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Summary
Objective: We determined whether the primary motor hand area was most frequently located in
the precentral gyrus in young patients with intractable focal seizures.

Methods: Sixty-five patients with focal seizures aged between 5 months and 20 years who
underwent a two-stage epilepsy surgery using chronic subdural-EEG monitoring were studied. Pairs
of subdural electrodes were electrically stimulated, and the brain region with contralateral hand
movement induced by the lowest-intense stimulus was defined as the primary motor hand area.

Results: Contralateral hand movement was induced without afterdischarges in 50 children but not
in the remaining 15 children. The unpaired t-test revealed that failure to induce contralateral hand
motor movement was associated with younger age of subjects. Among the 50 patients with a positive
motor response, the primary motor hand area was confined to the precentral gyrus in 9 patients,
confined to the postcentral gyrus in 24, and located in both the pre- and post-central gyri in the
remaining 17. The McNemar's test revealed that the observed frequency of 24 patients showing the
primary motor hand area confined to the postcentral gyrus was larger than chance frequency. Logistic
regression analysis failed to demonstrate that the observation of the primary motor hand area confined
to the postcentral gyrus was associated with the age, the presence of dysplastic lesion or the seizure
onset involving the frontal lobe.

Conclusion: Our study failed to support the traditionally-accepted notion that the primary motor
hand area is most frequently located in the precentral gyrus but rather demonstrated that a substantial
proportion of young patients had the primary motor hand area in the postcentral gyrus.
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Introduction
Traditionally, the anterior bank of the precentral gyrus, known as Brodmann's Area 4, has been
considered to be the primary motor area in humans (Penfield and Boldrey, 1937). To identify
the primary motor area, electrical stimulation via subdural electrodes implanted on the brain
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surface has been clinically utilized for patients undergoing surgical treatment of uncontrolled
focal seizures or brain tumors (Uematsu et al., 1992). The cortical region where the lowest-
intensity stimulus is capable of inducing a contralateral hand movement is considered to be the
primary motor area for the hand, and is generally assumed to be located in the lateral surface
of the precentral gyrus (Ropper and Brown, 2005). Thus, the location of the motor hand area
is based on the results of electrical stimulation.

Have previous studies of cortical stimulation proven the generally-accepted assumption that
the primary motor hand area is most frequently located in the precentral gyrus? Although
previous human studies have indicated that the primary motor hand area was frequently
identified in the presumed precentral gyrus, some variability in location was also noted
(Penfield and Boldrey, 1937; Uematsu et al., 1992; Nii et al., 1996). In those studies, there
were no techniques used to exactly coregister the locations of subdural electrodes on the MR
image, and estimation of the central sulcus was biased by the results of electrical stimulation
(Penfield and Boldrey, 1937).

In the present study of 65 children and young adults with medically-uncontrolled focal epilepsy,
we systematically defined the central sulcus using well-established anatomical landmarks
(Berger et al., 1990; Yousry et al., 1997; Lehericy et al., 2000; Makela et al., 2001; Sunaert,
2006) delineated on the three-dimensional brain surface MR image as previously described
(von Stockhausen et al., 1997; Juhasz et al., 2000). The spatial relationship between the primary
hand motor area determined by electrical stimulation and the anatomically-defined precentral
gyrus was then determined on each individual's three-dimensional brain surface image. We
subsequently tested the validity of the generally-accepted assumption that the primary motor
hand area is most frequently located in the precentral gyrus. We also determined the validity
of the results of functional motor mapping in the present study by taking into consideration the
concurrent findings of somatosensory evoked potentials (SEPs) for the median nerve of the
contralateral hand. We finally determined whether the distribution of the primary hand motor
area was associated with age, the presence of dysplastic brain lesions or the location of seizure
onset.

Methods
Patients

The inclusion criteria of the present study included: (i) age ranging from 5 months to 20 years,
(ii) a two-stage epilepsy surgery using chronic subdural EEG recording in Children's Hospital
of Michigan, Detroit between January 2001 and August 2006, (iii) functional cortical mapping
for the primary hand motor area using electrical stimulation and (iv) subdural electrodes
chronically implanted on both the pre- and post-central gyri at least 4 cm above the Sylvian
fissure (Nii et al., 1996; Polkey, 2000). The exclusion criteria included: (i) the presence of
massive brain malformations (such as large porencephaly, polymicrogyria or
hemimegalencephaly) which is known to disorganize the anatomical landmarks for the central
sulcus, (ii) history of previous epilepsy surgery, and (iii) the presence of epilepsia partialis
continua involving the hand. A total of 81 patients met the inclusion criteria, and 4 of the 81
patients were excluded due to the presence of massive brain malformations and another 12
were excluded due to the history of previous epilepsy surgery. Thus, we studied a consecutive
series of 65 patients with a diagnosis of medically-uncontrolled focal seizures (age: 5 months
—20 years; 27 females) who met the inclusion criteria and satisfied the exclusion criteria
(Supplementary Table 1). The study has been approved by the Institutional Review Board at
Wayne State University, and written informed consent was obtained from the parents or
guardians of all subjects.
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Subdural electrode placement
For chronic subdural EEG recording and subsequent functional cortical mapping, platinum
grid electrodes (10 mm intercontact distance, 4 mm diameter; Ad-tech, Racine, WI) were
surgically implanted as previously described (Asano et al., 2005). The total number of electrode
contacts in each subject ranged from 64 to 128. The placement of intracranial electrodes was
guided by the results of scalp video-EEG recording, MRI and interictal glucose metabolism
on positron emission tomography (PET). All electrode plates were stitched to adjacent plates
and/or the edge of dura mater, to avoid movement of subdural electrodes after placement. In
addition, intraoperative pictures were taken with a digital camera before dural closure, to
confirm the spatial accuracy of electrode display on three-dimensional brain surface
reconstructed from MRI (Asano et al., 2005).

Chronic subdural EEG recording
Chronic subdural EEG recordings were performed for 2−7 days as previously described (Asano
et al., 2005). Anti-epileptic medications were discontinued or reduced during subdural EEG
monitoring until a sufficient number of habitual seizures were captured. Ictal subdural EEG
recordings were visually reviewed and seizure-onset zones were determined by the consensus
of two clinical neurophysiologists. Clinical manifestations were assessed using synchronized
digital videos with 30 frames per second, and surface EMG recordings from the left and right
deltoid muscles were added as needed.

Electrical stimulation protocol
As a component of the clinical management of the patients being evaluated for cortical resection
to achieve seizure control, functional cortical mapping using electrical stimulation was
performed during the intracranial EEG recording, using a method similar to those described
previously (Girvin, 1986; Ojemann et al., 1993; Jayakar and Lesser, 1997; Chitoku et al.,
2001). A train of repetitive electrical stimuli were delivered using the Grass S12 constant-
current stimulator (Astro-Med, Inc., West Warwick, RI; Jayakar and Lesser, 1997), and clinical
responses associated with stimulation were observed by at least two investigators. To minimize
the risk of charge accumulation in the participant's body, biphasic stimulus pulses were used
(Ojemann et al., 1993) and a single ground lead was placed at the contralateral mastoid by a
registered EEG technician. To minimize the risk of stimulation-induced seizures, phenytoin
was intravenously loaded prior to the mapping session in patients whose anti-epileptic drugs
had been discontinued. To determine the presence of afterdischarges, subdural EEG and video
were recorded continuously during the entire mapping session (Jayakar and Lesser, 1997).

All electrodes covering the premotor, precentral, postcentral, and anterior-parietal areas were
electrically stimulated using the following stimulation parameters. Pairs of subdural electrodes
were stimulated with a 10 s train of repetitive biphasic electrical pulses (Jayakar and Lesser,
1997; Chitoku et al., 2001), where the duration of each biphasic pulse was set to 300 µs
(Ojemann et al., 1993; Jayakar and Lesser, 1997), the stimulus intensity was initially set to 6.5
mA, and stimulus frequency was initially set to 10 Hz (Girvin, 1986). When a clinical response
was induced, the stimulation was immediately terminated (Chitoku et al., 2001). On the other
hand, if neither clinical response nor afterdischarge was induced by a train of stimuli with an
intensity of 6.5 mA, the stimulus intensity was increased from 6.5 to 16.5 mA in a stepwise
manner by 5 mA until a clinical response or afterdischarge was noted. Once the after-discharge
threshold was determined, stimulus intensity above that threshold was no longer utilized
(Ojemann et al., 1993). In limited cases where neither clinical response nor afterdischarge could
be induced by a train of stimuli with a frequency of 10 Hz and intensity of 16.5 mA, the stimulus
frequency was increased from 10 to 20 Hz and 20 to 50 Hz (Ojemann et al., 1993; Jayakar and
Lesser, 1997; Chitoku et al., 2001) until a clinical response or afterdischarge was noted. Usage
of stimulus frequency up to 50 Hz along with the stimulus intensity of 16.5 mA has been
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previously validated (Jayakar and Lesser, 1997; Chitoku et al., 2001; Gordon et al., 1990).
Stimulus frequency at 10 Hz or higher has been reported to produce facilita-tory effects to elicit
positive responses easily (Girvin, 1986; Lesser and Gordon, 2000).

When stimulation of a pair of electrodes across a sulcus induced a clinical response without
afterdischarges, each electrode with another neighboring electrode was stimulated to determine
whether one, the other or both gyri were responsible for the clinical response (Girvin, 1986;
Ojemann et al., 1993; Jayakar and Lesser, 1997; Chitoku et al., 2001). The brain region at
which stimulation consistently induced a clinical response was classified as an eloquent area
specific to the clinical response. When no clinical response but afterdischarge was observed,
or when neither clinical response nor afterdischarge was induced by the maximally-intense
stimuli, the brain region was classified as an area not proven eloquent (Chitoku et al., 2001).
When both clinical response and afterdischarges were noted, another train of electrical stimuli
with the same or 1 mA smaller intensity was given until either clinical response or
afterdischarge subsided (Jayakar and Lesser, 1997). Finally, a brain region with a contralateral
hand movement (any part of the hand) induced by the lowest-intense stimulation was defined
as “the primary motor hand area” in the present study. If a contralateral hand movement was
induced only by stimulation of 16.5 mA intensity, a brain region with its movement induced
by the stimuli with the lowest frequency was defined as “the primary motor hand area”.

Imaging acquisition protocol
MRI and glucose metabolism PET studies were performed as previously described (Juhasz et
al., 2000). MRI scans included a T1-weighted spoiled gradient echo (SPGR) image as well as
fluid-attenuated inversion recovery image. Planar X-ray images (lateral and anteroposterior
images) were acquired with the subdural electrodes in place for determining the location of the
electrodes on the brain surface. Three metallic fiducial markers were placed at anatomically
well-defined locations on the patient's head for coregistration of the X-ray with the MRI, as
previously described (von Stockhausen et al., 1997; Juhasz et al., 2000).

Image analysis
MRI SPGR and glucose metabolism PET image volumes were coregistered, as previously
described (Juhasz et al., 2000). To reconstruct surface views corresponding to the planar X-
ray image, three virtual markers were defined in the SPGR MR image volume at the same
position as in the planar X-ray image, as previously described (Juhasz et al., 2000). As a result,
a surface view was created which corresponds to the planar X-ray image position and where
the location of electrodes was directly defined on the brain surface. The accuracy of this
procedure was reported previously as 1.24 ± 0.66 mm with a maximal misregistration of 2.7
mm (von Stockhausen et al., 1997). Finally, accurate coregistration of the location of subdural
electrodes and the brain surface image was visually confirmed using the intraoperative
photograph of brain surface (Asano et al., 2005).

Identification of the central sulcus, precentral gyrus and postcentral gyrus
The central sulcus was determined by the consensus of two investigators according to the
anatomical MRI landmarks which have been previously validated (Berger et al., 1990; Yousry
et al., 1997; Lehericy et al., 2000; Makela et al., 2001; Sunaert, 2006). The criteria defining
the central sulcus included: the omega-shaped sulcus at 4−5 cm above the Sylvian fissure on
the horizontal plane (Yousry et al., 1997). If there were potentially two sulci showing the omega
shape, the sulcus just posterior to the precentral sulcus which has a junction with the superior
frontal sulcus was defined as the central sulcus (Berger et al., 1990; Lehericy et al., 2000;
Sunaert, 2006). The sulcus meeting the above criteria was determined on the 3D Tool Software
package (Max-Planck-Institut, Cologne, Germany; von Stockhausen et al., 1997), where each
patient's three-dimensional surface brain image was visualized simultaneously in the
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horizontal, coronal and sagittal planes and all views were automatically updated as the cursor
was moved to any point in a given section (Germann et al., 2005). Once the central sulcus was
determined, the gyrus just anterior to the central sulcus was determined as the precentral gyrus,
and the one just posterior to the central sulcus was determined as the postcentral gyrus (Figs.
1 and 2; Yousry et al., 1997; Lehericy et al., 2000; Germann et al., 2005).

Somatosensory evoked potential (SEPs) protocol
As a component of the clinical management of the patients being evaluated for cortical resection
to achieve seizure control, SEPs were recorded on chronically-implanted subdural electrodes,
using a method similar to those described previously (Allison et al., 1989). A single patient
with left temporal lobe epilepsy (Supplementary Table 1) failed to undergo the SEP study, due
to malfunction of the equipment. The median nerve contralateral to the presumed epileptogenic
foci was stimulated at the wrist with a frequency of 5.1 Hz, a square wave electric impulse of
200 ms, and a current intensity between 5 and 15 mA. Consistent twitching of the thenar muscle
was documented throughout the testing. All recordings were performed using a filter band pass
of 30−3000 Hz. An electrode either in the inferior temporal region or in the prefrontal region
distant from the central lobule served as a reference. Somatosensory evoked responses were
obtained using electrodes covering the premotor, precentral, postcentral, and anterior-parietal
areas; 200−500 somatosensory evoked responses were averaged on referential and bipolar
montages using the Nicolet Viking IV EMG/EP System (Nicolet Biomedical, Madison, WI,
USA).

An N20 peak was defined as a reproducible peak between 18 and 22 ms and visually identified
by the consensus of two investigators. The N20 amplitude was measured on each electrode,
where the N20 amplitude was defined as the height between the highest peak of N20 and the
preceding trough peak. The brain region underlying the electrode showing the largest N20
amplitude was identified to estimate the location of ‘the primary sensory area for the median
nerve’.

Classification of the primary motor hand area
Based on the location of the primary motor hand area, each patient was classified into one of
the following four groups (Supplementary Table 1; Fig. 3). (i) ‘No Motor Response Group’
included those who failed to show a hand motor response elicited by cortical stimulation, (ii)
‘Precentral Gyrus Group’ included those who had the primary motor hand area confined to the
precentral gyrus, (iii) ‘Postcentral Gyrus Group’ included those who had the primary motor
hand area confined to the postcentral gyrus, and (iv) ‘Pre- & Postcentral Gyri Group’ included
those who had the primary motor hand area localized in both pre- and postcentral gyri. Those
with an electrode on the central sulcus found to be a part of the primary motor hand area were
classified into ‘Pre- & Postcentral Gyri Group’.

Statistical analyses
All statistical analyses were performed using a computer software Statistical Analysis System
9.1 (SAS Institute Inc., Cary, NC). Initially, the unpaired t-test was applied to determine
whether the mean age of ‘No Motor Response Group’ differed from that of the remaining
aggregate consisting of ‘Precentral Gyrus Group’, ‘Postcentral Gyrus Group’ and ‘Pre- &
Postcentral Gyri Group’.

Subsequently, McNemar's test (Woodward, 2005) was applied to a 2 × 2 contingency table
(Supplementary Table 2), where each of the four cells contained the number of patients
classified as ‘No Motor Response Group’, ‘Precentral Gyrus Group’, ‘Postcentral Gyrus
Group’, and ‘Pre- & Postcentral Gyri Group’, respectively. We determined whether the
observed frequency of patients classified as ‘Precentral Gyrus Group’ or ‘Postcentral Gyrus
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Group’ was different from random chance frequency. The statistical null hypothesis was that
the number of patients classified as ‘Precentral Gyrus Group’ was same as that of ‘Postcentral
Gyrus Group’. The alternative hypothesis was that the number of patients classified as
‘Precentral Gyrus Group’ was different from that of ‘Postcentral Gyrus Group’. It should be
noted that the number of patients classified as ‘No Motor Response Group’ or ‘Pre- &
Postcentral Gyri Group’ did not affect the test statistics.

Finally, logistic regression analysis was applied to the aggregate consisting of ‘Precentral
Gyrus Group’ and ‘Postcentral Gyrus Group’, in order to determine whether (a) age, (b) the
presence of dysplastic brain lesions (i.e., dysplasia, cortical tuber or periventricular
heterotopia), or (c) seizure onset involving the frontal lobe were associated with the observation
of ‘Postcentral Gyrus Group’.

Results
Primary motor hand area

Among the 65 patients, a contralateral hand movement was elicited without after discharges
in 50 patients but not in the remaining 15 patients who were classified as ‘No Motor Response
Group’ (Fig. 3). The mean age of ‘No Motor Response Group’ was 3.4 years, whereas the
mean age of the remaining aggregate was 9.7 years. The unpaired t-test revealed that ‘No Motor
Response Group’ was significantly younger than the remaining aggregate (p < 0.001; mean
difference: 6.3 years; 95% Confidence interval: 4.2−8.4 years).

Among the 50 patients with a contralateral hand movement elicited by electrical stimulation,
9 patients (18%) were classified as ‘Precentral Gyrus Group’, 24 (48%) as ‘Postcentral Gyrus
Group’, and 17 (34%) as ‘Pre- & Postcentral Gyri Group’. None of the patients had the primary
motor hand area in the premotor or anterior parietal region. The McNemar's test revealed that
the observed frequency of 24 patients classified as ‘Postcentral Gyrus Group’ was larger than
random chance frequency (p = 0.009).

The logistic regression was applied to the 33 patients classified as either ‘Precentral Gyrus
Group’ or ‘Postcentral Gyrus Group’. Neither the age, the presence of dysplastic lesion nor
seizure onset involving the frontal lobe was significantly associated with the chance of a patient
classified as ‘Postcentral Gyrus Group’ (age: p = 0.87; Dysplastic lesion: p = 0.72; seizure
onset involving the frontal lobe: p = 0.96).

Somatosensory evoked potentials for the median nerve
The largest N20 amplitude was identified in the electrode overlying the postcentral gyrus in
54 patients (84%), the central sulcus in 8 patients (13%), and the precentral gyrus in 2 patients
(3%) (Supplementary Table 1). None of the patients had the largest N20 peak outside the
precentral−postcentral gyri. Among 49 patients who had a positive motor response and
underwent the SEP study, 35 patients (71%) had the largest N20 amplitude in the electrode on
the postcentral gyrus (Supplementary Table 1).

Discussion
The major findings in the present study can be summarized into four aspects below. (i) Younger
age was associated with more frequent failure to identify the primary motor hand area using
electrical stimulation. (ii) A substantial proportion of young patients with focal seizures had
the primary motor hand area in the postcentral gyrus. (iii) Neither the age, the presence of
dysplastic lesion nor the seizure onset involving the frontal lobe was significantly associated
with the identification of the primary motor hand area in the post-central gyrus. (iv) The
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majority of patients had the primary sensory hand area for the median nerve localized on the
postcentral gyrus or the bank of central sulcus.

Younger age associated with failure to elicit a hand motor response
The observation that cortical stimulation more frequently failed to elicit motor responses in
younger children has been well described in human studies using electrical stimulation (Wyllie
and Awad, 1991), human studies using transcranial magnetic stimulation (TMS) (Muller et al.,
1991) as well as a cat study using electrical stimulation (Chakrabarty and Martin, 2000). Studies
have shown that the motor threshold is negatively correlated with the age of subjects (Muller
et al., 1991; Chitoku et al., 2001). It has been speculated that immature development of
myelination in the cortico-spinal tract may be associated with failure to generate motor
responses in young children (Muller et al., 1991; Wyllie and Awad, 1991). Thus, failure to
elicit motor responses in young children by electrical stimulation does not necessarily indicate
the absence of motor function on the brain region electrically stimulated (Wyllie and Awad,
1991; Chitoku et al., 2001).

Validity of the observation that the primary motor hand area is identified more frequently in
the postcentral gyrus

The observation that the primary motor hand area was localized in the postcentral gyrus more
often than random chance frequency is a novel finding in the present study and apparently
inconsistent with the classic Penfield's homunculus (Penfield and Boldrey, 1937) serving as
the practical guide to clinicians (Ropper and Brown, 2005). Our findings may not seem all that
surprising considering that localization of hand motor function to the postcentral gyrus has
been already indicated by previous studies of lesioning, electrical and magnetic stimulation,
as well as studies of motor task-induced brain activation using functional MRI (fMRI), PET,
magnetoencephalography (MEG) and intracranial EEG recording.

Evidence from lesion studies
Previous studies revealed that a lesion (Xerri et al., 1998) or cooling (Brinkman et al., 1985)
confined to the presumed postcentral gyrus resulted in hemiparesis of the contralateral upper
extremity in monkeys. A previous human study of epilepsy surgery in extratemporal lobe
epilepsy suggested that surgical resection of the postcentral gyrus resulted in more pronounced
deficits of the contralateral extremities compared to that after resection of the precentral gyrus
(Polkey, 2000). Weakness of the contralateral hand associated with lesioning of the postcentral
gyrus was attributed to loss of proprioception by the investigators (Polkey, 2000; Xerri et al.,
1998).

Evidence from stimulation studies
Previous studies of electrical stimulation indicated that a subset of patients had the primary
motor hand area in the presumed postcentral gyrus. In a classic study of 126 intraoperative
cortical stimulation procedures (Penfield and Boldrey, 1937), for example, the investigators
estimated the central sulcus according to the results of electrical stimulation and reported that
77 among the 102 finger motor responses were elicited by the stimulation of the presumed
precentral gyrus, whereas the remaining 25 responses were elicited by the stimulation of the
presumed postcentral gyrus. In a recent report of 33 patients studied using chronically
implanted subdural electrodes (Nii et al., 1996), the investigators identified the central sulcus
using the anterior commissure-posterior commissure line seen on sagittal MRI combined with
the manually-traced outline of the skull seen on X-ray, and reported that the 32 of the 44 hand
motor responses were elicited by the stimulation of the presumed precentral gyrus, whereas
the remaining 12 responses were elicited by the stimulation of the presumed postcentral gyrus.
An animal study demonstrated that contralateral hand movement could be elicited by electrical
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stimulation of the presumed postcentral gyrus in monkeys with Brodmann areas 4 and 6 ablated
(Kennard and McCulloch, 1943).

TMS is a noninvasive technique used to stimulate the primary motor area via a brief magnetic
pulse from a coil placed on the scalp. The spatial resolution of TMS is estimated to be
approximately 1 cm within the primary motor hand area (Brasil-Neto et al., 1992; Pascual-
Leone et al., 1994; Werhahn et al., 1994). It has been speculated that electrical stimulation
methods directly stimulate the Betz cells in the motor cortex, whereas TMS methods have the
Betz cells indirectly stimulated via interneuronal networks (Pascual-Leone et al., 1994).
Previous TMS studies of healthy adult volunteers demonstrated that the TMS-induced current
flowing across the central sulcus not in an ‘anterior-to-posterior’ but ‘posterior-to-anterior’
direction optimally activated the motor cortex (Brasil-Neto et al., 1992; Werhahn et al.,
1994); this well-replicated observation seems to be consistent with the observation in the
present study that stimulation of the postcentral gyrus preferably elicited a contralateral hand
motor response in a substantial number of young patients with focal epilepsy.

Evidence from activation studies using fMRI, MEG and intracranial EEG
The observations in the present study using electrical stimulation are consistent with those
reported in previous studies using fMRI (Yousry et al., 1997), MEG (Kristeva et al., 1991) and
intracranial EEG (Crone et al., 1998). Previous neuroimaging studies using fMRI and [15O]-
water PET demonstrated that motor tasks such as finger tapping or hand grasping consistently
activated the contralateral post-central gyrus defined by anatomical landmarks, in addition to
the precentral, premotor and supplementary motor areas (Yousry et al., 1997). Similarly,
previous studies using MEG coregistered to MRI demonstrated that a large-amplitude motor
task-evoked magnetic field was localized to the contralateral postcentral gyrus in healthy
volunteers (Kristeva et al., 1991). A previous study of adults with focal epilepsy using
intracranial EEG recording and each individual's brain surface image demonstrated that
gamma-band EEG power was increased in both pre- and postcentral gyri about 200−500 ms
after the onset of contralateral fist-clenching (Crone et al., 1998).

Evidence from anatomical studies
Do the previous anatomical studies validate the possible causal role of the postcentral gyrus in
hand motor function? A study using the technique of retrograde labeling with horseradish
peroxidase in monkeys showed that the precentral gyrus contained approximately 50% of the
total corticospinal cells, whereas the postcentral gyrus contained approximately 20% of those
cells (Toyoshima and Sakai, 1982). Another study using monkeys showed strong connections
between the pre- and postcentral gyri (Jones and Powell, 1969). It is possible that electrical
stimulation of the postcentral gyrus secondarily activated the precentral gyrus through such a
cortico-cortical connection, although it is difficult to explain the results of the present study
solely on the basis of cortico-cortical connections between the postcentral and precentral gyri.

No evidence of the differential effect of age on the location of the primary motor hand area
The present study failed to prove an association between age and the localization of the primary
motor hand area in the postcentral gyrus. To our best knowledge, none of the previous studies
of functional cortical mapping have indicated a possible differential effect of age on the location
of the primary motor hand area. A study of MRI in neonates and infants showed that
myelination in the pre- and postcentral gyri occur during a similar period which is earlier than
that in the other frontal-parietal regions (Barkovich et al., 1988). Similarly, a study of glucose-
metabolism using PET scans in children showed that local cerebral metabolic rates for glucose
were equally high in the pre- and postcentral gyri in infants less than 5 weeks old and that
glucose metabolism gradually increased in the other neocortical regions (Chugani et al.,
1987). A study of diffusion tensor imaging (DTI) in premature newborns showed that fractional
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anisotropy levels, measurements of the directional diffusivity of water, were quite similar
between the precentral and postcentral gyri and that fractional anisotropy levels in the pre and
postcentral gyri were lower than those in the superior frontal or superior occipital gyri (Deipolyi
et al., 2005). A study using a quantitative DTI fiber tracking technique in premature newborns
failed to indicate a difference in the amount of subcortical fibers reaching the posterior limb
of the internal capsule between the precentral and postcentral gyri (Berman et al., 2005).

Observations in the present study influenced by dysplastic lesion or seizure onset?
The present study failed to prove an association between localization of the primary motor
hand area in the postcentral gyrus and the presence of dysplastic lesion or seizure onset zone
in the frontal lobe. Previous human studies indicated that healthy individuals have the ipsilateral
uncrossed motor pathway, which plays a less role in motor function, under normal
circumstances, compared to the contralateral pyramidal motor pathway (Kobayashi et al.,
2003). It has been reported that early brain insults or malformations which involve both pre-
and postcentral gyri in one hemisphere often induce brain reorganization so that the
contralateral sensory-motor cortex at least partially compensates for loss of motor function
from the abnormal hemisphere (Cowan et al., 2003). It has also been reported that patients with
epilepsia partialis continua may undergo interhemispheric reorganization of hand motor
function (Stoeckel et al., 2002). Since, in the present study, we excluded patients with extensive
brain malformations and status epilepsia partialis continua of the hand, the observa- tions of
the present study probably cannot be accounted for by the effect of interhemispheric
reorganization.

On the other hand, intrahemispheric reorganization of hand motor function from the precentral
to postcentral gyrus was hypothesized and tested for in the present study. A previous study of
adults with stroke using fMRI demonstrated that a patient with a small infarct limited to the
precentral gyrus had the postcentral gyrus activated by finger tapping, whereas another patient
with a small infarct in the post-central gyrus had the precentral gyrus activated by tactile
stimulation of the finger (Cramer et al., 2000). A now classic study on monkeys with precentral
gyrus ablation demonstrated that contralateral hand movement could be elicited by electrical
stimulation of the presumed postcentral gyrus (Kennard and McCulloch, 1943). Yet, the
logistic regression analysis in the present study failed to demonstrate that primary motor hand
area confined to the postcentral gyrus was associated with the presence of congenital dys-
plastic lesion or the seizure onset zone involving frontal lobe.

Correlation between SEP and cortical stimulation
The analysis of median nerve SEPs in the present study revealed that the largest N20 amplitude
was identified in the electrode overlying the postcentral gyrus in 54 patients (84%), the central
sulcus in 8 patients (13%), and the pre-central gyrus in 2 patients (3%). This finding indicated
that ‘the primary sensory hand area’ estimated by N20 amplitude was mostly located in the
postcentral gyrus in our subjects; this observation is quite consistent with observations from
previous studies using intracranial recording (Allison et al., 1989) and MEG (Kawamura et al.,
1997). These studies localized the generator of N20 peaks on the postcentral gyrus in the
majority of patients, but on the precentral gyrus in only a small subset of patients (Allison et
al., 1989; Kawamura et al., 1997). Consistency in the SEP findings between the present and
previous studies indicates that subdural electrodes and the three-dimensional surface brain
image were accurately coregistered, and also validates the method identifying the central sulcus
using the anatomical landmarks. In the present study, furthermore, at least 70% of the patients
showing a positive motor response on cortical stimulation exhibited an overlap of primary
motor and sensory areas in the postcentral gyrus. A previous study of cortical stimulation has
shown that such an overlap of motor and sensory functions in the postcentral gyrus may be
seen in a subset of patients (Nii et al., 1996).
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Future direction
In the present study, we analyzed hand movement as a whole, and not for each individual finger,
partially because the intercontact distance of platinum grid electrodes was 10 mm, which is
not small enough to assess movement in each finger. Usage of a different type of subdural
electrodes with a smaller intercontact distance and a smaller disk diameter may further localize
the primary motor areas for various body parts including the face and leg in more detail. Our
observation that the primary hand motor cortex was localized to the postcentral gyrus more
frequently than to the precentral gyrus needs to be replicated in a similar or different population
including adults with and without epilepsy. Such studies may determine whether the primary
hand motor cortex localized in the postcentral gyrus is an observation specific to children with
focal seizures.
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Figure 1.
A 7-year-old boy with left occipital lobe epilepsy. The three-dimensional surface brain image
(A) was visualized simultaneously in the horizontal (B), coronal (C) and sagittal planes (D).
As the red cursor on the horizontal plane (B) was moved to the omega-shaped sulcus which is
posterior to the precentral sulcus at the junction with the superior frontal sulcus (arrow), the
yellow cursor was moved to the sulcus (white line) on the three-dimensional surface brain
image (A). This white line was defined as the central sulcus in this patient. (E) The three-
dimensional brain surface image showed the subdural electrodes (circles) placed over the left
hemisphere especially on the left occipital region. The primary motor hand area (yellow circles)
was confined to the postcentral gyrus. (F) The study of somatosensory evoked potentials (SEPs)
for the median nerve revealed that electrode #15 on the postcentral gyrus had the largest N20
amplitude. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of the article.)
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Figure 2.
A 9-year-old girl with left temporal lobe epilepsy. The three-dimensional surface brain image
(A) was visualized simultaneously in the horizontal (B), coronal (C) and sagittal planes (D).
As the red cursor on the horizontal plane (B) was moved to the omega-shaped sulcus, the yellow
cursor was moved to the sulcus (white line) on the three-dimensional surface brain image (A).
This white line was defined as the central sulcus in this patient. (E) The three-dimensional
brain surface image showed the subdural electrodes (circles) placed over the left hemisphere.
The primary motor hand area (yellow circles) was confined to the postcentral gyrus. (F) The
study of somatosensory evoked potentials (SEPs) for the median nerve revealed that electrode
#3 on the postcentral gyrus had the largest N20 amplitude. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of the article.)
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Figure 3.
Summary of mapping results. Electrical stimulation failed to induce a contralateral hand
movement in 15 patients, whose mean age was 3.4 years. On the other hand, a contralateral
hand movement was induced by electrical stimulation in the remaining 50 patients, whose
mean age was 9.7 years. The primary motor hand area was confined to the precentral gyrus in
9 patients (18%), confined to the postcentral gyrus in 24 patients (48%), and located to both
the pre- and post-central gyri in the remaining 17 patients (34%). McNemar's test revealed that
the observed frequency of 24 patients showing the primary motor hand area confined to the
postcentral gyrus was significantly larger than chance frequency. It should be noted that the
number of patients classified as ‘No Motor Response Group’ or ‘Pre- & Postcentral Gyri
Group’ did not affect the test statistics.
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