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Effects of Posterior Association Cortex Lesions on Brain Potentials

Preceding Self-Initiated Movements
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To assess the role of subregions of the posterior association
cortex in movement control, we recorded movement-related
potentials (MRPs) in patients who had lesions centered in
the temporal-parietal junction (T-PCx; damaged areas 22,
caudal 39, 40, and 42; n = 7), superior parietal cortex (ParCx;
damaged areas 5, 7, rostral 39, and 40; n = 5), and posterior
association cortex lesions involving both the temporal-pa-
rietal junction and the superior parietal structures (PosCx;
damaged areas 7, 22, 39, 40, 41, and 42; n = 5) and in 14
age-matched normal controls. MRPs were recorded in a self-
paced button-press task in which subjects performed a switch
closure with the right, left, or both hands (experiment I, ex-
periment I, and experiment lll, respectively) under counter-
balanced experimental conditions. Data epochs beginning
1400 msec prior to and extending to 600 msec after each
motor response were recorded from scalp sites over the
precentral, central, and parietal regions. Normal controls and
patients with T-PCx lesions generated comparable vertex
maximal, symmetrical readiness potentials (onset 1000
msec), contralaterally enhanced NS’ values (onset 500 msec),
and MP values (onset 100 msec) preceding voluntary self-
paced movements. Extensive lesions involving the posterior
association cortex reduced MRP amplitudes. Patients with
selective ParCx lesions also had marked reduction of MRPs
under all experimental conditions. The MRP findings coupled
with clinical and behavioral data on patients with parietal-
cortex lesions indicate that the superior parietal regions are
part of a neural system necessary for movement prepara-
tion.
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Brain potentials associated with voluntary movements provide
a direct measure of the neural activity preceding and following
motion (Kornhuber and Deecke, 1964, 1965; Vaughan et al.,
1968; Shibasaki et al., 1980; Libet et al., 1983). Movement-
related potentials (MRPs) have been associated with psycho-
logical constructs such as readiness, preparation, initiation,
planning, volition, and intention to act (Kornhuber and Deecke
1964, 1965; McAdam and Seal, 1969; Kutas and Donchin, 1980;
Libet et al., 1982, 1983; Singh et al., 1990b). There is no agree-
ment whether MRPs are specific to motor preparation or reflect
a general cortical preparatory process.

Cortical recordings suggest that the primary sensorimotor cor-
tex might be the major intracranial generator of MRPs. How-
ever, the brain regions that generate and modulate MRPs are
still uncertain. A variety of evidence, including the results of
MRP scalp topography (Vaughan et al., 1968; Singh et al., 1990b),
animal recording (Arezzo and Vaughan, 1975; Johnson, 1980),
cerebral blood flow (Roland et al., 1980), magnetoencephalo-
graphic (Deecke et al., 1983), and human lesion studies indicate
that the voluntary motor preparatory process involves a neural
circuit that includes motor, premotor, supplementary motor
(SMA), as well as prefrontal and superior parietal cortices (Deecke
et al., 1987; Knight et al., 1989; Singh and Knight, 1990). Sub-
cortical structures including the thalamus (Sasaki et al., 1979,
1981), basal ganglia (Shibasaki, 1975), and hippocampal for-
mation (Arezzo et al., 1987; Halgren, 1991) have also been
implicated in MRP generation.

Clinical and behavioral studies have shown that patients with
dorsolateral prefrontal and parietal cortex lesions show impair-
ment of initiation, planning, or execution of simple or complex
motor acts (ideomotor or ideationa! apraxia) (Fuster, 1980; Lu-
ria, 1980; Lynch, 1980; Hyvarinen, 1982; De Renzi et al., 1983;
Andersen etal., 1985). Lesions in the SMA result in a sequencing
abnormality in animals (Brinkman, 1981) as well as in humans
(Dick et al., 1986). Patients with lesions of the basal ganglia and
cerebellum also show difficulty in movement control and exe-
cution. A parietal lobe contribution to visuomotor control has
been substantiated in the early (Dejerine and Mouzon, 1915;
Kleist, 1934; Foerster, 1936) as well as in the more recent neu-
robehavioral literature (Pause et al., 1989). Thus, subregions of
both anterior and posterior association cortices appear to con-
tribute to voluntary movement execution. Further support for
these notions is provided by neurcanatomic studies revealing
bidirectional pathways between anterior and posterior associ-
ation structures (Petrides and Pandya, 1984). The prefrontal



cortex and parietal cortices also have direct input to premotor
and motor regions (Jones et al., 1978; Barbas and Pandya, 1987;
Pandya and Yeterian, 1989). These connections may form the
cortical neural system that is engaged during voluntary motor
preparation.

The presence of such a neural circuit would be supported by
converging MRP data obtained from patients with discrete le-
sions of the anterior and posterior association cortex. During
self-paced movements, lesions centered in the SMA have been
shown to reduce the vertex maxima of the readiness potential
(RP) (Deecke et al., 1987). MRP data obtained from patients
with prefrontal lesions involving areas 6, 8, 9, and 46 show
MRP reductions (Singh and Knight, 1990). Lesions in the hu-
man superior parietal cortex also reduce MRPs (Knight et al.,
1989). MRPs have also been studied in patients with subcortical
pathology. Reduced MRPs have been reported in patients with
idiopathic Parkinson’s disease (Deecke and Komhuber, 1978;
Shibasaki et al., 1978; Dick et al., 1989; also see Barret et al.,
1986; Singh et al., 1990a). However, normal MRPs have been
recorded from patients with exposure to the neurotoxin 1-methyl-
4-phenyl-1,2,5,6-tetrahydropyridine (Singh et al., 1991), which
produces focal cell loss in the substantia nigra (Davis et al.,
1979; Langston and Ballard, 1984). Thus, the pars compacta
region of the substantia nigra may not be critical for MRP gen-
eration. Loss of prefrontal or premotor dopamine input from
the ventral tegmental region may be the cause of MRP reduction
in Parkinson’s disease. Patients with lesions in the dentate nu-
cleus of the cerebellum also generate reduced MRPs (Shibasaki
et al., 1986). Thus, the data on human lesions support contri-
butions of the cerebellum and the frontostriatal structures in
MRP generation.

MRP recordings in patients with focal brain damage can pro-
vide data on the neural regions generating and modulating scalp
MRPs and information on the behavioral basis of MRP com-
ponents. In earlier reports, we noted the contribution of the dor-
solateral prefrontal and superior parietal cortex to MRP gen-
eration (Knight et al., 1989; Singh and Knight, 1990). However,
the parietal MRP data were acquired in a speeded detection
paradigm, making it difficult to compare the results to those of
the conventional self-paced MRP studies. In the present study,
we assessed MRPs in a self-paced button-press task in patients
who had discrete unilateral lesions in the subregions of the hu-
man posterior association cortex.

Materials and Methods

Lesion reconstruction

Three groups of patients with infarcts in the distribution of the posterior
branch of the middle cerebral artery (MCA) were studied. All lesions
were at least 1 year post onset. Patients were initially selected based on
unilateral lesions in the posterior association cortex evident on com-
puterized tomography (CT) or magnetic resonance imaging. Lesions
were transcribed onto corresponding CT templates by two independent
raters (Knight et al., 1988). Software permitted reconstruction of the
lateral perspective, determination of the lesion volume and cytoarchi-
tectonic areas affected, and extraction of group-averaged lesions. Re-
construction details are presented elsewhere (Knight et al., 1988, 1989).
Figures 1-3 show the average axial reconstructions and lateral views of
the patients in the three groups. Group 1 (temporal-parietal) consisted
of patients with infarcts in the angular branch of the MCA. Group 2
(parietal) consisted of patients with infarcts of the parietal branch of
the MCA. Group 3 (posterior) consisted of patients with occlusion of
the main trunk of the posterior division of the MCA involving the
distribution of both the angular and parietal branches.
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Temporal-parietal group

The temporal-parietal group (T-PCx) consisted of seven patients (all
male; mean age = 61.08 years, SD = 10.3) with lesions centered in the
temporal-parietal junction in Brodmann areas posterior 22 and 42, and
caudal 39 and 40 (tlemporal-parietal; Fig. 1). Some subjects had exten-
sion into areas 7, 5, 3, 1, 2, and 19 and areas 41 and 42 [four right (R),
three left (L); mean lesion volume = 34.9 cc). In this group, 100% of
the patients had lesions in areas 22 and 42 and caudal 39 and 40, 64%
in areas 7 and 19, and 45% in area 5.

FParietal group

The parietal group (ParCx) consisted of five patients (four male; mean
age = 62.2 years, SD = 8.9) with lesions centered in the lateral parietal
cortex in Brodmann’s areas rostral 39 and 40 (supramarginal and an-
gular gyri) and the inferior portion of areas 5 and 7 (parietal; Fig. 2).
Some subjects had extension into areas 3, 1, 2, and 19 and areas 41
and 42 (1R, 4L; mean lesion volume = 31.98 cc). In this group, 100%
of the patients had lesions in rostral areas 39 and 40, 100% in areas 7
and 19, and 40% in area 5. Despite a substantial overlapping of lesions,
T-PCx and ParCx groups were differentiated anatomically on the basis
of involvement of areas 22 and 42 and caudal 39 and 40 in the T-PCx
group versus rostral 39 and 40 in the ParCx group. None of the lesions
from either group involved the hippocampus or other mesial limbic
structures.

Posterior association lesion group

The posterior association cortex lesion (PosCx) group consisted of five
patients (all male; mean age = 62.1 years, SD = 9.8) with extensive
lesions involving both the lateral parietal cortex and the temporal-pa-
rietal junction (posterior; Fig. 3; 2R, 3L; mean lesion volume = 95.0
cc). The posterior association lesion group had a larger lesion volume
than did the other two groups (PosCx vs T-PCx, ¢ = 4.47, p < 0.003;
PosCx vs ParCx, t = 4.56, p < 0.002).

Clinical evaluation in these patients as recorded at the time of testing
revealed moderate Wernicke’s aphasia (three patients), mild finger ag-
nosia (7 patients), conduction aphasia and stuttering (two patients),
anomia (one patient), decreased proprioception and agraphesthesia (four
patients), astereognosis and pseudoathetosis (two patients), mild hem-
ianesthesia (three patients), and mild left~right difficulty (one patient).
Neurologic examination showed neither marked hemiparesis nor pe-
ripheral neuropathy. Patients with medical complications, psychiatric
disturbances, substance abuse, or dementia were excluded. All patients
were right-handed and were naive to the experiments. None of the
patients showed any clinical signs or symptoms of anxiety or depres-
sion.

Controls

The control group consisted of 14 neurologically normal subjects (14
male; mean age = 59.3 years, SD = 9.2) matched for age with the patient
groups. They were members of the hospital staff personnel and the
volunteer service of the hospital staff. Subjects with a history of sub-
stance abuse, psychiatric or medical disorders, dementia, or multiple
neurologic events were excluded. All subjects gave informed consent
and were paid for their participation. All subjects were right-handed.

Experimental design and MRP recordings

MRP recording methods have been described in detail in prior reports
(Singh and Knight, 1990a; Singh et al., 1990b, 1991). Briefly, MRPs
were recorded with Ag/AgCl electrodes placed at FP1 FPZ, FP2 (over-
lying the superior frontal gyrus), F3, FZ, F4 (mid-frontal gyrus, near
superior frontal cortex), C3, CZ, C4 (precentral gyrus), and P3 and P4
(superior parietal lobule) (Homan et al., 1987). Three additional elec-
trodes were placed over precentral areas denoted as C3a, CZa, and C4a.
These were located 2 cm anterior to C3, CZ, and C4, respectively (be-
tween the precentral and superior frontal gyrus). All electrodes were
referenced to linked earlobes. A ground electrode was placed on the
forehead. Electrooculogram (EOG) was recorded from an electrode be-
low the right eye. EMG responses were recorded from a pair of electrodes
placed on the thenar muscle and first metacarpal-phalangeal joint of the
hand involved in the task. Electrode impedances were kept below 5 kQ.
EEG, EOG, and EMG were recorded with Grass P511 amplifiers. EEG
and EOG were amplified (50 K) and bandpass filtered from 0.01 to 100
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Figure 1.

Lesion extent in patients with unilateral damage of temporal-parietal structures (T-PCx, n = 7, 4R, 3L; mean lesion volume = 34.9

cc). The lines on the lateral reconstruction indicate the location of the axial sections used in CT transcription. Lesions determined by CT scan from
individual patients were transcribed onto 0° to canthomeatal line templates. A lateral view of the lesion extent was then projected from the axial
sections by software reconstruction methods. The digitized lesion data from individual subjects were then averaged to generate the group lesion
densities for both lateral and axial views. Unilateral right-sided lesions have been reflected onto the left hemisphere. The scale indicates the
percentages of patients with damage in the corresponding area; 100% implies that all patients had lesions in that area.

Hz (time constant = 5 sec). EMG activity was amplified (10 K) and
filtered from 10 to 100 Hz. Signals were digitized at a sampling rate of
128 Hz/channel by a PDP-1173 minicomputer. Digitized single trial
epochs and coded button presses were stored on magnetic tape for off-
line averaging and analysis. The stored data were averaged from epochs
of raw EEG beginning 1400 msec prior to the trigger and continuing
for 600 msec post motion. Trials contaminated by eye blinks, excessive
EMG activity, or amplifier blocking were rejected by the computer prior
to averaging. Sums of 150-200 artifact-free trials were obtained for each
condition.

Procedure. The subject was seated in a comfortable reclining armchair
in a dimly lit, electrically and acoustically shiclded room. The subject
was given a push button mounted on a bicycle handle grip. The subject
was instructed to grasp the handle loosely in the palm and briskly press
and release the button with the thumb. The button excursion was about
8 mm. The button press was self-initiated and self-paced. To eliminate

contributions from overlapping MRP epochs, subjects were trained in
a practice session to produce responses with an intermovement interval
(IMI) of 2-10 sec. Subjects were also instructed to avoid excess force
in the button press. The participants were required to fix their gaze at
the tip of the button under all conditions and were further instructed
to avoid eye blinking or lateral eye movements during the button press.
They were also taught in the training session to delay the button press
in case they blinked. The subjects understood that they were required
to attempt to produce isolated thumb movements in the absence of
other motor activity and were warned against synchronizing thumb
movements with respiration.

The experiment was divided into three counterbalanced conditions.
Conditions 1 and 2 consisted of unilateral thumb presses with either
the right or left thumb (RHP, LHP). In condition 3, MRPs were recorded
during simultaneous left and right thumb presses. Each experimental
condition was separated by a 5 min rest period. Subject performance
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Figure 2. Lesion extentin patients with unilateral damage of parietal structures (ParCx; n =5, 1R, 4L; mean lesion volume = 31.9 cc). See Figure

1 for other details.

was monitored on a closed circuit television monitor by the experi-
menter. The subject and the EEG were monitored for signs of drowsi-
ness, and recording was halted if drowsiness was noted. Subjects were
given feedback on their performance. Testing was completed in about
1.5 hr.

Behavioral measures: IMI

The subjects were required to perform self-paced switch closures in a
2-10 sec interpress interval. The IMI was quantified to assess whether
there was any noticeable difference between patients and healthy con-
trols, and also whether this variable could be correlated with the com-
ponents of MRPs.

Data reduction and analyses

The method for identifying and measuring MRPs has been described
in detail in prior reports (Singh and Knight, 1990a; Singh et al., 1990b).
Briefly, three pre- and one postmotion component were identified
based on individual and group mean averages. A regression line was
fitted to these MRP phases. The first component, RP, was identified as
the initial portion of the premovement negativity. This corresponds to
the Bereitschaftspotential described by Deecke et al. (1969). The onset
of this component was determined as a first negative deflection of 1.5
1V sustained for more than 20 msec. The second component, NS’, began
at 450-500 msec and peaked at about 100 msec premotion. The NS’
represents the later portion of the RP. The third component, MP (or
N2), refers to the additional negativity generated immediately (about
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Figure 3. Lesion extent in patients with unilateral damage of posterior association cortex lesions (PosCx; # = 5, 2R, 3L; mean lesion volume =

95.0 cc). See Figure 1 for other details.

100 msec) preceding the movement. The peak amplitude of the MP
was measured at the trigger point. The MP is superimposed on the NS’,
and the NS’ in turn is superimposed on the RP. In order to obtain pure
measures of these components, we also used the subtraction method
(Kutas and Donchin, 1974, 1980). The NS’ was computed as the po-
tential difference between the NS’ and RP. The MP was also calculated
as the potential difference between MP and the sum of RP and NS’
components. The fourth component, postmotion positivity (P2), was
measured 180-220 msec postmotion. Measurements were made on the
individual records by means of a computer-assisted cursoring program.
Mean MRP amplitudes were also calculated in restricted windows (i.e.,
RP: —1000 to —500 msec; NS’: —500 to —100 msec; MP: —100 to O
msec).

Statistical analyses. The scalp-recorded voltages were subjected to

repeated-measures univariate and multivariate (ANOVA, MANOVA)
analysis of variance (subject x group x condition and electrode), with
corrected ¢ tests for specific electrode comparisons. The initial statistical
analysis was done with MANOVA, following which univariate analysis
of variance was carried out. The relationship between behavioral mea-
sures and MRPs, and between lesion volume and MRPs, was examined
by correlation analysis.

Results

Behavioral data

IMI. All participants were able to carry out the task required
for all three experimental conditions. No significant group dif-
ferences were observed with regard to the IMI. Furthermore,
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a, Overlapped group grand-averaged waveforms from controls (solid curves), patients with T-PCx (dotted curves), and ParCx lesions

(dashed curves) in a self-paced right-hand button press. Note the contralateral enhancement of the MP in all three groups. The RP and N§'
components are reduced over the central and precentral leads only in the ParCx-lesioned group relative to the T-PCx group. b, For the LHP
condition also, the RP and NS’ components are reduced over the central and precentral leads only in the ParCx-lesioned group. ¢, Note the absence
of the contralateral enhancement in all three groups for the bimanual condition. The RP and NS’ components of MRPs are reduced in the ParCx-
lesioned group. The late component MP is partially preserved. BE, below eye.

clinical signs and symptoms in individual patients (i.e., aphasia)
could not be correlated with MRP amplitudes.

MRP data. MRPs recorded from controls and from T-PCx,
ParCx, and PosCx groups are shown in Figures 4a-c, 5a,b,and 6.

Within-group analysis

Control group. Controls generated a slowly developing negativ-
ity beginning at about 1000 msec (CZ: mean = 1012 msec) prior
to the switch closure (RP). The RP was symmetric, bilaterally
distributed, and maximal at frontocentral midline electrodes
(CZ and CZa). The NS’ began at 500450 msec (480 msec) prior
to the switch closure. The NS’ was maximal over the fronto-
central regions contralateral to movement [RHP: C3 vs C4, ¢
(df = 25) = 3.4, p < 0.002]. However, this effect was not sig-
nificant in the LHP condition. The MP began at about 100 msec

Figure 5. a, Overlapped group grand-
averaged waveforms from patients with
T-PCx (solid curves), ParCx (dotted
curves), and PosCx lesions (dashed
curves) in a self-paced right-hand but-
ton press. The RP and NS’ components
are reduced over the central and pre-
central leads in both the ParCx- and
PosCx-lesioned groups relative to the
T-PCx group. b, For the LHP condition
also, the RP and NS’ components are
reduced over the central and precentral
leads in both the ParCx- and PosCx-
lesioned groups. BE, below eye.

prior to the switch closure. The MP was maximal over contra-
lateral sites for both RHP and LHP [RHP: C3 vs C4, ¢ (df =
20) = 3.56, p < 0.001]. During the bimanual (BMP) condition,
the MP component was enhanced relative to either of the un-
imanual conditions (RHP vs BMP: p < 0.05). There was no
significant contralateral MRP (NS’ and MP components) en-
hancement during the bimanual switch closure condition.
Therefore, no significant difference emerged between MRP am-
plitudes over ipsilateral and contralateral leads (e.g., for MP:
C3 vs C4, t = 0.69, NS) during this condition.
Temporal-parietal group. The onset latency of the RP (CZ,
950 msec), NS’ (431 msec), and MP (100 msec) components
was comparable between the T-PCx and control groups. The
T-Pcx scalp distribution was also similar to that of controls.
The RP was distributed symmetrically and had its maximal
amplitude at the vertex. Unimanual conditions produced an
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Figure 6. Overlapped group grand-averaged waveforms from patients
with ParCx (solid) and PosCx lesions (dotted) in a self-paced left-hand
button press task. BE, below eye.

asymmetric distribution of the NS’ [RHP: C3 vs C4: ¢ (df = 11)
=3.3,p < 0.01]and MP [RHP: C3 vs C4: ¢ (df = 11) = 3.6, p
< 0.01] components with maximum amplitude over the con-
tralateral electrodes. During the BMP, all of the premovement
components were distributed symmetrically over the scalp (e.g.,
for MP: C3 vs C4, t = 0.72, NS). The late component of the
MRP (MP) was also significantly enhanced (RHP vs BMP: p <
0.05).

Parietal group. The ParCx group generated a slowly devel-
oping negativity at about 500 (488 msec) prior to the execution
of the movement. The earliest portion of the MRPs, the RP,
was either absent or markedly reduced. Two of five patients
produced a barely discernible RP. The NS’ was produced at
least by four of the five patients, and the MP component was
observable in all five patients. Unlike the results for the controls
and T-PCx group, amplitudes of the NS’ [RHP: C3 vs C4: ¢ (df
= 8) = 0.73, NS] and MP [RHP: C3 vs C4: ¢ (df = 8) = 1.2,
NS] components were not significantly enhanced over contra-
lateral electrodes in unimanual conditions. The MP component
was not significantly enhanced during the BMP condition (RHP
vs BMP: p > 0.095).

Posterior association group. All three MRP components were
either absent or markedly reduced in this group. Although con-
siderably reduced, the MP component was identifiable in all
five patients. The scalp topographic distribution did not change
with the task. For example, the MP component was nonsignif-
icantly [RHP; C3 vs C4: ¢ (df = 8) = 0.48, NS] lateralized to
the contralateral hemisphere.

Between-group analysis

RP. The overall ANOVA between groups was significant [F =
(df = 3, 27) = 4.9, p < 0.01]. Specific comparisons revealed
that patients with PosCx and ParCx lesions had significant RP
reduction relative to controls and to patients with T-PCx lesions
(see Table 1). There was no significant difference between control
and T-PCx groups under any experimental condition.

Table 1. Mean between-group comparisons of the amplitude (in V)
for the RP, NS’, and MP components of MRPs

Groups F p values
RP
Control versus ParCx 18.2 0.001
Control versus T-PCx 1.3 NS
Control versus PosCx 8.3 0.01
T-PCx versus PosCx 3.7 0.01
T-PCx versus ParCx 49 0.01
PosCx versus ParCx 5.8 0.03
NS/
Control versus ParCx 33.7 0.001
Control versus T-PCx 1.9 NS
Control versus PosCx 19.1 0.001
T-PCx versus PosCx 4.1 0.01
T-PCx versus ParCx 438 0.01
PosCx versus ParCx 7.4 0.01
MP
Control versus ParCx 61.3 0.001
Control versus T-PCx 1.6 NS
Control versus PosCx 17.6 0.001
T-PCx versus PosCx 6.7 0.001
T-PCx versus ParCx 54 0.01
PosCx versus ParCx 6.5 0.01

NS". The overall ANOVA again showed significant group
effects [F = (df = 3, 27) = 4.55, p < 0.01]. Although partially
preserved, the NS’ component was significantly reduced in
PosCx- and ParCx-lesioned groups when compared with the
control as well as T-PCx groups (Table 1). The subtraction meth-
od employed for obtaining pure NS’ yielded similar results.

MP. Although observable in the scalp recordings, the MP was
significantly reduced both in the ParCx and PosCx groups [F
(df = 3, 27) = 4.38, p < 0.01] (see Table 1). The subtraction
method employed for extracting a pure MP uncontaminated by
the RP and NS’ yielded no significant difference between control
and ParCx groups, supporting a partial preservation of this com-
ponent in the ParCx group.

Analyses of the mean trials obtained from control and ex-
perimental groups after artifact rejection for all experimental
conditions (e.g., percentage of artifact rejection for RHP: T-PCx
= 22%, ParCx = 24%, PosCx = 26%, control = 23%) were not
significantly different across groups.

Discussion

Consistent with prior reports (Kutas and Donchin, 1980; Singh
and Knight, 1990a; Singh et al., 1990a), different scalp topog-
raphies were observed in unimanual and bimanual conditions.
Unimanual conditions with RHP and LHP produced symmet-
rical RPs, and asymmetrical NS’ values and MP values with
maximal amplitude contralateral to the movement. The bi-
manual condition differentially enhanced the MP component.

Patients with T-PCx lesions had MRPs comparable to that
of controls in all experimental conditions. However, unilateral
posterior lesions encompassing the superior parietal cortex re-
duced or abolished MRP components and delayed the onset of
premovement negativity. The present results do not seem to be



due to a general lesion effect or to slowness or difference in the
force of pressing the button, because patients with T-PCx lesions
comparable in size to the ParCx lesions had intact MRPs. Pos-
sible differences in force applied to the button press do not
explain the results because force differentially affects the MP
component (Kristeva et al., 1990), which was the component
most preserved in ParCx- and PosCx-lesioned groups.

These results support the role of the lateral parietal cortex,
including rostral portions of areas 39 and 40 (angular and su-
pramarginal gyri) and area 7, in MRP generation. These findings
are consistent with a previous study showing impaired MRPs
in a speeded reaction time task in patients with parietal lesions.
Both studies indicate that the parietal lobe provides input to
the sensorimotor cortex several hundred milliseconds prior to
the execution of a motor task (Knight et al., 1989).

Similar to prior findings (Knight et al., 1989), unilateral le-
sions showed a bilateral reduction of MRPs without unilateral
reduction over the lesioned hemisphere. The finding of a bilat-
eral MRP defect after unilateral lesions is compatible with clin-
ical reports showing that unilateral parietal lesions in humans
can result in apraxia in both limbs. Each parietal lobe appears
to exert a bilateral hemispheric influence. Intracallosal connec-
tions may provide the pathways necessary for the unilateral
parietal cortex to influence sensorimotor cortices bilaterally,
either by direct connections or through relays in the prefrontal,
premotor, or supplementary cortex (Jones and Powell, 1969;
Jones et al., 1978).

Existing data from MRP scalp topography and from magnetic
and blood flow studies support MRP sources in the precentral
structures, including premotor, motor, and supplementary mo-
tor areas. Intracranial and subdural recordings in human sub-
jects indicate that a major contribution to the scalp MRP may
arise in the hand sensorimotor cortex (Lee et al., 1986; Neshige
et al., 1988a,b). The results of animal studies are inconsistent
on this issue. Some investigators have reported that the N1 (RP)
and N2 (MP) arise in the pre- and postcentral structures and
have a common neural source (Arezzo et al., 1977). These work-
ers stressed that the human MP had its origin exclusively in the
hand area of the precentral motor cortex.

In contrast to these findings, Pieper et al. (1980) compared
the responses of the monkey and humans, and they reported
the earliest onset of negativity at the motor hand area, followed
by activity in the premotor area (areas 6 and 4). Neurons in the
primary sensory cortex discharge 60-80 msec later than do neu-
rons in the precentral cortex (Evarts, 1972). Slow potential
changes in the contralateral forelimb motor area 4 and premotor
area 6 preceding hand movement by nearly 1 sec have been
recorded in monkeys (Hashimoto et al., 1979). Other investi-
gators have reported firing of neurons in the premotor area 6
at about —100 to —300 msec prior to movement (Kubota et
al., 1974). In support of the SMA contribution to human MRPs
(Deecke et al., 1987), Brinkman and Porter (1979), in a self-
paced task in monkeys, demonstrated SMA unit activity about
250 msec before the motor cortex cells fire. Johnson (1980)
found the earliest onset of slow negativity at areas 9, 10, and
46 of the prefrontal cortex about 2 sec prior to movement when
there was no activity in motor areas.

Gemba et al. (1987) failed to record RPs from various loci
of the prefrontal cortex in the monkey. However, Fuster (1980)
reported that neurons in the prefrontal cortex fire several hun-
dred milliseconds prior to the execution of a motor task in a

The Journal of Neuroscience, May 1993, 13(5) 1827

typical delayed-response or delayed-aiternation task. Premotor
and motor neurons fire immediately preceding a motor re-
sponse. Lesion data obtained from human subjects involving
prefrontal area 9, 46, 6, and 8 lesions showing MRP reductions
are consistent with these findings (Singh and Knight, 1990). The
MRP reductions are most severe for lesions in areas 6 and 8.
Unilateral lesions of the SMA show a significant RP reduction
at the vertex (Deecke et al., 1987), although recent magnetic
data do not support the SMA hypotheses of MRP generation
(Cheyne and Weinberg, 1989). Despite discrepancies in the pri-
mate literature, precentral structures including the premotor,
supplementary motor, and prefrontal cortex appear to contrib-
ute to MRP generation or modulation.

The MRP reductions in the ParCx group are remarkably sim-
ilar to the previously reported results for patients with prefrontal
lesions. This suggests that the prefrontal areas 6 and 8 and the
posterior association cortex involving areas 7 and rostral 39 and
40 may be necessary for MRP generation. These areas likely
provide critical modulatory input into MRP generation in the
sensorimotor cortex. These results are consistent with neurobe-
havioral data (Freund, 1986; De Renzi and Luchelli, 1988; Pause
and Freund, 1989; Pause et al., 1989) indicating a significant
contribution of premotor and superior parietal regions to plan-
ning, initiation, and visuomotor control.

All patients were able to perform the experimental task ad-
equately but only patients with superior parietal involvement
had MRP reductions. This raises the issue of what is the un-
derlying behavioral significance of premovement potentials. For
reasons discussed previously it is unlikely that the MRP reduc-
tions are due to simple changes in the force or rate of the switch
closure. A more plausible explanation is that the critical be-
havioral factors associated with MRP generation were not mon-
itored with enough sensitivity in the current experiments. For
instance, a premotor—superior parietal network has been sug-
gested to be critical for visuomotor control. Abnormalities in
this control system would not be readily observable in the simple
one-vector thumb movement employed in the current studies
but might be quantifiable in a three-dimensional movement
task.
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