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Role of the Ipsilateral Motor Cortex in 
Voluntary Movement 
Robert Chen, Leonardo G. Cohen and Mark Hallett 

ABSTRACT: The ipsilateral primary motor cortex (Ml) plays a role in voluntary movement. In our 
studies, we used repetitive transcranial magnetic stimulation (rTMS) to study the effects of transient 
disruption of the ipsilateral Ml on the performance of finger sequences in right-handed normal sub
jects. Stimulation of the Ml ipsilateral to the movement induced timing errors in both simple and com
plex sequences performed with either hand, but with complex sequences, the effects were more 
pronounced with the left-sided stimulation. Recent studies in both animals and humans have confirmed 
the traditional view that ipsilateral projections from M1 to the upper limb are mainly directed to truncal 
and proximal muscles, with little evidence for direct connections to distal muscles. The ipsilateral 
motor pathway appears to be an important mechanism for functional recovery after focal brain injury 
during infancy, but its role in functional recovery for older children and adults has not yet been clearly 
demonstrated. There is increasing evidence from studies using different methodologies such as rTMS, 
functional imaging and movement-related cortical potentials, that Ml is involved in ipsilateral hand 
movements, with greater involvement in more complex tasks and the left hemisphere playing a greater 
role than the right. 

RESUME: Role du cortex moteur ipsilateral dans la motricite volontaire. Le cortex moteur primitif ipsilateral 
(Ml) joue un role dans la motricite volontaire. Dans nos etudes, nous avons utilise la stimulation magnetique tran-
scranienne repetitive (SMTr) pour 6tudier les effets de perturbations passageres du Ml ipsilateral sur l'ex6cution 
d'une succession de mouvements digitaux chez des sujets normaux droitiers. La stimulation du Ml ipsilateral au 
mouvement a induit des erreurs dans l'ordre d'execution de sequences simples et complexes executees avec 1'une 
ou I'autre main. Pour les sequences complexes, les effets 6taient plus marques quand la stimulation etait faite a 
gauche. Des etudes recentes chez les animaux et chez les humains ont confirme la vision traditionnelle que les pro
jections ipsilaterales de Ml au membre superieur sont principalement dirigees vers les muscles du tronc et les mus
cles proximaux. II y a peu d'indications qu'il existe des connections directes aux muscles distaux. La voie motrice 
ipsilaterale semble etre un mecanisme important dans la recuperation fonctionnelle apres une lesion cerebrale 
focale dans la petite enfance, mais son role dans la recuperation fonctionnelle chez les enfants plus ages et chez les 
adultes n'a pas encore ete clairement dfimontre. II existe de plus en plus d'observations provenant d'6tudes utilisant 
des methodologies differentes telles la SMTr, l'imagerie fonctionnelle et les potentiels corticaux relies aux mouve
ments, que le Ml est implique dans les mouvements de la main ipsilaterale, cette implication etant d'autant plus 
grande que les taches sont plus complexes et l'hemisphere gauche jouant un role plus considerable que le droit. 
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The first brain stimulation studies of Fritsch and Hitzig, fol
lowed by the detailed studies of Sherrington and Penfield, and 
the clinical observations of Hughlings Jackson established local
ization of functions in the motor cortex. More recently, a num
ber of techniques such as the electroencephalogram (EEG), 
positron emission tomography (PET), functional magnetic reso
nance imaging (fMRI) and transcranial magnetic stimulation 
(TMS) have become available to elucidate the role of the motor 
cortex in intact human subjects. Activation of the sensorimotor 
cortex (SMI) or primary motor cortex (Ml) ipsilateral to finger 
movements in several functional imaging1"4 and movement-
related cortical potentials5"7 studies challenged the classical view 
that the contralateral hemisphere exclusively controls fine finger 
movements.8 While these studies provided information on the 
brain networks involved in the performance of the task, the 
functional role of these different areas and whether they are 

required for task performance remain unclear. There is also con
siderable interest in the role of ipsilateral motor pathways in 
mediating recovery from brain injury.9"" 

Here, we first describe the results of our experiments using 
repetitive transcranial magnetic stimulation (rTMS) to investi
gate the effects of transient inactivation of M1 on the perfor
mance of finger sequences of different complexities. This is 
followed by a review of ipsilateral projections from Ml and the 
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role of ipsilateral motor pathways in mediating recovery from 
brain injury. The evidence and possible mechanisms for involve
ment of the ipsilateral Ml in control of voluntary movements 
are then discussed. We will restrict our discussion to the role of 
M1, although it is clear that other areas such as the supplemen
tary motor area (SMA) and the premotor cortex are also impor
tant in ipsilateral and bilateral movements. 

Transcranial Magnetic Stimulation 

TMS is a noninvasive method to stimulate the brain of 
human subjects. A large, brief electrical current produced by dis
charging a bank of capacitors is passed though a wire coil 
placed over the scalp. This produces a rapidly changing mag
netic field which induces electrical currents in the underlying 
brain.1213 Appropriately timed single pulses of TMS can disrupt 
cortical functions. For example, stimulation of the occipital cor
tex can suppress visual perception14 and stimulation of the sen
sory cortex can attenuate detection of somatosensory stimuli.15 

To disrupt more complex functions, a train of pulses at high fre
quencies (repetitive transcranial magnetic stimulation, rTMS), 
may be necessary. rTMS of the speech area can cause speech 
arrest16 and when applied over the frontal cortex, may lead to 
recall deficits.17 

Effects of Transient Disruption of the Ipsilateral Ml on the 
Performance of Finger Sequences 

We studied the effects of transient disruption of Ml by rTMS 
on the performance of finger sequences.18 Ten right-handed sub
jects were first trained to perform a simple and a complex 
sequence on an electronic piano with either hand. Both 
sequences were 8 seconds long and had 16 key presses. The 
simple sequence (5-4-3-2-5-4-3-2-5-4-3-2-5-4-3-2; 5 = little fin
ger, 4 = ring finger, 3 = middle finger, 2 = index finger) was 
ordered and involved adjacent fingers consecutively while the 
complex sequence (2-5-4-3-3-5-2-4-5-2-3-4-4-2-5-3) was ran
dom. We used a water-cooled 8-shaped coil, each loop of which 
measures 7 cm in diameter. Motor threshold was the minimum 
stimulator output that evoked a visible twitch in the resting con
tralateral first dorsal interosseous muscle (FDI). rTMS at 15 Hz 
for 2.3 sec at 120% of the motor threshold was used for Ml 
stimulation ipsilateral to the playing hand. For Ml stimulation 
contralateral to the playing hand, the sequence could be dis
turbed at lower intensities and the stimuli were reduced to 110% 
of the motor threshold. Ten trains were applied for each experi
mental condition. The precise timing of the key presses was 
recorded and the numbers of key press and timing errors were 
counted. Key press errors were defined as pressing the wrong 
key, pressing an extra key or omitting a key. Timing errors were 
defined as the time interval between key presses that were out
side 2.5 standard deviations of the corresponding control inter
val in the same subject. The errors rates were compared with 
that of the control condition with the stimulating coil on the 
scalp but directed away from the head. We also performed mag
netic stimulation of the forearm contralateral to the performing 
arm to determine the effects of induced movements of the con
tralateral arm on sequence performance. 

As expected, contralateral Ml stimulation led to a large num
ber of key press and timing errors with either hand (Figure 1). 
Ipsilateral Ml stimulation did not induce a significant increase 
in key press errors, but caused a significant increase in timing 
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Figure 1: Key press and liming errors in the different experimental 
conditions. Each error bar represents one standard deviation. 
Experimental values were compared with control values for the same 
hand by ANOVA with repeated measures. (A) The key press error rate 
was significantly increased with contralateral Ml stimulation. The 
increase in error rate for left-sided ipsilateral Ml stimulation did not 
reach statistical significance. (B) The timing error rate was signifi
cantly increased with both ipsilateral and contralateral rTMS, but not 
with contralateral forearm magnetic stimulation. There was also a sig
nificant difference between the right and left sides with ipsilateral Ml 
stimulation in the complex sequence (p = 0.019). LH, left hand; RH, 
right hand. 

errors in both the simple and complex sequences in either hand, 
with higher error rates in the complex than the simple sequences 
(Figure 1). With the complex sequence, the error rate was higher 
in the left than the right hand (18.6% vs. 8.3%, p = 0.019). The 
occurrence of timing errors within the sequence was also differ
ent between the right and left sides. With the complex sequence 
and ipsilateral Ml stimulation, timing errors in the right hand 
occurred mainly during rTMS whereas errors in the left hand 
occurred both during and after rTMS (Figure 2). Magnetic stim
ulation of the contralateral forearm did not induce a significant 
increase in key press or timing errors with the complex 
sequence (Figure 1). 

The magnetic field induced by the figure-of-8 coil is rela
tively focal and centered on M l . Adjacent areas such as the 
SMA or premotor cortex (area 6) might also be stimulated, but it 
is unlikely that more distant areas such as the prefrontal cortex 
were affected. Transcallosal inhibition is also unlikely to 
account for the effects of ipsilateral Ml stimulation. Although 
Ml stimulation may inhibit activity of the ipsilateral arm,19-20 

our recent studies showed that it is largely mediated at the spinal 
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Figure 2: Timing error rate at different time intervals (the time from the 
beginning of one key press to the beginning of the next key press) for the 
complex sequence with ipsilateral Ml rTMS. Each error bar represents 
one standard error. For the right hand, mistakes occurred mainly dur
ing the stimulation period, and error rates in the pre- and poststimula-
tion periods were similar. In contrast, for the left hand, error rates were 
significantly higher during both the stimulation period and the post-
stimulation period compared with the prestimulation period. Modified 
from Chen et al.'8 

level21 rather than through transcallosal pathways as previously 
suggested.20 In any event, we did not observe a significant reduc
tion of EMG activity in the forearm muscles during perfor
mance of the sequence with ipsilateral Ml stimulation. Our 
findings suggest that the ipsilateral Ml is involved in the control 
of fine finger movements, with the left hemisphere playing a 
greater role than the right hemisphere. To put this result in con
text, we will next review the role of the ipsilateral M1 in control 
of voluntary movement, and examine the difference between the 
right and left hemispheres. 

Ipsilateral Corticospinal Projections 

Ml projects to ipsilateral muscles via direct and indirect 
pathways. The direct pathway consists of the uncrossed lateral 
corticospinal tract, which comprises about 10-15% of the pyra
midal tract fibers22 but varies in size considerably from subject-
to-subject.23 It originates from the trunk and the proximal upper 
limb area of the motor cortex, and projects mainly to the medial 
groups of motoneurons in the ventral horn innervating truncal 
and proximal upper limb muscles.8 Indirect connections from 
Ml project to the medial bulbar reticular formation, which then 
projects to axial and proximal limb muscles through the ventro
medial part of the spinal cord.823 It is the traditional view that 
proximal arm movements have bilateral control, but hand and 
finger movements are controlled exclusively by the contralateral 
hemisphere.8 This is consistent with the finding that each hemi
sphere of split-brain monkeys controlled contralateral arm, fin
ger and hand movements, but controlled only ipsilateral 
proximal arm movements.8 

In humans, TMS has been used to examine ipsilateral path
ways from the motor cortex to proximal and distal upper limb 
muscles. Ipsilateral motor-evoked potentials (MEPs) can be 

obtained regularly from proximal muscles and sometimes from 
intrinsic hand muscles.24 However, the amplitude of ipsilateral 
MEPs are much smaller than contralateral MEPs, and high 
intensities of stimulation are required to elicit them. Ipsilateral 
MEPs from distal hand muscles are more difficult to elicit than 
ipsilateral MEPs from proximal muscles, and background mus
cle activation with averaging of responses from a series of stim
uli is usually necessary.19-24 Silent periods, which refer to the 
interruption of voluntary activity and are a measure of the 
inhibitory effects of TMS,25 can also be obtained from both 
proximal and distal upper limb muscles.19-24 The latencies of 
ipsilateral MEPs and silent periods are longer than that of the 
contralateral side, suggesting that the ipsilateral effects may be 
mediated by indirect corticoreticulospinal fibers rather than 
pyramidal tract fibers.19 In truncal and facial muscles, such as 
the diaphragm, rectus abdominis and masseter, TMS often elic
its bilateral responses.26 Cross-correlation analysis of surface 
EMG investigates whether the firing of motor units in different 
muscles are time-locked to each other, which would suggest a 
common drive. Homologous truncal muscles were found to be 
highly correlated, likely due to bilateral corticospinal tract pro
jections.26 There was no evidence for a common drive in homol
ogous limb muscles, consistent with the absence of direct 
ipsilateral corticospinal projections.26 

In stroke patients, quantitative measurements of muscle 
strength demonstrated weakness in ipsilateral muscles, particu
larly in shoulder adduction and wrist extension, but hand 
strength was comparable to normal subjects.27 This is consistent 
with the projection of the Ml to ipsilateral proximal muscles. 

The results of these human studies suggest that ipsilateral 
projections from Ml to the upper limb muscles exist but are 
considerably weaker than contralateral projections. The proxi
mal muscles are mainly targetted, with distal muscles receiving 
only weak and indirect ipsilateral projections. 

Are Ipsilateral Pathways Involved in Recovery from Focal 
Brain Injury? 

Several authors have raised the possibility that ipsilateral 
motor pathways play a role in functional recovery from 
stroke.911-28 Fisher28 described two patients with good recovery 
from a previous stroke, but hemiplegia reappeared in the recov
ered side after another pure motor stroke in the opposite hemi
sphere. Lee and van Donkelaar" also reported a similar case. A 
transcranial Doppler study in patients with cortical ischemic 
stroke showed a greater increase in the flow velocity of the ipsi
lateral middle cerebral artery during movements of the recovered 
hand compared to the unaffected hand or normal controls, sug
gesting that the undamaged hemisphere may play a role in func
tional recovery.29 Reorganization after stroke was studied with 
PET by examining the changes in regional cerebral blood flow 
(rCBF) associated with finger movements of both the recovered 
and unaffected sides. As a group, the stroke patients had signifi
cantly increased CBF in the ipsilateral SMI with movement of 
the recovered hand but not with movement of the unaffected 
hand.30-31 However, a subsequent report from the same group ana
lyzed individual patients and found ipsilateral SMI activation in 
only 4 of 8 patients, and these patients had mirror movements in 
the unaffected hand when they moved the recovered hand.32 It 
was unclear whether activation of the ipsilateral SM1 was related 
to recovery of function or simply secondary to mirror movements. 
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The pattern of central motor reorganization has been studied 
in hemispherectomy patients33"35 and in children with hemi-
plegic cerebral palsy.36 In patients with early hemispherectomy, 
TMS of the healthy hemisphere produced ipsilateral MEPs at 
latencies similar to contralateral MEPs, with higher amplitudes 
in proximal than distal muscles.33-35 The ipsilateral representa
tions were topographically different from the contralateral repre
sentations. Both PET34 and TMS34-35 studies showed that the 
ipsilateral representations occupied more anterior and lateral 
locations than contralateral representations in the healthy hemi
sphere (Figure 3). Patients with late hemispherectomy had ipsi
lateral MEPs of longer latencies and lower amplitudes, and had 
a worse outcome than the early hemispherectomy patients.33-35 

Carr et al.36 studied children with hemiplegic cerebral palsy. 
They reported that in patients with congenital hemiplegia, 
intense mirror movements and relatively good functions of the 
affected hand, TMS of the unaffected Ml elicited short-latency 
MEPs from the ipsilateral FDI muscle. These patients were con
sidered to have suffered their brain insult before 29 weeks of 
gestation. Ipsilateral MEPs with prolonged latencies were found 
in some patients without mirror movements; these patients had 
variable degrees of recovery. In patients with good recovery of 
the affected hand without mirror movements, stimulation of the 
affected Ml elicited short-latency MEPs from the affected FDI 
muscle. Patients with no MEP from the affected FDI with stimu
lation of the affected or the unaffected Ml all had poor hand 
functions. These findings suggested that ipsilateral motor path
ways from the unaffected hemisphere may play a role in recov
ery from brain injury occurring early in life. Possible 
mechanisms include development of new ipsilateral corti
cospinal projections, double-crossing of contralateral corti
cospinal fibers, and reinforcement of existing ipsilateral 
corticospinal pathways. Ipsilateral MEPs of prolonged latency 
may be due enhanced corticoreticulospinal pathways.33 

TMS has also been used to examine the ipsilateral corti
cospinal projection in patients who recovered from stroke. 
Palmer et al.'° recorded post-stimulus time histograms of single 

motor units from the biceps muscle in 9 recovered stroke 
patients, and found no evidence that the ipsilateral fast corti
cospinal tract was responsible for the recovery. Turton et al.37 

reported a longitudinal study of 21 stroke patients. Ipsilateral 
MEPs in the affected arm were more common and of longer 
latencies than those in the unaffected arm, and they were 
observed mainly in the proximal muscles and occasionally in 
hand muscles. However, since ipsilateral responses were more 
common among patients who had poor recovery than patients 
with good recovery, it is unclear whether they play any role in 
functional recovery from stroke. In contrast, Caramia et al.38 

reported ipsilateral MEPs in hand muscles in 13 patients who 
had rapid recovery from hemispheric stroke. The ipsilateral 
MEPs were elicited only with muscle activation and had higher 
thresholds, lower amplitudes but, surprisingly, shorter latencies 
compared to contralateral MEPs.38 All these studies used large 
circular10-38 or double-cone37 magnetic coils. Palmer et al.10 and 
Turton et al.37 did not test high-intensity stimulations because 
that may activate the contralateral hemisphere. Since the thresh
olds for ipsilateral responses are considerably higher than those 
for contralateral responses,19-24 the contribution of ipsilateral 
MEPs may have been underestimated. On the other hand, 
Caramia et al.38 may have activated the contralateral hemisphere 
with high-stimulus intensities. Therefore, the role of ipsilateral 
motor pathways in recovery from stroke remains unclear. 

Evidence for Involvement of the Ipsilateral Ml in Hand 
Movements 

Recordings from neurons ('task-related' neurons) in Ml of 
monkeys that are consistently activated in relationship to task 
performance, provided physiological evidence for ipsilateral 
control of voluntary movements. In a study of simple movement 
involving digit and hand muscles in monkeys, most of the task-
related neurons identified in the Ml were related to contralateral 
movements; 8% were related to ipsilateral movements.39 In the 
SMA and the premotor cortex, about one-half of the neurons 
exhibited premovement activity changes before both ipsilateral 
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Figure 3: Motor representation of the left and right biceps in the right hemisphere of a 32-year-old man with congenital left porencephalic cyst and 
hemispherectomy at age 7. CZ refers to the position of the vertex in the international 10-20 system. The MEP amplitudes evoked by TMS with a focal 
figure-of-eight coil from different scalp locations are shown as percentages of the maximum MEP amplitude. The representation of the right (ipsilat
eral) biceps was anterior and lateral to that of the left biceps. 
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and contralateral movements.39 There may also be a subregion 
of the M1 between the digit and face representations where the 
majority of cells are related to ipsilateral or bilateral hand move
ments.40 Most of the ipsilateral or bilateral task-related neurons 
are nonpyramidal tract neurons, illustrating the importance of 
indirect pathways for ipsilateral arm control.41 

Several PET,2-4 fMRI'-3-42"44 and movement-related cortical 
potential5 studies demonstrated activation of the ipsilateral SM1 
or Ml during execution of finger sequences. In contrast, some 
early PET studies4546 failed to find increased activity of the ipsi
lateral SMI; another PET study47 showed activation of ipsilat
eral SMI with shoulder but not with hand movements. These 
differences likely are related to the sensitivity of the methods 
used, because ipsilateral Ml activation is about 20 times weaker 
than contralateral Ml activation with right hand movements.3 

The movement performed by the subject is another important 
factor, since complex tasks may activate the ipsilateral Ml more 
often than simple tasks (see below). In some normal subjects, 
mirror movement of the contralateral arm is detectable by EMG 
monitoring, especially if the active arm is near maximal effort, 
although there is generally no observable movement.4849 

However, the amount of involuntary EMG activity is less than 
1 % of the active arm. Therefore, subclinical mirror movement is 
unlikely to account for ipsilateral activation observed in imaging 
studies.49-50 

Difference Between Simple and Complex Sequences 
We found more errors in the complex sequence than the sim

ple sequence with ipsilateral Ml stimulation, suggesting that the 
ipsilateral Ml may be more important in complex than simple 
hand movements. Ipsilateral Ml activation was more consistent 
in fMRI studies that employed a more complex task of opposi
tion of the thumb with each of the remaining four fingers3 than a 
simpler task of tapping only the middle finger.44 Two studies 
comparing simple and complex movements found ipsilateral Ml 
activation only during the complex but not the simple task.'-2 In 
the fMRI study of Rao et al.,1 significant activation of the ipsi
lateral Ml was observed with tapping four fingers in sequence 
(e.g., 3-5-4-2) but not with the simpler movement of tapping 
with all fingers (except thumb) in unison. In the PET study of 
Shibasaki et al.,2 rCBF was significantly increased in the ipsilat
eral SMI during performance of a complex sequence (opposi
tion of fingers 2-2-3-4-4-4-5-5 to thumb and reverse) but not 
with a simple sequence of sequential opposition of four fingers 
against the thumb. However, Sadato et al.4 demonstrated similar 
activation of the ipsilateral Ml with four sequences of varying 
complexities. The differences between the sequences were 
mainly due to longer sequence length in more complex 
sequences. Thus, it appeared that the ipsilateral Ml is more 
involved if the movements are in a sequence rather than single 
repetitive movements, but not necessarily with longer 
sequences. 

The movement-related cortical potential is another method to 
examine cortical activation. In these studies, EEG recordings 
time-locked to the onset of these movements are averaged. A 
long duration negative shift, known as Bereitschaftspotential 
(BP) or readiness potential, can be recorded more than 1 sec 
prior to onset of voluntary movement. The BP is followed by a 
steeper negative slope (NS') beginning about 500 msec before 
EMG onset, and by the motor potential (MP) occurring around 

100 msec prior to EMG onset. Subdural EEG recordings 
showed that these potentials arise from localized areas from the 
SMI51 and the SMA.52 With simple movements of one finger, 
BP but neither NS' nor MP were recorded in the ipsilateral Ml 
with subdural recordings, while BP, NS' and MP were seen at 
the contralateral Ml and SMA bilaterally.5-53 However, perfor
mance of a complex sequence (sequential extension of index 
and middle finger) was associated with higher amplitudes of the 
NS' over the SMA and SMI bilaterally than a simple (simulta
neous extension of index and middle finger) sequence.7 

Event-related desynchronization (ERD), which refers to the 
decline of EEG power occurring 1.5 to 2 sec before movement 
onset, is another measure of cortical activation and appears to be 
due to physiological mechanisms different from movement-
related cortical potentials.54 A study of ERD in the alpha fre
quency band (8-12 Hz) showed unilateral cortical activation 
with a simple motor task (tapping), but bilateral activation with 
a complex task (sequential finger opposition).6 

Although it is generally held that ipsilateral hand functions 
are not affected by stroke, there are reports of impaired ipsilat
eral fine finger movements after hemispheric lesions. Brodal, in 
his self-report,55 described difficulty with writing and other fine 
motor tasks with his right hand following a right hemispheric 
stroke. Jones et al.56 found significant impairment of ipsilateral 
sensorimotor functions measured with computerized tracking 
tasks in patients with unilateral cerebral infarctions, although 
there was only marginal impairment in grip strength.56 These 
findings suggest that brain areas involved in sensorimotor func
tions have some degree of ipsilateral motor control. However, it 
is unclear from these reports which areas, such as the ipsilateral 
Ml, SMA, premotor cortex or a combination of these, are 
important in causing these deficits. 

Difference Between Right and Left Hemispheres 
We found significantly more errors with left-sided ipsilateral 

Ml stimulation than right-sided ipsilateral Ml stimulation dur
ing performance of the complex sequence, suggesting a greater 
degree of ipsilateral involvement in the left Ml than the right 
Ml in our right-handed subjects. The occurrence of timing 
errors within the sequence also differed between the two sides. 
Left-sided ipsilateral Ml stimulation disrupted timing of the 
complex sequence in the stimulation and post-stimulation peri
ods, while right-sided Ml stimulation caused timing errors only 
in the stimulation period. One explanation for these observa
tions is that the left Ml is more involved in processing or plan
ning motor sequences. These findings are consistent with fMRI 
studies that showed substantially more ipsilateral Ml activation 
with left hand movements than right hand movements, espe
cially in right-handed subjects.42-43 In the study of Kim et al.,42 

the number of pixels activated in the right Ml was only 1.3 
times more than in the left Ml with right-handed subjects per
forming left hand sequential finger-to-thumb opposition move
ment. Similarly, movement-related cortical potentials studies 
found a greater contralateral preponderance of BP for finger 
movements of the dominant hand for both right- and left-handed 
subjects.7 Studies of patients with corpus callosotomy and agen
esis of the corpus callosum also suggested that the left hemi
sphere dominates in ipsilateral and contralateral control of many 
aspects of distal limb movements.57 

These findings may explain behavioral studies that showed 
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more ipsilateral deficits in patients with left hemispheric dam
age than those with right hemispheric damage. These deficits 
include finger-tapping speed,58 manual sequences,59 eye-arm 
coordination60 and the difference exists in patients without 
apraxia.61 Temporal discrimination62 and the timing of move
ment sequences63"65 are particularly affected, consistent with the 
suggestion that the left hemisphere is important in processing 
rapid, temporal information.62 

The Role of the Ipsilateral M l 

We have reviewed anatomical and physiological studies 
which indicated little evidence for direct ipsilateral connection 
from the Ml to distal hand muscles. On the other hand, func
tional imaging and physiological studies, including our rTMS 
study, showed that the ipsilateral Ml is involved in performance 
of complex finger movements. How can these findings be rec
onciled? One possibility is that the less direct connections are 
active. An additional explanation is that the ipsilateral Ml is not 
directly involved in activating spinal motoneurons required to 
execute these movements, but is more involved in the planning 
and the higher-order organization of movements. This is sup
ported by the greater involvement of the ipsilateral Ml in com
plex compared to simple sequences in rTMS,18 functional 
imaging,1'2 and movement-related cortical potential studies.7 In 
addition, the occurrence of the early BP component of move
ment-related cortical potentials, but not the later NS' or MP 
components in the ipsilateral Ml , is consistent with the sugges
tion that the ipsilateral Ml participates in movement prepara
tion, whereas the contralateral cortex generates the discharges 
necessary to produce the actual movement.5 

Although the contralateral Ml is traditionally considered to 
be an executive locus for simple voluntary movements,66 there 
is increasing evidence to suggest that it also operates at a higher 
hierarchial level. In the monkey, about one-third of the task-
related neurons in Ml are active during movement preparation 
rather than movement execution,67 and many of them are related 
to location of the target but not the direction of limb move
ment.68 Ml is also involved in cognitive tasks such as mental 
rotation.69 Lesion studies showed that Ml is important in spa-
tiotemporal organization and in planning muscle activity.70 In 
humans, TMS mapping71,72 and fMRI73 studies demonstrated 
reorganization of the Ml during motor learning. We also studied 
the effects of rTMS of the contralateral Ml on the performance 
of piano sequences.74 The stimulus intensity required to disrupt 
a complex sequence is lower than that required to disrupt a sim
ple sequence, suggesting that the contralateral Ml is not only 
involved in movement execution, but also in movement prepara
tion and complexity coding. It appears that the role of the con
tralateral Ml in movement preparation and coding of movement 
complexity is shared by the ipsilateral Ml . 

Conclusions 

Involvement of the ipsilateral Ml in finger movements can be 
demonstrated in studies using TMS, PET, fMRI, and movement-
related cortical potentials. These different studies are complemen
tary to each other, since each method has its advantages and 
limitations. Although its importance is clearly less than that of the 
contralateral Ml , the ipsilateral Ml , especially the left side, appears 
to play a role in movement planning and organization. This may 
relate to ipsilateral deficits in patients with hemispheric lesions. 
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