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BACKGROUND AND PURPOSE: Our objective was to map by means of a conventional
mid-field (1.0 T) MR imaging system the somatosensory areas activated by unilateral tactile
stimulation of the hand, with particular attention to the areas of the ipsilateral hemisphere.

METHODS: Single-shot echo-planar T2*-weighted imaging sequences wer e performed in 12
healthy volunteers to acquire 10 contiguous 7-mm-thick sections parallel to the coronal and
axial planes during tactile stimulation of the hand. The stimulation paradigm consisted of
brushing the subjects’ palm and fingers with a rough sponge at a frequency of about 1 Hz.

RESULTS: Stimulation provoked a signal increase (about 2% to 5%) that temporally cor-
responded to the stimulus in several cortical regions of both hemispheres. Contralaterally,
activation foci werein the anterior parietal cortex in an area presumably corresponding to the
hand representation zone of the first somatosensory cortex, in the posterior parietal cortex,
and in the parietal opercular cortex forming the upper bank of the sylvian sulcus and probably
corresponding to the second somatosensory cortex. Activation foci were also observed in the
frontal cortex. Ipsilaterally, activated areas were in regions of the posterior parietal and oper-
cular corticesroughly symmetrical to those activated in the contralateral hemisphere. The same
activation pattern was observed in all subjects.

CONCLUSION: The activated areas of the somatosensory cortex described in the present
study corresponded to those reported in other studies with magnetoelectr oencephalography,
positron emission tomography, and higher-field functional MR imaging. An additional area of
activation in the ipsilateral parietal operculum, unnoticed in other functional MR imaging

studies, was also observed.

Over the last few years, functional MR imaging has
provided a safe and noninvasive method to study
human brain function in vivo (1, 2). Its superior
time and space resolution, the possibility of obtain-
ing both anatomic and functional images in the
same session, and the absence of radiation exposure
give it advantages over positron emission tomog-
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raphy (PET), another widely used functiona
imaging method.

Functional MR imaging has been widely used to
study auditory, motor, visual, and somatosensory
systems in the human cerebral cortex (3). Investi-
gations of the cortical somatosensory system (4—14)
have been focused mainly on the hand region (6—
10) or the whole body map (11-13) of the postcen-
tral cortex corresponding to the first somatosensory
area (Sl). Somatosensory cortical activation outside
S| has occasionaly been described: tactile stimula-
tion of the hand evoked a focus of activation in a
region of the parietal opercular cortex of the contra-
lateral hemisphere corresponding to the second so-
matosensory area (Sl1) (13), while active tactile ex-
ploration (14) and passive tactile stimulation (13)
produced activation in a region of the posterior pa-
rietal cortex lying posteriorly and medialy to S,
and probably corresponding to the cytoarchitectonic
areas 2 through 5 (13, 14). Somatosensory activation
in the ipsilateral hemisphere has been reported in the
posterior parietal cortex but not in SII (6, 13, 14).
Conversely, bilatera activation of the parietal oper-
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culum during unilateral stimulation of somatosen-
sory receptors or nerves has been described in hu-
mans with the use of severa other techniques, such
as somatosensory evoked potentials (SEPs) (15-19),
magnetoel ectroencephalography (MEG) (19-27),
and PET (28-30).

The aim of the present research was to use 1.0-
T functiona MR imaging to investigate the acti-
vation of cortical somatosensory areas, in particular
those of the ipsilateral hemispheres, in a group of
healthy volunteers whose hand and finger surfaces
were stimulated with moving tactile stimuli. In
nonhuman primates, our stimulation paradigm
proved to be the most effective in activating neu-
rons in the posterior parietal (31) and parietal oper-
cular (32—34) cortices containing the bilateral rep-
resentation of the body surface. The use of a 1.0-T
system supports recent data on sensorimotor and
visual systems (35-37) showing that even mid-field
magnets, though mainly used for diagnostic pur-
poses, are able to generate functional images of
cortical activation similar to those obtained with
higher-field scanners (see [1] for a review).

M ethods

Twelve healthy volunteers, 21 to 59 years old, gave their
informed consent to participate in the study. Four subjects par-
ticipated twice and one subject three times at intervals of 2 to
3 months. All but two were strongly right-handed, as deter-
mined by the Edinburgh handedness survey (38). Subjects
were placed in a 1.0-T scanner equipped with 23 mT/m gra-
dients, their heads firmly restrained within the standard, cir-
cularly polarized, head coil. A chin-holder was used to avoid
flexion and extension movements of the head. Subjects were
instructed to keep their eyes closed and to find a comfortable
position and relax, avoiding even minima movement; their
ears were plugged. The first step consisted of the acquisition
of a 2D spoiled gradient-recalled (SPGR) anatomic sagittal lo-
calizer image to select section levels with parameters of 120/
15/1 (TR/TE/excitations); flip angle, 70°; field of view, 23 X
23 cm; section thickness, 7 mm; matrix, 256 X 256; and a
scan time of 31 seconds. The second step involved functional
MR acquisitions in coronal planes with a single-shot echo-
planar T2*-weighted sequence (3000/60/1); flip angle, 90°
field of view, 28 X 21 cm; matrix, 96 X 64; and scan time of
2:30 minutes. The corona planes were orthogonal to the sag-
ittal plane and parallel to the floor of the fourth ventricle, as
identified on the midline sagittal plane localizer image. Coro-
nal sections were chosen because they clearly show the sylvian
sulcus and the opercular cortex containing SlI. Ten contiguous
7-mm-thick coronal sections were selected, and 500 coronal
functional images (50 per section, one image every 3 seconds)
were acquired during the stimulation/rest cycle. Tactile stim-
ulation consisted of the experimenter brushing the subject’s
right palm and fingers with a rough sponge (glued to a wooden
support) at afrequency of about 1 Hz. Thiskind of stimulation,
which activates tactile and vibration receptors and probably
also deep receptors, has been proved to be highly effective for
activating neurons in somatosensory areas outside S| (area 3b),
in particular areas 2 through 5 and Sl| in the macague monkey
(31-34). The stimulation paradigm lasted 2:30 minutes and
consisted of five alternating 30-second periods, three of rest
and two of stimulation. Several paradigms were repeated in
each subject over a period of about 30 minutes. To compensate
for nonspecific signal intensity changes (39), the experimenter
made similar stimulus movements 10 to 15 cm above the sub-
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ject’s hand during the rest periods. Consecutive images from
each section were examined in cine mode to detect possible
motion of the head (see [40] for a review). Stimulation trials
during which head movement was detected were discarded.
Functional images were obtained with the blood oxygenation
level-dependent (BOLD) contrast method.

The third step involved the acquisition of anatomic 2D-
SPGR images (100/12/1; flip angle, 70°; field of view, 28 X
21 cm; thickness, 7 mm; matrix, 256 X 256; scan time 3:17
minutes for 10 images) in the same coronal plane so that the
functional images could be superimposed on the anatomic im-
ages. The latter aso alows visualization of blood vessels,
which are possible sources of BOLD signal (40). The second
and third steps were repeated to acquire functional images
from axial sections, since axial views allow clear identification
of the central sulcus and consequently of the postcentral cortex.
The axial planes were orthogonal to both the sagittal and co-
ronal planes. Ten contiguous 7-mm-thick axial sections were
selected, and 500 axial functiona images (50 per section, one
image every 3 seconds) were acquired during another 2:30-
minute stimulation cycle. Then, high-resolution anatomic im-
ages were acquired in the same axia planes as the functional
images.

At the end of the experimental session, the acquired images
were transferred to a Unix workstation (Advantage Windows
1.2, Genera Electric, Milwaukee, WI) and analyzed by means
of proprietary software (Functool, General Electric). The soft-
ware calculates a correlation coefficient that relates the time-
course data to a reference function, which is a periodic square
wave (41). The correlation coefficient is related to the t param-
eter of Student’s t-test by a precise relationship and thresholded
by a confidence level selected by the operator (its value was
usually = 0.00001; ie, a 0.001% probability that the signal
increase is unrelated to the reference function). For each image
(obtained by superimposing the functional and the anatomic
images from the same section level), the software builds a
‘“correlation map’’ displaying, with the aid of a color scale,
the degree of correlation of each pixel value with the square
wave: red pixels indicating strong correlation, blue pixels poor
correlation. For each of the activated cortical zones, a region
of interest (ROI) was selected, and for each ROI the software
allowed visualization of the signal variation that occurred dur-
ing the stimulation cycle. The area of the ROl was kept as
uniform as possible (43 mm?2) among subjects and among the
different cortical areas. The signal change was then displayed
as a graph, in which the x-axis is in fact a tempora scale
reporting the progressive number of functional images ac-
quired (one image every 3 seconds), and the y-axis represents
the signal expressed as a percentage of the signal obtained
from the brain during the rest periods (baseline). The signal
increase ranged from approximately 2% to 5% above baseline,
depending on the cortical area studied. This estimation was
obtained, for each graph, by calculating the mean percentage
value of the signal during the first and second rest periods, the
mean percentage value of the signa increase during the two
stimulation periods, and by calculating the difference between
these two mean values. Since the area of the ROIs was kept
uniform (43 mm?), in some cases small portions of inactivated
cortex could have been included. In these instances, the signal
increase might be underestimated, because the mean value
resulted from all the pixels included in the ROI.

The somatosensory areas were identified by analyzing their
anatomic location as defined both by standard anatomic land-
marks (eg, the w-shaped central sulcus in the axial views) and
by a reference atlas (42).

Results
In al subjects, unilateral tactile stimulation of
the hand provoked local blood-flow increases in
several cortical areas of the contralateral and ipsi-
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lateral hemispheres, which were temporally
correlated with the stimulation pattern.

Contralaterally, the activated regions were in the
anterior and posterior parietal cortex, in the parietal
operculum, and in the frontal cortex. Figure 1, from
a representative case (subject GP), shows an acti-
vation focus in the anterior parietal cortex just pos-
terior to the central sulcus, along its upper genu
(Fig 1A, box 1). In this region, the signal increase
observed during stimulation was about 5% above
baseline (Fig 1B). Another activation focus was in
the posterior parietal cortex (Fig 1C, box 2); it was
smaller in extent than the one in the anterior pari-
etal cortex, and the signal increased slightly less
than 2% above baseline (Fig 1D, graph 2, purple).
However, since an activation focus in this region
was present in all subjects, and since the signal
increase, though small, closely corresponded to the
temporal pattern of stimulation, the activation in
the posterior parietal cortex was considered a sig-
nificant response to the stimulation rather than to
noise. Moreover, the second ROI appears to include
a small portion of inactivated cortex and, conse-
quently, in this case the signal increase may be un-
derestimated (see Methods). Figure 2 shows the ac-
tivation focus in the parietal opercular cortex in
another representative case (subject MF); the acti-
vated region lay on the upper bank of the sylvian
sulcus (Fig 2A and B) and was evident on both
coronal (Fig 2A, box 4) and axial (Fig 2D, box 6)
images. The signal was about 3% above baseline
(Fig 2C, graph 4, green, and Fig 2E, graph 6,
green). The blood flow increased also in a region
of the media frontal cortex (Figs 1A and C and
2A), where the signal exceeded baseline by about
2%. Often, activation was also observed in the
prerolandic cortex (Figs 1A and C and 2A).

In the ipsilatera hemisphere, activation foci
were present in the posterior parietal cortex and in
the parietal opercular cortex of all subjects. In the
former location, the activation focus was in a re-
gion symmetrical to that observed in the homotopic
contralateral area (Fig 1C, box 3). In the parieta
opercular cortex, the activation focus was in the
upper bank of the sylvian sulcus (Fig 2A, box 5,
and Fig 2D, box 7), in a region roughly symmet-
rical to the activated homotopic area in the contra-
lateral hemisphere (Fig 2A, box 4, and Fig 2D, box
6); the signal increase was about the same as that
recorded in the contralateral symmetrical focus (2%
to 3% above baseline).

Finally, activation was observed in two distinct
regions of the ipsilateral cerebellar cortex (Fig 3;
taken from athird case, subject AP). One focus was
in the superior aspect (box 8) and the other in the
inferior aspect (box 9) of the intermediate part of
the cerebellar hemisphere.

Repetition of the same stimulation paradigm in
the same subjects (MM, TM, MB MF, GP, see Ta-
ble) a an interval of 2 to 3 months resulted in
activation of the same contralateral and ipsilatera
cortical areas.
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Discussion

The present functional MR imaging study pro-
vides a description of the activation pattern of con-
tralateral and ipsilateral cortical somatosensory ar-
eas during unilateral tactile stimulation of the hand
and fingers, reproducing results obtained in previ-
ous studies with different techniques. Moreover, we
Observed activation of the ipsilatera Sll,
undetected in other functional MR imaging studies.

Somatosensory activation of a region of the an-
terior parietal cortex has been reported in previous
high-field functional MR imaging studies (4—14).
This region lies along the upper genu of the central
sulcus, which can be readily identified in axial pro-
jections by its w shape. In a previous PET study,
vibratory stimulation of the hand provoked a
marked blood-flow increase in the cortex posterior
to the central sulcus, in correspondence to its upper
genu (9). This anatomic landmark identifies the
hand representation zone of Sl (9, 10). Moreover,
by recording the same subject’s SEPs and function-
a MR imaging data, a strict topographic corre-
spondence was shown between the hand region of
Sl identified by SEPs and the region activated dur-
ing sensory tasks involving the hand (12). MEG
(22-27) and PET (29, 43) studies have shown that
this region is activated by tactile and electric stim-
ulation of the hand, and by electric stimulation of
the median nerve. The homologous region in the
anterior parietal cortex of monkeys contains four
separate representations of the hand, one for each
of the four cytoarchitectonic areas (areas 3a, 3b, 1,
and 2), forming the postcentral strip (see [44] for
a review), but the existence of multiple represen-
tations in the human postcentral cortex is at present
not clear (see, however, [45]). Bilateral somatosen-
sory activation of aregion in the posterior parietal
cortex lying posterior and media to the focus in
the anterior parietal cortex has been reported in
higher-field functional MR imaging (13, 14), PET
(29), and MEG (24, 46) studies in humans. The
human posterior parietal cortex may correspond to
cytoarchitectonic area 2 (13, 29) or to area 2 and
adjacent parts of areas 5 and 7 (25); that is, to
regions homologous to those of nonhuman
primates containing bilateral-field neurons (47).

Somatosensory activation of the contralateral pa-
rietal operculum has been reported in humans with
high-field functional MR imaging (13), MEG (20—
23, 27), and PET (28-30) studies in the upper bank
of the sylvian sulcus in a region corresponding to
Sl of nonhuman primates (for a review, see [44]).
While in nonhuman primates this region contains
several somatosensory maps in addition to Sl1 (48,
49; for a review, see [44]), in humans the entire
region is till called SlI. The present functional MR
imaging data show that unilateral hand stimulation
activated Sl bilaterally. Ipsilateral activation of Sl|
has been reported in previous MEG (20-27, 50)
and PET (28, 30) studies, but not in recent PET
(29) and functional MR imaging (13) investiga
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Fic 1. Cortical activation obtained during tactile stimulation of the right hand. Left hemisphere is on the right.

A, Axial image obtained from an SPGR T1-weighted sequence (100/12/1) in which regions activated during tactile stimulation (obtained
from a single-shot echo-planar sequence [3000/60/1]) have been superimposed. An ROI was placed on an activated region in the
anterior parietal cortex, presumably corresponding to the hand representation of S| (box 1).

B, Graph shows the signal increase in the ROI depicted in A. The x-axis reports the progressive number of images acquired (one
image every 3 seconds) and therefore represents a time scale in seconds; the y-axis is a scale on which signal changes are expressed
as a percentage of the signal obtained from the brain during the rest periods. Usually, the first value recorded was taken as 0%. In the
two 30-second stimulation periods (images 8-18 and 28-38 on the x-axis), the signal increased by about 5% above baseline.

C, Same image as in A. Two ROIs were placed on two activated cortical regions of the posterior parietal cortex, one in the contralateral
(box 2) and one in the ipsilateral (box 3) hemisphere.

D, Graphs illustrate the signal increase in the two ROIs shown in C. The signal was lower than in SI (B) and slightly higher in the
contralateral (graph 2, purple) than in the ipsilateral (graph 3, green) hemisphere.

Two additional activation foci were apparent in the contralateral hemisphere, one in the medial (A and C, arrows) and the other in

the prerolandic (A and C, arrowheads) frontal cortices. CS, central sulcus.

tions. This difference might be due to the stimulus
used to activate the skin mechanoreceptors. Rough
stimuli moving over the entire hand surface (palm
and fingers), as those used in the present study,
activate tactile, vibratory, and probably deep recep-
tors. In macaques, this paradigm was shown to be
the most effective in firing SlI neurons (32—-34) and
neurons in areas 2 through 5 (31), most of which
were endowed with bilateral receptive fields.
Brushing the skin has been found to be effective in
inducing blood-flow increases in somatosensory ar-
eas (12). In previous studies, activation of ipsilat-
eral SlI was obtained by strong peripheral stimu-
lation, such as electric shocks to skin or nerves
(20-27), strong vibrotactile stimulation of the en-
tire hand (28), or during the active exploration of
rough surfaces with the hand (30). Conversely, ac-
tivation of ipsilateral SIl was not observed when a

textured surface was rubbed on a very restricted
skin area (one to three fingertips) (13, 29).

In the present study, an activation focus was ob-
served in the medial frontal cortex forming the up-
per bank of the cingulate sulcus. Activation in a
similar location has been reported in previous stud-
ies with high-field functional MR imaging (13, 14)
and PET (29); this region has been identified as the
supplementary motor area (13, 14, 29). The acti-
vated region in the prerolandic cortex, just in front
of the central sulcus, probably corresponds to the
hand (and/or wrist and/or forearm) zone of the mo-
tor cortex. Although tactile stimulation was applied
passively in the present experiments, the act of
holding the hand so as to offer the pam to the
experimenter’s brushing involves the contraction of
the forearm and wrist muscles. Also, the tactile in-
formation afferent to the somatosensory cortex is
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Fic 2. Cortical activation obtained during tactile stimulation of the right hand. Left hemisphere on the right.

A, Coronal image obtained from an SPGR T1-weighted sequence (100/12/1) on which regions activated during tactile stimulation
(obtained from a single-shot echo-planar sequence [3000/60/1]) have been superimposed. This image shows activation foci in the parietal
operculum of the contralateral (box 4) and ipsilateral (box 5) hemispheres. In each hemisphere the activated region lay in the upper
bank of the sylvian sulcus, presumably corresponding to SllI.

B, Coronal image (the same shown in A) obtained from an SPGR T1-weighted sequence (100/12/1), without activation foci or ROls,
to show the sylvian sulcus (SS).

C, Graphs show the signal increase in the contralateral (graph 4, green) and ipsilateral (graph 5, purple) activated cortical regions.
The x and y axes represent the same scales as described for Figure 1. In the two 30-second stimulation periods, the signal exceeded
baseline by 2% to 3%.

D, Axial image, obtained from a subsequent acquisition during the same experimental session, shows the activation foci in the parietal
operculum, in a region most likely corresponding to SlI. ROIls indicated by boxes 6 and 7 are from contralateral and ipsilateral hemi-
spheres, respectively.

E, Graphs 6 (green) and 7 (purple) show the signal changes in corresponding ROIs 6 and 7 selected in D.

Fic 3. Activation of ipsilateral cerebellar
cortex obtained during tactile stimulation of
the right hand.

A, Coronal image (SPGR T1-weighted
sequence [100/12/1]) shows two activation
foci (obtained from a single-shot echo-pla-
nar sequence [3000/60/1]) in the ipsilateral
cerebellar cortex, on the superior (box 8)
and inferior (box 9) surfaces.

B, Graphs 8 (purple) and 9 (green)
show the signal changes in the corre-
sponding activated regions of the cerebel-
lar cortex (boxes 8 and 9, respectively).
The x and y axes represent the same
scales as described for Figure 1.
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Subjects studied and activated somatosensory areas

AJNR: 20, February 1999

Contralateral Hemisphere

Ipsilateral Hemisphere

Subject  Sex/Age (y) Sl PPC Sl Sl PPC S| ChC
MM* M/26 Yes Yes Yes No Yes Yes Yes
TM* M/59 Yes Yes Yes No Yes Yes Yes
MP* F/21 Yes Yes Yes No Yes Yes Yes
RG F/21 Yes Yes Yes No Yes Yes Yes
LP FI22 Yes Yes Yes No Yes Yes Yes
MF* F/39 Yes Yes Yes No Yes Yes Yes
GPT M/33 Yes Yes Yes No Yes Yes Yes
AP F/43 Yes Yes Yes No Yes Yes Yes
AG M/40 Yes Yes Yes No Yes Yes Yes
MG F/31 Yes Yes Yes No Yes Yes Yes
AM M/33 Yes Yes Yes No Yes Yes Yes
ZRL F/55 Yes Yes Yes No Yes Yes Yes

Note—SI indicates first somatosensory area; Sll, second somatosensory area; PPC, posterior parietal cortex; CbC, cerebellar cortex.

* Underwent the stimulation session twice.
T Underwent the stimulation session three times.

most likely integrated and judged by the subject in
view of the possible production of a motor re-
sponse. These factors may account for the activa
tion observed in the contralateral motor and sup-
plementary motor cortices. An additional
hypothesis explaining the activation of these cor-
tices is that they may be reached, more or less di-
rectly, by the sensory input from the hand (see [51]
for a review). Activation of these areas has previ-
ously been reported in functional MR imaging (13)
and PET (29) studies in which the subject’s skin
was stimulated passively.

Finally, two activation foci were observed in the
superior and inferior aspects of the intermediate
part of the ipsilateral cerebellar hemisphere. These
foci appeared to be located in the anterior and pos-
terior lobes, respectively. This finding is consistent
with arecent MEG study (52) in which tactile stim-
ulation evoked activity in the cerebellar cortex with
the same latency as in the thalamus, suggesting that
the afferent somatosensory information carried to
the cerebellum directly by spinocerebellar connec-
tions is responsible for the activation (53). The
source of this evoked activity was in the anterior
lobe. Previous results from animal recordings have
shown that the ipsilateral cerebellar cortex contains
two somatotopic representations of the cutaneous
mechanoreceptors of the hand, one in the anterior
and one in the posterior lobe, in the intermediate
part of the cerebellar hemisphere (for a review, see
[53]).

Conclusion

By reproducing the data obtained in previous
studies with MEG, PET, and high-field functional
MR imaging, the present results support other re-
cent studies on visual and motor systems showing
that conventional mid-field functional MR imaging
is suitable for mapping cortical areas activated by
tactile stimulation. This method allowed us to de-
scribe the activation pattern of cortical somatosen-

sory areas during tactile stimulation of the hand
and fingers in a group of healthy volunteers. In ad-
dition, by adopting a suitable paradigm to activate
somatosensory receptors, we report the activation
of ipsilateral SI1, which was unreported in previous
functional MR imaging studies. The possibility that
this area may have access to sensory information
from the ipsilateral hemibody is in agreement with
its functional role, which has been indicated in
higher primates, including humans, to be a crucia
station in the cortical processing of somatosensory
information (54-56) and in the interhemispheric
transfer of tactile learning and retention (57, 58).
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