc to + 2000 msec.

Fig. 2b demonstrates MRPs associated with the right
foot movements recorded subdurally from the left and
right mesial surface in patient 1. In the mesial surface
ipsilateral to the movements (right hemisphere). a clearly
defined positive BP started at about — 1300 msec. It was
seen at the SMA foot arca (R3), but not at all at the
primary motor foot arca (R5). The BP at R3 gradually
incrcased in amplitude and peaked at +65 msee (+36.1
uV). then it decreased in amplitude gradually over the
following 2 sec. A clear negative transient activity started
al + 168 msec and peaked at +223 msec at RS. Otherwise
no slow potentials were seen at RS throughout. A smaller
deflection which corresponded to the transient negative
activity, as described above at RS, was also seen at R4, In
the SMA contralateral 10 the movements (left SMA). a
clearly defined positive BP started at about - 2500 msec
at L4 and L3. The overall distribution and wave forms of
pre-and post-movement potentials at the left SMA (L4, L3
and L2) were almost identical between the left and right
movements (Fig. 2a and 2b, respectively).

Fig. 3a demonstrates MRPs recorded trom the right
primary sensorimotor area and the right SMA in associa-
tion with lett thumb abduction in patient 2. At the primary
sensorimotor arca, a negative BP started at — 2500 msec in
the wider arca along the central sulcus (A41, A4S and
A49-51), and a steeper “negative”™ NS started at — 500
msec in a more localized area (especially A43 and A41), at
which clectrical stimulation clicited cither motor or sen-
sory responses of the right hand. A positive NS™ was also

scen at the hand sensory area (A35). At the right SMA, a
BP started at —2200 msec at B3 and C4, and a clearly
defined NS started at =500 msec mainly at the SMA
hand arca (B3. B4 and C6). MPs at the primary sensorimo-
tor arca and SMA were similar in amplitude (—=51.1 uV at
A43_and —57.1 pV at BS at the EMG onset).

Fig. 3b demonstrates MRPs recorded from the right
primary sensorimotor area and the right SMA in associa-
tion with right thumb abduction in patient 2. At the
primary sensorimotor arca, a negative BP started at —2000
msece at a small number ot electrodes (A50 and A41). No
clear pre-movement potentials were seen at other clec-
trodes (A43. A35, ctc.) where the large BP, NS’ and MP
were seen with the left thumb movements. Moreover, the
BP was not followed by clear NS” or MP. At the right
SMA. on the contrary. a clearly defined, mostly negative
BP/NS' started at —2200 to — 500 msec, mainly at the
SMA hand areca (B2-3, C3 and C4). The amplitude of BP
and NS’ 1o right thumb movements was 50-60% of that
clicited by left thumb movements (—24.0 uV and —40.7
wV. respectively. at BS at — 100 msec). MP clicited by
right thumb movements starting at the EMG onset was ill
defined as compared with left thumb movements.

In patient 3. in association with the right middie finger
movements, a clear positive BP was scen at Rs4 (right
SMA hand area). The BP started at about — 1800 msec
and gradually increased in amplitude until the EMG onset
(+30.9 wV at Rs4). Small BP and NS' were also seen at
the adjacent electrodes (Rs3, Rs2. Rs5) as well as at the
left SMA hand arca (Ls4, Ls5). In association with left
middle finger movements, pre-movement potentials were
seen at the right and left SMA hand arcas (Rs4, Lsd, Ls5).
The wave form and amplitude of these potentials were
similar to those elicited by right finger movements.

Bilateral movements

Fig. 2¢ demonstrates MRPs associated with simultane-
ous bilateral foot movements recorded subdurally from the
left and right mesial brain surface in patient . In the right
mesial arca. the BPs at R3 (SMA foot area) and RS
(primary motor foot arca) were almost identical to those
with the left foot movements (Fig. 2a) in terms of wave
form and amplitude. The post-movement potentials at RS
were also identical in bilateral and left foot movements
(Fig. 2d). However, the MP at R3 (SMA foot area) started
al — 105 msec and became more positive with bilateral
movements as compared with left foot movement. The MP
peaked at + 105 msec with an amplitude of +72.2 uV.
Fig. 2d shows supcrimposed MRPs clicited by bilateral
and left toot movements, demonstrating the similar BPs
and significantly different MPs and post-movement poten-
tials in the two movements.

In the left SMA. the pre-movement potentials with the
bilateral foot movements were almost identical to those
with either the left or right foot movements (Fig. 2c).
However. the positive MP at L4, which started at the EMG
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Fig. 2. Movement-related potentials (MRPs) recorded subdurally from both the left and right mesial brain surfaces in patient | in association with
voluntary. self-paced. left (a), right (b) and bilateral simultaneous (c) foot dorsiflexions. Each electrode number corresponds to that in Fig. . Lt AT = left
anterior tibial muscle: Rt AT = right anterior tibial muscle: SMA = supplementary motor area: MI = primary motor arca.. a: average of 142 trials. b:
average of 151 trials. ¢: average of 123 trials. d: superimposition of the averaged wave forms associated with the left foot (thin lines) and the bilateral foot

(thick lines) movements.
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onset, was larger (+£55.5 puV at + 110 msec) than that tion with bilateral thumb abductions in patient 2. At the
with the left (+28.8 uV at +110 msec) or the right primary sensorimotor area, like in case of the left thumb
(+38.8 uV at + 110 msec) foot movements. movements (Fig. 3a), a negative BP started at —2500
Fig. 3¢ demonstrates MRPs recorded from the right msec at the primary hand sensorimotor area along the
primary sensorimotor area and the right SMA in associa- central sulcus (A41-43 and A49-51), and an NS’ started
(c) BILATERAL FOOT MOVEMENTS
L1 L T ey
R1 2 =
L2 “ A RS
R2 -

:,I 50 uv R4 MWT \f

(EEG)
J\\/\/\A\mk
RS
ANt pmigmem A
EMG | Mi(foot)
LtA
(LtAT) - e
EMG
(Rt AT)
R7 e ,
1 L 1 1 1 | . | . . . ,
-3 0 +2 3 0 )
SEC. SEC.
(d) Waveform superimposition

(Bilateral and contralateral mvts.)

R1  swwommoenenrnm T SN0 s

R2  Sdtomestmmommcn st R Y

R3 %WC/M SMA
R4 WW\\/«WW

vy Mi(foot)

R6 %\WNM
-SOuV
R7+“¢“—W—XMWW7~M

Fig. 2 (continued).



330 Adkeda eral./ Electroencephalographiy and clmical Neurophysiology 95 (1995) 323 -334

at — 500 msec at a more localized arca (A43 and A41). A
positive NS'. as clicited also with left thumb movements.
was present al the hand sensory arca (A35). At the right
SMA, as scen also with unilateral movements. a BP started
at —2200 msec mainly at B3, and a clear NS’ started at

(a) LEFT THUMB MOVEMENTS
A3 A49
A34 . A50
A33 e A51
A3 A52
A37 A53 —
A3 A54 -
A38 o A55 -
A40 A56 e
. 50uV:EEG)
EMG
BT ___ e Cl i (LtAPB) ,
B2 - C2_ i s e
e EMG
B o (Rt APB)
C? e
C8
CO e
B10ee o reicee C10 e oo o
I i
-3 0 +2 -3 0 +2 -3 0 +2
secC.

=500 msec at the SMA hand arca mainly at B5. The
potentials at the primary sensorimotor area and at the SMA
were similar in amplitude (—45.7 uV at A43, and —37.1
uV oat BS at the EMG onset). At B5, MP followed and
peaked at +200 msec with an amplitude of —71.4 uV. It
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Fig. 3. MRPs subdurally recorded from the right primary hand sensorimotor arca (upper panel: A33-AS56) and the right SMA (lower panel: B1-10,
C1-10) in patient 2 in association with voluntary, self-paced. left (a), right (b) and bilateral simultancous (c) thumb abductions. Each electrode number
corresponds to that in Fig. 1. Lt APB = left abductor pollicis brevis muscle: Rt APB = right abductor pollicis brevis muscle. a: average of 128 trials. b:

average of 163 trials. ¢: average of 134 trials.
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was larger than that ehcited by the right thumb movements
(—51.4 puV at BS), and similar to that clicited by left
thumb movements ( —80.0 uV at BS).

In patient 3, in association with bilateral finger move-
ments, a clear positive BP was seen at Rs4 (right SMA
hand arca). The distribution, wave form and amplitude of
pre- and post-movement potentials were similar in bilat-
eral and unilateral movements (+28.1 uV and +30.9 uV
with bilateral and left finger movements, respectively. at
Rs4 at the EMG onsct).

4. Discussion

The present study revealed mainly 2 findings about the
SMA function for the initiation of voluntary movements.
as compared with the primary sensorimotor arca. (1) The
SMA generated clear pre-movement potentials for either
contralateral. ipsilateral or bilateral movements. BP and
NS’ were almost identical for contralateral and bilateral
movements. but MP was different between them. BP. N§'
and MP generated by ipsilateral movements were slightly
smaller than those generated by contralateral or bilateral
movements. (2) The primary sensorimotor cortex gener-
ated almost identical pre-movement potentials for con-
tralateral and bilateral movements. However, it generated
ill-defined pre-movement potentials for ipsitateral move-
ments.

As regards the first tinding. 1t 15 worthwhile noting that
the amplitude of pre-movement potentials seen with bilat-
eral movements was smaller than those expected from a
simple summation of two potentials associated with ipsilat-
eral and contralateral movements. In experimental studies
of single unit recordings in monkeys, it was previously
reported that a very small subgroup (4.3%, 5.4% and 11%)
of SMA movement-related neurons was active before vol-
untary movements, exclusively tor right, lett, and bilateral
movements, respectively (“exclusive neurons’™) (Tanji et
al., 1987. 1988). This type of exclusive neuron was not
seen in the primary motor arca. In addition, Tanji ct al.
(1987) reported another population (38%) of SMA move-
ment-related neurons which were active before all 3 types
of movement (right, left and bilateral). Thercfore, taking
into account these experimental findings, the present re-
sults suggest that movement-related potentials, which are
the expression of extraccllular field potentials, are most
likely to be predominantly a reflection of SMA neurons
activated by all 3 types of movement with only a smail
contribution of the “‘exclusive neurons.™

Regarding the components of pre-movement potentials
seen in SMA. particularly in patient I. it was shown that
BP and NS' at SMA elicited by contralateral and bilateral
movements were almost identical, whereas the following
MP at SMA had a larger deflection for bilateral move-
ments. This finding 1s consistent with the recent scalp-re-
corded MRP study with unilateral and bilateral movements
(Lang et al.. 1991). This study demonstrated that, during

actual motor cxecution, negative potentials at the vertex
were present in bimanual complex motor sequences, but
absent with simple unilateral motor sequences, whereas BP
was secen in both situations. This finding suggests the
possibility that SMA plays a more significant role during
the actual execution of bilateral movements (represented as
MP), rather than prior to the onset of the movements
(represented as BP and NS'). They also reported that a
significantly higher activity at the vertex during execution
was seen during either unilateral or bilateral sequential
movements rather than during single motor performance
(Lang et al., 1988, 1989, 1990). It is also in good agree-
ment with the result of cercbral blood flow study with
complex finger movements (Shibasaki et al., 1993). It is
thus suggested that the SMA may play a special role in the
exccution but not necessarily in the preparation of the
so-called precise or skillful motor tasks.

With regard to the second finding, the pre-movement
potentials with hand movements were recorded from the
primary hand sensorimotor arca in one patient (patient 2),
and thosc with foot movements from the primary motor
foot area in another patient (patient 1). Neshige et al.
(1988), in similar recording circumstances to the present
study, reported the presence of BP at the primary hand
sensorimotor area with ipsilateral hand movements in 3
cpilepsy patients. The ipsilateral BP was relatively small,
and no NS’ and MP followed the BP in their studies. These
findings are consistent with the results observed in patient
2 in the present study. Namecly, with ipsilateral hand
movement a small BP was scen from the primary hand
sensorimotor area but no clear NS” or MP developed. For
ipsilateral foot movements, the authors previously reported
the absence of any pre-movement potential at the primary
motor foot arca in 2 patients (Ikeda et al., 1992). Patient 1
in the present study confirmed these results. These findings
suggest that the ipsilateral primary sensorimotor hand or
foot arca of the human brain plays an almost negligible
role in the generation of pre-movement as well as post-
movement potentials. Therefore, unlike the SMA, the am-
plitude of pre-movement potentials recorded in the primary
sensorimotor area with bilateral movements was just like a
simple summation of two potentials associated with ipsilat-
cral and contralateral movements. This result is consistent
with previous animal studies which showed that, contrary
to SMA ncurons, most movement-related neurons in the
primary motor arca were simply related to the activity of
the contralateral muscles (Evarts. 1966; Matsunami and
Hamada. 1981; Tanji et al., 1987, 1988).

Scalp-recorded MRPs with unilateral and bilateral
movements were previously studied (Kristeva et al., 1979,
1990, 1991). They interpreted their results as suggesting
active participation of bilateral sensorimotor areas for gen-
erating pre-movement potentials. However, with the
methodology used in their studies it is still uncertain how
much of the pre-movement potentials was generated in the
SMA as opposed to the primary scnsorimotor area.
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Previously cercbral blood flow studies demonstrated
that SMA was significantly more active during actual
exccution of unilateral motor sequences than during simple
movements (Orgogozo and Larsen. 1979; Roland et al.,
1980: Shibasaki et al.. 1993). It certainly means that the
SMA is more active in association with the so-called
complex movements than the simple ones. However, it
remains unclear as to whether the observed activity at the
SMA is the cause or the consequence of the behavioral act.
because those studies provide the information about the
total changes in the cerebral blood flow or metabolism
occurring from about 40 sec before the measurement
(Wicsendanger, 1986). The same limitations, i.e.. poor
temporal resolution. are also applied to functional MRI
studics which showed similar results (Rao ct al.. 1993). In
contrast, ficld potential studies, like the present one, pro-
vide information with high temporal resolution. and com-
plement blood flow studies. Therefore, we can conclude
that both clectrophysiological and cerebral blood flow
studies suggest that during movement preparation the hu-
man SMA is similarly active in unilateral and bilateral
movements, but that during the actual motor execution it
becomes more active in bilateral than in unilateral move-
ments.

In the present study. patients | and 3 had pre-movement
potentials with positive polarity. Invasive animal studies
demonstrated that the pre-movement potentials had a dipo-
lar distribution with a negative pole at the surface and a
positive pole in the deep gray matter. Therefore it most
likely represents excitatory postsynaptic potentials (EPSPs)
generated in the superficial parts of apical dendrites of
cortical pyramidal neurons (Hashimoto et al., 1979). Previ-
ously the authors™ group showed the positive pre-move-
ment potentials recorded by subdural clectrodes in some
subjects. regardless of the type of movement (Ikeda el al..
1992, 1993, 1995). Therefore, as previously discussed
(Ikeda ct al.. 1992), these positive potentials recorded by
subdural electrodes could be explained by the orientation
of the dipole: a dipolar generator in a sulcus would project
out of the positive and negative potentials toward the
opposite direction. In this case only the positive potentials

could be recorded because of the limited placement of

subdural clectrodes.

Recent anatomical and physiological studies in mon-
keys demonstrated that the SMA is subdivided at least into
rostral (pre-SMA or F6) and caudal parts (SMA-proper or
E3) (Luppino ct al.. 1991, 1993; Matsuzaka et al.. 1992).
and that the two had independent functions. Since the
SMA-proper in monkeys has a somatotopic organization. it
is possible that MRPs demonstrated in the SMA in the
present and previous studies (lkeda et al., 1992, 1993)
were generated from the SMA-proper also in man. How-
cver, it still remains unsolved whether human SMA could
be subdivided into the SMA-proper and pre-SMA as scen
in monkeys.

Finally, it is worthwhile considering several technical
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limitations when interpreting the results of subdural MRP
studies and comparing them with other scalp-recorded
MRP studics. Closely spaced subdural electrodes can only
record field potentials which is a reflection of the activity
of neurons covered by the subdural electrodes. No single
unit activity can be detected. In addition, the subdural
electrodes do not cover the whole brain surface. Therefore,
only part of the SMA was explored in each patient, and the
possibility that more active parts of SMA adjacent to the
explored arcas might have been missed, cannot be ex-
cluded. Comparative studies of cerebral blood flow with
PET or functional MRI would be helpful to complement
those resuits. In addition, the stainless steel electrodes used
in these studies are not optimal to record the so-called DC
brain potentials (Caspers, 1974). Although we opened the
LFF down to 0.016 Hz for cortical recordings, the type of
clectrode used indicates that the actual LFF cut-off was
most probably higher than that. Therefore, the present data
may not completely be comparable to scalp-recorded DC
potentials, recorded by silver-silver chloride electrodes. In
spite of these limitations, subdural MRP studies have
provided new insight into the generation of MRPs (Neshige
ct al., 1988; Sakamoto et al.. 1991; lkeda and Shibasaki,
1992: Ikeda ct al., 1992, 1993, 1995), and certainly the
comparison of potentials recorded from different cortical
arcas in the same patient should give reliable results.
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