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The somatotopical organization of the human somatosensory
cortex was analyzed with echo-planar imaging at 1.5 Tesla,
utilizing deoxyhemoglobin as an endogenous contrast me-
dium. Scrubbing stimulation at a frequency of 3 Hz was ap-
plied to one of three cutaneous areas: toes, fingertips, and
tongue tip. Parasagittal echo-planar slices were obtained ev-
ery 2 s. We found focal bands of increased signal intensity (4%
on average) during the stimulation, with a rise time of 2-6 s.
These activated bands were located on the contralateral post-
central gyrus. The cortical responses from the three stimula-
tion sites were anatomically distinct and organized medially-
to-laterally in the order of toes, fingertips, and tongue tip.
Key words: functional MRI; echo-planar imaging; human brain
mapping; somatosensory cortex.

INTRODUCTION

Recent development of the noninvasive techniques of
functional magnetic resonance imaging (fMRI) has en-
abled human brain mapping without the need for an
exogenous contrast medium (1, 2). It has been demon-
strated that the underlying mechanism is a local change
in magnetic susceptibility related to blood oxygenation
level dependent signal (3), the elevation of which accom-
panies increased neuronal activity (4). One significant
advancement of fMRI is the application of an ultra-fast
echo-planar imaging (EPI) sequence (5), which improves
temporal resolution and thus enables dynamic mapping
(6, 7).

In order to estimate the spatial resolution of imaging
techniques, it is useful to study topographical organiza-
tion of sensory cortices. Positron emission tomography
(PET) studies have already documented retinotopy (8)
and somatotopy (9, 10), in which spatial resolution of
scanning is typically more than 10 mm full width at
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half-maximum. Recently, retinotopy has been further
characterized by fMRI studies with the resolution of 1-2
mm (11, 12). Using fMRI, we report here the character-
ization of somatotopy by applying appropriate tactile
stimulation to distinct cutaneous areas in the primary
somatosensory cortex (SI). The physiological assessment
of the spatial resolution of fMRI has been hampered,
because the contribution of venous vessels to changes of
signal intensity remains controversial. We used a mag-
netic resonance angiography (MRA) scan to identify ma-
jor veins and to exclude the possibility of their main
contribution. As for the temporal resolution, we utilized
the ultra-fast EPI sequence to measure the time course of
signal changes. A part of this study has been reported in
abstract form (13, 14).

METHODS

Functional magnetic resonance imaging experiments
were performed by using a 1.5 T fMRI system equipped
with EPI sequence, which was developed at Hitachi Cen-
tral Research Laboratory. The gradient coils of elliptic
cylinder shape (width, 52 cm; height, 40 cm; length, 50
cm) were designed to alleviate the power requirements
for gradient field drivers. Their maximum strengths were
G, = 24 mT/m, G, = 36 mT/m, G, = 40 mT/m. The RF
coil (quadrature coil) of cylinder shape (diameter, 26 cm;
length, 20 cm) was optimized to enhance its sensitivity
without degrading the local homogeneity of the RF field
in cortical regions. An RF shield (diameter, 33 cm;
length, 25 c¢cm) surrounded this RF coil. Approval for
these human experiments was obtained from the institu-
tional review board of the University of Tokyo, School of
Medicine.

Six normal right-handed volunteers aged 23—43 years
were examined in this study. The subjects were in a
supine position in the magnet, and their heads were held
still with padding inside the RF coil. The subjects’ eyes
were closed, and the room lights were dimmed. Extrane-
ous sounds were dampened with plastic molds placed in
the ear canals. The scrubbing stimulation was applied
manually at a frequency of 3 Hz, and the stimulation was
synchronized with the sound of EPI beats (2-s interval).
We tested three cutaneous areas: right toes, right (or left)
fingertips of Digits 1-3, and tongue tip. Toes were stim-
ulated from the tibial side to the peroneal side using a big
brush (outer size, 7 X 9 cm?; contact area of polypro-
pylene filaments, 180 mm?®) with a 3-kg bending force
and 17 g/mm? bending pressure. Fingertips were stimu-



Functional Mapping of Human Somatosensory Cortex with EPI

lated from the radial side to the ulnar side using a small
brush (outer size, 1 X 2.5 cm?; contact area of polybuty-
lene terephthalate filaments, 70 mm?) with a 1-kg bend-
ing force and 14 g/mm?® bending pressure. Tongue tip
was stimulated from the medial side to the right side
{2-cm long) using a cotton swab {stick diameter, 2 mm)
with a 30-g bending force and 10-g/mm” bending pres-
sure. The scrubbing stimulus for each cutaneous area
caused no pain, and the consistency of stimulus applica-
tion was confirmed by the subject’s report. These inten-
sities of bending pressure were matched with a standard
value of 16 g/mm? for receptive field mapping in the
primate SI with the use of suprathreshold nylon mono-
filament von Frey hairs (15): von Frey filaments have
been extensively used to assess touch-pressure sensation
(16). We also tested vibrotactile stimulation on fingertips
of Digits 1-4 at a frequency of 125 Hz and an amplitude
of 2 mm, which are the same parameters as those in the
PET studies (9, 10].

Each stimulation trial consists of the first resting pe-
riod of 40 s (or 30 s}, tactile stimulation period of 30 s,
and the second resting period of 40 s. A single session
consists of 7 to 16 trials. For the functional imaging, we
utilized a blipped, gradient-echo EPI pulse sequence
with a flip angle (FA) of 90° to give T,* weighting that is
sensitive to local deoxyhemoglobin levels. The data ac-
quisition time was 60 ms/slice with the half Fourier
method. Parasagittal EP slices of 1- or 1.5-cm thickness
(field of view (FOV), 260 X 260 mm?; in-plane resolu-
tion, 2 X 4 mm?) were obtained every 2 s (TR) during
each trial. The in-plane size of each pixel in an EP image
was 2 X 2 mm?” after linear interpolation. A spin-echo
{SE} image with T, weighting (TR = 500 ms; TE = 30 ms]
of the corresponding parasagittal slice (FOV, 260 X 260
mm?; in-plane resolution, 1 X 1 mm?) was taken every 7
or 8 trials. This SE image was utilized for the confirma-
tion of the head position and for the anatomical registra-
tion of activated regions.

Each pixel in an EP image corresponds approximately
to the pixel in the same position of an SE image, because
the same field of view and slice parameters were used for
the same gradient coils. The expected geometric distor-
tion for EP images was calculated as follows. Because the
signal was sampled at 370 kHz for an area of 520 X 260
mm?® (readout X phase-encode), the bandwidth/pixel
(pixel size, 2 X 2 mm?®) due to sampling characteristics
for the readout direction (dorso-ventral axis) is

Af/f, =370 kHz/(63.8 MHz X 128 X 2) = 23 ppm.  [1]

Assuming 0.2-ppm inhomogeneity across a pixel, the
distortion in the readout direction is negligibly small
{0.01 pixel). For the phase-encode direction (antero-pos-
terior axis), the geometric distortion due to 0.1-ppm field
inhomogeneity AB (0.151T) can be estimated as

Ay = (y/2%) X ABX 7 X FOV = 1.3 mm, [2]

in which v is the gyromagnetic ratio of proton (y/27 =
42.6MHz/T), and 7 is the interval of echos (0.8ms). Be-
cause the field inhomogeneity in the anatomical region is
less than 0.2 ppm, the distortion in the phase-encode

737

direction is less than 1 pixel. Moreover, we carefully
adjusted the head position laterally and dorsally so that
the post central gyrus to be observed was near the center
of the magnet, where the spatial distortion was minimal.

Before EP scans in a single session, we first obtained
the SE image of a coronal section for the same subject and
selected a parasagittal plane to be observed. Next, we
obtained the SE image of the parasagittal plane and iden-
tified the postcentral gyrus on this SE image. To estimate
the mediolateral position of activated areas, we first
adopted the multislicing technique for three adjacent EP
slices {each thickness = 1 cm) and stimulated one cuta-
neous area. Then we determined the center of one
parasagittal slice that would maximize the signal-to-
noise ratio and acquired the final EPI data using this
single slice position.

We identified areas with signal increase related to tac-
tile stimulation by the following procedures. First, we
averaged images in the first resting period of each trial
and normalized all images of that trial with this averaged
image for each voxel. The first five images at the sam-
pling onset were excluded from averaging to ensure the
stable resting condition of brain tissues as well as the
subject’s alertness. Next, we pooled normalized images
in the first resting period of all trials in a single session as
“OFF” data. For “ON” data, we pooled normalized im-
ages in the stimulation period of all trials in the same
session except for the first three images in this period,
which might reflect a transitional phase. Statistical sig-
nificance of signal changes (ON versus OFF) was as-
sessed with two-sided Student’s #test for each voxel.
Voxels with insignificant and negative f-values were zero-
filled, because negative correlations were not investi-
gated in this study. These t-values were then superim-
posed on the corresponding anatomical SE image with a
color scale. This color map is called here an activation
t-map. Data processing was performed on HP375 and
HP720 computers (Hewlett-Packard Company, Cuper-
tino, CA) with custom software.

We also utilized a conventional MRI scanner, MRH-
1500 (Hitachi Medical Corporation, Tokyo, Japan), for
the MRA study to identify major veins. An MRA scan
was run with a three-dimensional {3D} phase contrast
sequence (17} (TR = 40 ms; TE = 17 ms; FA = 20°; flow
for a phase shift of 7, 10 cm/s; FOV, 220 X 220 mm?;
horizontal in-plane resolution, 0.86 X 0.86 mm?; slice
thickness, 2 mm; bulk thickness, 48 mm from the dorsal
surface; with flow compensation; no presaturation; no
contrast medium). This sequence permits the visualiza-
tion of small vessels having relatively slow flow. For the
surface structure imaging, a two-dimensional (2D) fast SE
image with T, weighting was obtained (TR = 3000 ms;
TE = 170 ms; FA = 90°;, FOV, 220 X 220 mm?; in-plane
resolution, 0.86 X 0.86 mm?; slice thickness, 50 mm).
This sequence enhances surface cerebrospinal fluid with
long T, relaxation time. Note that the surface structure
image in Fig. 1 is shown black and white reversed. The
overlay of an MRA image on a surface structure image
was performed with ANALYZE software (Mayo Clinic
and Foundation, Rochester, MN).
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RESULTS

Reliable identification of the central sulcus was realized
with the surface structure imaging of the dorsal cortex
(Fig. 1). On this surface image, major vessels were visu-
alized using an MRA technique. We observed that the
location of superior cerebral veins varies considerably
with each hemisphere. In the left hemisphere shown in
Fig. 1, two thick veins were in the precentral sulcus and
the postcentral sulcus. Much thinner veins were found in
the vicinity of the superior sagittal sinus. Because there
were no major veins in the central sulcus, we studied this
subject most extensively. This method is particularly
important, because it has been argued that changes of
signal intensity might originate from superficial veins
rather than the cortical parenchyma.

We found that the scrubbing stimulation on fingertips
produced a significant increase of signal intensity in
parasagittal slices approximately at the level of lateral 40
mm (the middle of the thickness of slices). Fig. 2a shows
the activated areas localized within the contralateral
postcentral gyrus at the level of lateral 42 mm (L 42). This
region extended along the central sulcus as a band, and
its in-plane size was 27 X 4 mm?. This band did not
correspond with the location of the MRA-imaged veins in
the same subject (Fig. 1), which showed no significant

FIG. 1. The identification of the central sulcus and major venous
vessels. An overlay of an MRA image on a surface structure image
of the dorsal cortex (top view). Cerebral sulci and fissures are
shown in black. A black arrowhead indicates the left central sul-
cus. The postcentral gyrus locates posteriorly to the central sul-
cus. The MRA image of vessels (shown in blue and white) was
obtained with a maximum intensity projection through the dorso-
ventral axis. The vessel along the midline is the superior sagittal
sinus. In the left hemisphere, major superior cerebral veins are
located in the precentral sulcus and the postcentral sulcus,
whereas other thinner veins can be found in the vicinity of the
superior sagittal sinus. Note that there were no major veins in the
central sulcus in the left hemisphere. A, anterior; P, posterior; L,
left; R, right.
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Table 1
Location and Intensity of Activation in the Postcentral Gyrus
(Intrasubject)

Stimulated Lateral Maximum
. . . Degrees of
area location intensity  t-value fraadi

(scrubbing) (mm) (%)
R Fingertips L 41 6.7 11.8 41
L Fingertips R 39 6.4 4.7 41
R Fingertips L 38 3.1 6.1 65
L Fingertips R 42 5.5 6.8 64
R Fingertips L 38 2.8 5.7 160
L Fingertips R 42 23 9.1 159
R Fingertips L 42 4.7 104 131
R Fingertips L 38 2.1 9.1 106
mean * SD L400*+19 42=19
Tongue tip L 54 4.8 6.9 79
Tongue tip L 56 4.7 12.5 160
Tongue tip L 50 2.4 6.3 233
mean * SD L533+31 40=*14
R Toes L7 5.1 13.0 106
R Toes L5 4.0 5.4 79
R Toes L.5 35 9.1 106
R Toes L5 2.7 121 213
R Toes L5 6.8 9.6 106
mean * SD L54+09 4416

R, right; L, left; SD, standard deviation. Each row corresponds to a single
session for Subject 1. Lateral location is the lateral distance at the middle of
the thickness of parasagittal slices. Maximum intensity is the percent
change in MRl signal (averaged for all trials in a single session) for one voxel
located in the postcentral gyrus. These data are highly significant as shown
by large t-values.

Table 2
Location and Intensity of Activation in the Postcentral Gyrus
(Intersubject)

Stimulated area Subject Lateral location ~ Maximum
(scrubbing) (mm) intensity (%)
Fingertips 1 L 40.0 4.2
Fingertips 2 L 37.0 1.9
Fingertips 3 L 40.5 3.1
Fingertips 4 L 38.0 2.7
mean * SD L 389 =17 3.0=x1.0
Tongue tip 1 L 53.3 4.0
Tongue tip 2 L 53.0 6.7
Tongue tip 3 L 53.0 2.2
Tongue tip 5 L 54.0 5.2
mean * SD L53.3 05 45 *1.9
Toes 1 L54 4.4
Toes 2 L 4.0 2.6
Toes 4 L 3.0 4.8
Toes 5 L5.0 3.7
mean * SD L44 +14 39*1.0

L, lateral; SD, standard deviation. Each row corresponds to data averaged
for each subject. Lateral location is the lateral distance at the middle of the
thickness of parasagittal slices. Maximum intensity is the percent change in
MRI signal for one voxel located in the postcentral gyrus.

activation. The upper end of the focal band in this slice
(L 42) was located in the middle of the entire span of the
central sulcus. The parasagittal slices that showed post-
central gyrus activation by fingertip stimulation were
centered at L. 40.0 = 1.9 mm in one subject (Table 1), and
this result was confirmed in other subjects (Table 2). We
also confirmed that there was no comparable activation
in the ipsilateral postcentral gyrus.
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FIG. 2. Time-locked focal activation in
the postcentral gyrus during fingertip
stimulation. (a) The activation t-map of
a left parasagittal slice centered at L 42
(thickness, 1.5 cm), for the same sub-
ject shown in Fig. 1. An arrowhead in-
dicates the central sulcus. The color
scale is linear in units of t-values and
represents significance level of in-
creased signal intensity. The colored
voxels represent areas of highly signif-
icant change (P < 0.001) in signal in-
tensity. Degrees of freedom (d.f.) are
indicated, assuming that each image is
an independent sample. This activation
t-map shows the areas of signal in-
crease induced by the scrubbing stim-
ulation on right fingertips, in compari-
son to the resting condition. The
activated band is clearly localized in
the postcentral gyrus. A, anterior; P,
posterior; D, dorsal; V, ventral. (b) The
time course of the signal change at a
single voxel in the postcentral gyrus.
This typical voxel is indicated by an
arrow in (a). The mean and standard
error values (n = 5) are plotted against
image number (2 s/image), in which n
refers to the number of trials within a
single session for one subject. The
stimulation was applied from image
No. 11 to image No. 26, as denoted by
a hatched rectangle. Note the time-
locked signal increase and recovery.
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It has been shown that EPI is one of few techniques that
can critically sample blood oxygenation level dependent
contrast functional signal modulations. Fig. 2b demon-
strates the signal change induced by fingertip stimula-
tion. Just after applying the stimulation, the signal inten-
sity increased and reached a plateau of about 4% level
with a rise time of 2—6 s. The recovery time required to
reach the resting level after termination of the stimula-
tion was slightly longer than the rise time. This time
course was reproducible in every trial as indicated by the
value of standard error. In contrast to other techniques of
electroencephalography and magnetoencephalography,
the signal-to-noise ratio of fMRI is high enough to ob-
serve a stimulus-dependent time course, even in a single
trial.

Sakai et al.

FIG. 3. Focal bands of activation in
the postcentral gyrus during tongue tip
and toe stimulation. (a) The activation
t-map of a left parasagittal slice cen-
tered at L 54 (thickness, 1.5 cm). The
orientation of the figure is the same as
that of Fig. 2a. An arrowhead indicates
the central sulcus. The colored voxels
represent areas of highly significant
change (P < 0.001) in signal intensity.
Degrees of freedom (d.f.) are indicated,
assuming that each image is an inde-
pendent sample. This activation t-map
shows the areas of signal increase in-
duced by the scrubbing stimulation on
the tongue tip, in comparison to the
resting condition. One activated band
is localized in the postcentral gyrus. (b)
The activation t-map of a left sagittal
slice centered at L 5 (thickness, 1.0
cm). The orientation of the figure is the
same as that of Fig. 2a. An arrowhead
indicates the central sulcus. This acti-
vation t-map shows the areas of signal
increase induced by the scrubbing
stimulation on the right toes, in com-
parison with the resting condition. One
activated band is localized in the post-
central gyrus.

We then tested the effect of scrubbing on different
cutaneous areas. Because the preferred stimulus varies
significantly with cutaneous areas, we selected a cotton
swab for the scrubbing (or tapping) stimulation of the
tongue tip. The activated areas were found in a slice more
lateral (Fig. 3a) than the slice for fingertip activation. The
area showing the highest level of activation was the focal
band within the postcentral gyrus. The parasagittal slices
that showed postcentral gyrus activation by tongue tip
stimulation were centered at L 53.3 = 3.1 mm in one
subject (Table 1), and this result was confirmed in other
subjects (Table 2). More posteriorly, we found that other
regions were activated with this stimulation. They in-
cluded a portion of the parietal operculum (red voxels
near the sylvian fissure in Fig. 3a), which has been sug-
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FIG. 4. Somatotopical organization revealed by the stimulus se-
lectivity of the cortical activation. (a} The time course of the signal
changes at a single voxel in the postcentral gyrus, observed in a
left sagittal slice centered at L 5 (thickness, 1.0 cm). This typical
voxel is indicated by an arrow in Fig. 3b. The mean values (n = 4)
are plotted against image number (2 s/image), in which n refers to
the number of trials within a single session for one subject. The
stimulation was applied from image No. 16 to image No. 31, as
denoted by hatched rectangles. Note the time-locked signal in-
crease and recovery that are induced by the stimulation of right
toes (upper), but not by the stimulation of right fingertips {lower).
{(b) The time course of the signal changes at a single voxel in the
postcentral gyrus, observed in a left parasagittal slice centered at
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gested as the secondary somatosensory area (see ref. 10
for a recent PET study on the secondary somatosensory
area).

We further tested the scrubbing stimulation on toes,
using a bigger and harder brush than the brush for fin-
gertip stimulation. The activated areas were found in a
medial sagittal slice centered approximately at L 5 (Fig.
3b). The area showing the highest level of activation was
within the postcentral gyrus, which is anterior to the
cingulate sulcus (pars marginalis). The parasagittal slices
that showed postcentral gyrus activation by toe stimula-
tion were centered at L. 5.4 * 0.9 mm in one subject
{Table 1), and this result was confirmed in other subjects
{Table 2). Other activated regions were in the precentral
gyrus, which might suggest the feedback of sensory input
to the primary motor cortex or the isometric contraction
of foot muscles in resisting the stimulus force.

As shown in Tables 1 and 2, the lateral locations of
activation that correspond to the three stimulation sites
were significantly different for intrasubject comparison
(P < 0.0001, F(2, 8) = 735; F test with unequal variances
(18)) and for intersubject comparison (P < 0.0001,
F(2, 5) = 1850). The locations for fingertips and tongue
tip were significantly different for intrasubject compari-
son {P < 0.01, t'{3) = 6.96; t test with unequal variances
{18)) and for intersubject comparison (P < 0.001, t'(4) =
16.25), and the difference between the location of finger-
tips or tongue tip and that of toes was unequivocally
significant. These results clearly confirm the somatotopy
in the human somatosensory cortex. On the other hand,
there was no significant difference in the maximum in-
tensities of activation induced by the three stimuli for
intrasubject comparison (P > 0.1, F(2, 12) = 0.068) as
well as for intersubject comparison (P > 0.1, F(2, 6) =
1.33), which confirms that these stimuli were equally
effective. _

A more direct demonstration of somatotopical organi-
zation is the stimulus selectivity of the cortical activa-
tion. We tested toe stimulation and fingertip stimulation
alternately in different trials of a single session. The time
course of signal changes at a single voxel in the postcen-
tral gyrus showed distinct stimulus selectivity, Within
sagittal slices centered approximately at L 5, there was a
time-locked signal increase with toe stimulation but not
with fingertip stimulation (Fig. 4a). This observation was
further confirmed in more lateral parasagittal slices, with
testing of all three kinds of stimulation. Both the time-
locked signal increase and recovery were found only for
fingertip stimulation; neither toe stimulation nor tongue
tip stimulation induced a comparable effect {Fig. 4b).

Previous PET studies reported the activation of the
somatosensory cortex by vibrotactile stimulation (9, 10).
We confirmed this observation using the same parame-
ters of stimulation (13). We tested two subjects and re-
sults were reproducible within one subject (the 6th sub-

L 38 (thickness, 1.5 cm}). The mean values {n = 4) are plotted
against image number (2 s/image). The stimulation was applied
from image No. 11 to image No. 26, as denoted by hatched
rectangles. Note the time-locked signal increase and recovery that
are induced by the stimulation of right fingertips (middle), but not
by the stimulation of right toes {upper) or tongue tip {lower).
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ject}. As to the vibrotactile stimulation on fingertips, the
activated areas were localized within the postcentral gy-
rus at the level of L 39.1 + 2.0 mm (N = 8 within this
subject). This lateral level of the parasagittal slices
matched with that for the scrubbing stimulation on fin-
gertips (mean, L 38.9 in Table 2). Because the other
subject (Subject 1 in Table 1) did not show consistent
activation, we tested scrubbing stimulation instead and
found reproducible activation within and across sub-
jects.

DISCUSSION

We found that the focal bands induced by stimulation of
the three cutaneous areas were organized medially-to-
laterally in the order of toes (mean, L. 4.4 in Table 2),
fingertips (L 38.9), and tongue tip (L 53.3). Not only this
order, but also the mediolateral positions agree well with
the previous studies of the human somatosensory cortex
with electrical stimulation (19), evoked potential record-
ing (20), PET {9}, and magnetoencephalography (21). Our
study provides, to our knowledge, the first successful
application of fMRI to somatotopical mapping. It re-
quires higher spatial resolution than was achieved in this
study to obtain a more detailed map for the somatotopi-
cal organization.

The rise time of 2-6 s found in this study is compara-
ble to the delay time of signal increase in the human
visual cortex observed with fMRI, utilizing a flashing
checkerboard pattern at 8 Hz as a visual stimulus {7).
Moreover, the similar rise time revealed by optical imag-
ing of intrinsic signals (activity-dependent absorption at
630 nm) (22) indicates that the same mechanisms might
be involved. In contrast to the rise time, the recovery time
required to reach the resting level was found to be more
variable (Figs. 2b, 4a, and 4b). The recovery time might
depend on several factors: the stimulus modality (e.g.,
scrubbing or vibration), the stimulus site (fingertips,
etc.), and the stimulus duration (here, 30 s). It would be
interesting to study whether the recovery time correlates
with the duration of after-sensation.

A recent study of motor responses showed that a pial
vein in the central sulcus matched with the region in
which signal changes were induced by finger motion
(23). Because of the following reasons, it is unlikely that
the focal bands induced by tactile stimulation were due
to signals entirely from a single vein in the central sulcus.
First, there were no major vessels in either the central
sulcus or the postcentral gyrus (Fig. 1). Second, the acti-
vated band in Fig. 2a is localized within the postcentral
gyrus, and it is at least 4 mm from the central sulcus.
Third, we observed the stimulus-selective signal changes
in the focal bands (Fig. 4), demonstrating the existence of
distinct bands activated by the stimulation of single cu-
taneous areas. It suggests that these bands correspond to
a limited range of topographically organized areas. Al-
though it remains to be studied whether the origin of the
signal is the cortical parenchyma, our present study
clearly demonstrates that the spatial resolution of fMRI is
sufficient to reveal the somatotopy with physical tactile
stimulation. This imaging technique shows promise for

Sakai et al.

future dynamic mapping of activation in cognitive pro-
cesses without physical stimulation (24).
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