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Disbrow, Elizabeth, Tim Roberts, David Poeppel, and Leah Kru- of the inputs from different neurons with discrete receptive
bitzer. Evidence for interhemispheric processing of inputs from thgelds across the surface of the skin. For example, cortical
hands in human S2 and PY NeurophysioB5: 22362244, 2001. In regions involved in the discrimination of object size and shape

the present investigation, we identified cortical areas involved in “Fﬁust access inputs from different locations of one hand, such

integration of bimanual inputs in human somatosensory cortex. Usi

n . ; .. . .
functional magnetic resonance imaging (fMRI) and magnetoencepl@g- various portions of several d'g'ts'. For tasks involving bo_th
1ands, inputs from both topographically matched and mis-

lography (MEG), we compared the responses to unilateral veré1 i ! h
bilateral stimulation in anterior parietal cortex and areas in the SylvigRatched locations of both hands must ultimately be combined.
fissure of the contralateral hemisphere. The extent of fMRI activation In nonhuman primates, our understanding of cortical areas
on the upper bank of the Sylvian fissure, in the second somatosengamolved in integrating inputs across or between the hands has
(S2) and the parietal ventral (PV) areas, was significantly larger forcreased substantially. Neurons in areas in posterior parietal
bilateral stimulation than for unilateral stimulation. Using MEG, wesortex and the lateral sulcus have large receptive fields that
were able to describe the latency of response in S1 and S2/PVelgcompass much larger skin surface areas of the hand than
unilateral and bilateral stimulation. The MEG response had thr?@ceptive fields for neurons in areas 3b or 1 (i.e., compare
components under both stimulus conditions. An early peak in S1 at Ison et al. 1980 with Krubitzer et al. 1995 Whit1sel et al
ms, a middle peak in S2/PV at 80—160 ms, and three late peak §69 S . . . L

). While the existence of neurons with bilateral receptive

S2/PV at 250-420 ms. There was an increase in magnetic fi Id he hands has b h . |
strength in S2/PV to bilateral stimulation at 300—400 ms post stiff€!dS On the hands has been shown in several somatosensory

ulus. The fMRI results indicate that, as in monkeys, S2/PV receivé8rtical areas including areas 2 and 5 (lwamura 1999; Iwamura
inputs from both the contralateral and ipsilateral hand. The MEG da&h al. 1994), area 7b (Dong et al. 1994; Robinson and Burton
suggest that information is processed serially from S1 to S2. The vé§80a), and the second somatosensory area (S2) (Robinson and
late response in S2/PV indicates that extensive intrahemispheric pBarton 1980a,b; Whitsel et al. 1969), they are most common in
cessing occurs before information is transferred to the opposite he®p, where their incidence is reported to be as high as 90%
sphere. The neural substrate for the increased activation and figjghitsel et al. 1969). Cortical fields in the lateral sulcus and
stre_ngth at long latencies d_urlng bllayeral stlmulat'lt_)n can be accounigdjla other than S2 have been described in nonhuman pri-
‘;g;'“bté‘;i?i\‘/’éafe'ugonr?;rﬁ:’i'r']at?;"t"é fr:';““i:nucsrggsng'gﬂg%ﬂ%ﬁ:éﬁ?v. ates (Cusick et al. 1989; Krubitzer et al. 1995; Robinson and
may b : h 9 y ' {irton 1980a,b), but the number, extent, and internal organi-
y be more synchronous. . . .
zation of these fields have not been completely characterized.
Similarly in humans, the number, extent and internal orga-
nization of fields on the upper bank of the lateral sulcus, or
Sylvian fissure, have not been completely described. As in
A unique behavior exhibited by humans is their ability t@ther primates (Burton et al. 1995; Krubitzer and Kaas 1990;
manipulate the physical environment with their hands. Yé&rubitzer et al. 1995), humans have an S2 and a parietal ventral
relatively little is known in humans about the areas of tharea (PV; probably analogous to Slic and Slir, respectively, of
neocortex involved in complex behaviors such as tactile di¢¢hitsel et al. 1969), which each contain a topographically
crimination and recognition, manual dexterity, and bilateralrganized representation of cutaneous receptors (Disbrow et al.
coordination of the hands. To understand complex behav®00). These two areas are mirror symmetric representations of
such as bilateral coordination of the hands, it is important tbe body’s surface that are joined at the representations of the
examine where such information is processed and how thésends, feet, and face, and flanked by more proximal body part
regions are organized and interconnected. One of the requisiggresentations (Fig. 1). As in nonhuman primates, there ap-
for these behaviors is the integration of inputs across the hgmehrs to be a number of additional cortical fields along the
and between hands. We define integration as the combinatiggper bank of the Sylvian fissure that are differentially active

INTRODUCTION
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However, the difference in activation patterns appeared to be negli-
gible and not worth losing the ability to collect data from both
hemispheres offered by the whole head coil.

First, an anatomical high-resolution three-dimensional SPGR
(3-dimensional steady precession gradient-recalled) series (acquisi-
tion: axial, interleaved, 25& 256 matrix, FOV 40X 40; 124 slices,
1-mm slice thickness, repetition time 35 ms, echo time= 6 ms, flip
angle = 30°, 1 NEX, fatsat) was collected for the determination of
Talairach coordinates. Then an ultrafast echo planar gradient echo
imaging sequence designed to detect variations in loggtdpetition
time = 2 s, echo time= 60 ms, flip angle= 60°) was used. For both
coils a 256X 128 matrix was used with a field of view of 4020 cm,

a slice thickness of 5 mm (0.5-mm gap) and thus a voxel (3-dimen-
sional pixel) size of 1.56< 1.56 X 5 mm.

A single fMRI scan (1 stimulus condition) lasted 2 min, 20 s, during
which a total of 70 repetitions of the brain image (5-7 slices) were
collected. The brain was scanned from just above the lateral ventricles
to the middle temporal sulcus, and the number of slices collected was
based on the size of the subject’'s head. Each imaging sequence

FiG. 1. The second somatosensory area (S2) and parietal ventral area (P)Sisted of alternating 20-s intervals of stimulation (either uni- or
homunculi displayed on an axial drawing of the left hemisphere. The figure bilateral) and rest.
the whole brain indicates the location of the axial drawing with respect to the Stimuli were presented using Semmes-Weinstein monofilaments
Sylvian fissure (SF). Rostral is to the left and lateral is to the bottom of t{Stolting, Wood Dale, IL). Stimulation was applied to the right or
axial drawing. right and left thumb, palm, and index finger. A monofilament with a

0.71-mm diam, which exerted a force of 0.74 N was moved across the
under a number of different stimulus conditions. Burton et adtimulus area(s). At the beginning of a stimulus period, the filament
(1993) suggested two areas of activation along the parietals placed in contact with the thumb of the subject. The filament was
operculum and insula. Further, they have described two focidhgged across the skin, down the thumb to above the wrist, across the
activation on the parietal operculum in response to cutaned@m to the tip of the index finger, back down the index finger and
versus deep stimulation (Burton et al. 1997). Ledberg et gVer to the tip of the thumb. This stimulus pattern was repeated at 0.3
(1995) described differential activation in cortex of the SylviafiZ for the duration of the 20-s stimulus period. For bilateral stimu-

fissure in response to microgeometric versus macrogeome fbon two investigators administered the stimuli to matched locations
on each hand.

tsagtlle dsltzl)r;n/uh. thﬁcently Wt? discfrltkl?]edstv;/q f|elf(_js, in addition toﬁfqring_ scanning, each subject’'s head was held in position with a
an » on the upper bank of the Sylvian fissure, one rost{glisiic pillow (Olympic Vac-Pac, Olympic Medical, Seattle, WA)
to PV that we termed the rostral lateral area (RL), and Ofiged with Styrofoam packing beads. The air was removed from the
caudal to S2 that is in the location of area 7b in nonhumailow so that it became rigid and conformed to the contours of the
primates (Disbrow et al. 2000). However, whether these ardasd. Subjects were instructed to remain still, keeping their eyes
are involved in integrating inputs from the hands is not knownlosed during each scan. _ .

The present series of studies combine functional magnetidata analysis and display were done using Stimulate (Strupp 1996).
resonance imaging (fMRI) and magnetoencephalograpﬁipss'co”em'on _analy5|s was used to determine significantly active
(MEG) techniques to address two questions. First, where in {({f&els: A correlation threshold of = 0.3 (alpha level ob < 0.02)
human Sylvian fissure are bimanual inputs processed? M s used with an in-plane cluster threshold of four voxels. Patterns of

ficall h t d ibed in the &% ivation were superimposed on to high resolution three-dimensional
Specinically, are the somatosensory areas describéd in the \ges. The centroid of the S2/PV activation was calculated, and the

ceding text activated differentially by stimulation of one hangiandardized stereotaxic coordinates of the centroids were determined
versus both hands? The use of fMRI is ideal for addressing tiiSlairach and Tournoux 1993). These coordinates were then com-
question because it provides high spatial resolution. Secopdred within subjects, using a pairetest, to determine if there was
when are bimanual inputs processed in the human Sylviasignificant difference for the location of activation of S2/PV for the
fissure? That is, what is the temporal pattern of activation ofi- versus bilateral stimulus conditions.

cortical somatosensory areas? Although cortical connections

cannot be directly studied in humans, MEG has high tempoMEG

resolution allowing us to make inferences about connectivity

within and between hemispheres.

Twelve subjects (8 men, 4 women, all right handed, aged 25-50 yr;
not the same subjects used for the fMRI study) provided informed
consent before participating. In all subjects, data were acquired from
METHODS the left hemisphere during stimulation of the right index finger as well
fMRI as the right and left index fingers. Pneumatically driven mechanical

taps (25 Ibs/if) were applied to the distal fingertips of subjects’ index

All studies were performed with the approval of the institutiondingers with a balloon diaphragm with a 1-cm diam. Due to technical
human studies committee. Twelve healthy subjects (5 men, 7 womeanstraints, this stimulator could not be used for the fMRI experi-
all right handed, aged 25-50 yr) provided informed consent befamgents. Stimulus duration was 30 ms; interstimulus interval was
participating in the study. Imaging was performed using a standgvdeudo randomly varied from 3.5 to 4.5 s. In each of the conditions,
clinical GE 1.5 Tesla scanner. Two radio frequency coils were usesfimuli were repeated 200—250 times.

a whole head coil, and a 3-in surface coil (GE Medical Systems,Neuromagnetic fields were recorded in a shielded room using a
Milwaukee, WI). A single coil was used for each subject. We initially37-channel biomagnetometer system (Magnes, BTi, San Diego, CA).
used the 3-in surface coil because of the superior signal-to-noise ralibe 37 first-order gradiometers are arranged in a concentric radial
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distribution over a concave surface with an intercoil separation of 2a&eral and anterior position to better record from the S2/PV area of
cm and an angular field of view of70°. The diameter of the sensorthe lateral sulcus (central-temporal).

array head is 14 cm. Epochs of 500-ms duration (plus 100-ms preEpoch data that were time locked to stimulus onset were averaged
stimulus) were acquired with a 1.0-Hz high-pass cutoff and a samnd band-pass filtered (8—40 Hz) before additional analysis. Param-
pling rate of 1 kHz. The sensor array was positioned over somatgters that were evaluated as a function of uni- or bimanual stimulation
sensory cortex. The sensor was initially optimized for recording eaiityclude the amplitude of the evoked response, and root mean square
S1 responses (central-parietal) and subsequently moved to a nmawgvity across channels (RMS). The position, orientation, and
strength of the estimated dipoles was computed using a single equiv-
alent current dipole model (Haéignen 1993). An anatomic reference
frame was established using a digital sensor position indicator. Re-
ceivers were used to triangulate the signal from the indicator placed at
fiducial reference points on the subject’'s head surface, such as the
nasion, left and right preauricular points. These points were used to
define the MEG reference frame in which the source localization was
described. Radiological identification of these fiducials on high reso-
lution MRI allowed for the transformation of MEG space into the
anatomic (MRI) coordinate system and the anatomical registration of
the MEG sources. The computed dipoles were co-registered to indi-
vidual subjects’ MR images (3-dimensional SPGR sequence, TR/TE/
Flip angle= 35 ms/6 ms/30°, 1-mm spatial resolution) to determine
their location in an anatomic context.

RESULTS
fMRI

Unilateral and bilateral stimulation of the hand resulted in
significant activation in 3 separate locations on the upper bank
of the Sylvian fissure in all subjects (Fig. 2). Results are
reported for the hemisphere contralateral to unilateral stimula-
tion unless otherwise indicated. A large central focus (Fig\ 2,
and B, green arrow) was consistently activated under both
stimulus conditions and corresponds to S2 and PV. The Ta-
lairach coordinates of S2 and PV in the present study (Table 2),
conform to those in a previous study in which the topographic
organization of these fields was described in detail (Disbrow et
al. 2000). S2 and PV each contain complete representations of
the body’s surface that are organized as mirror symmetric
maps, joined at the representations of the hands, feet, and face
(Fig. 1). Thus although two separate cortical fields are located
in this region, only one focus of activation can be discerned in
response to stimulation of the hand. For this reason, we refer to
these two fields in this study as S2/PV.

Stimulation of the hand resulted in activation in two addi-
tional locations in the lateral sulcus that have been previously
described in humans (FigB2 An area rostral to PV termed
the rostral lateral area (RL; Fig. A,andB, rostral gray arrow)
was activated in 7 of the 12 subjects in each of the stimulus
conditions (Table 1). A third focus, caudal to S2 was in the
location of 7b (Fig. B, caudal gray arrow). 7b was activated in

FIG. 2. Three axial echo planar images taken at the same slice location
under various stimulus conditions. The image contains the upper bank of the
lateral sulcus. Rostral is to the top, lateral to the right and left of midkne.
yellow voxels were significantly active during stimulation of 1 hand. Green
arrow indicates the contralateral hand representation in S2 and PV. Gray arrow
indicates the contralateral rostral lateral area (R&).red voxels indicate
regions that were significantly active during stimulation of both hands. The
activation in the hand representation in S2 and PV for bilateral stimulation
(green arrow) is larger than in the unilateral stimulus condition. Rostral gray
arrow indicates RL and caudal gray arrow indicatesCitoverlap of the uni-
and bilateral activation patterns fromandB. Those voxels that were active
in both conditions are blue. Thus cortex responding only to unilateral stimu-
lation is yellow and blue, and cortex responding to bilateral stimulation is red
and blue. Notice that in this subject 7b is only active during bilateral stimu-
lation.
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TABLE 1. A record of cortical activation, as measured using 200
fMRI, for all 12 subjects )
180 ® S2&PV
Unilateral Bilateral 160 B RIL
Subject RL S2/PV 7b RL S2/PV b A7 |
140
DMS X X X X
SB X X X X X X
LM X X .§ 120 /
PF X X
B X X X X é 'g 100
LK X X X X X =) [ ] [ ]
HR X X X X > .H 80
RT X X X X ) n
VC X X X X 2 o 60 *
PS X X X 5 .§ R /
ss X X X X X < 401 % n
KA X X X X | ah
Total 8/12 12/12 2/12 8/12 12/12 5/12 M| 20
fMRI, functional magnetic resonance imaging; RL, rostral lateral area; S2, 0 |>‘= u
second somatosensory area; PV, parietal ventral area. X, significant activation . ! ! i T )
in the indicated region. 0 20 40 60 100 120
o : : iy Active Voxels
2 of 12 subjects in the unilateral stimulus condition and 5 of 12 Unilateral Sl'o lation

subjects in the bilateral condition. The locations of the cen-
troids of activation were not significantly different for the twa B0 (AR o ITLEICE SLEC ele i somatosensory felds of the
Condltl_ons' The mean Talairach coordlnatgs of t,he hand rep I'v%angfissure for uni- vs. bilateral stimulation are shown. The Iinye through the
sentations for S2 and PV, RL, and 7b are listed in Table 2, anhin indicates the location where the values for unilateral and bilateral
conform to those described in a previous study of these regictigulation are equal. Note that the values for S2 and PV are above this line,
(Disbrow et al. 2000). indicating that the number of activated voxels was greater for bilateral stim-

. : : - ation (P < 0.05). The number of subjects for the RL€ 7) and 7b (1 = 2

. Compar!sons .Of the expent of activation for the uni- ankgr unilgeral and) 5 for bilateral stimujlation) comparifong are smgll and the
bilateral stimulation conditions were made for S2 and PV, Rlxter-subject differences were quite large.
and 7b. In S2 and PV, there was an increase in the extent of
activation during bilateral stimulation, while such an increadateral stimulation. The remaining three cases showed only
was not observed for areas RL and 7b (i.e., F@). Zhe mean contralateral activation.
number of active voxels for the bilateral stimulus condition
was almost twice the number active in the unilateral stimulpgeGg
condition (461+ 25 vs. 731+ 45, respectively, meart SD; ) ) _
P < 0.05; Fig. 3). There was no significant difference for uni- 1h® MEG response fo tactile stimulation had several com-
versus bilateral stimulation in the number of active voxels fcﬁonents (Fig. 4). First, for both uni- and bilateral stimulation a
RL (37.9 = 29.8 vs. 41.0+ 48.2) or 7b (23.1= 41.7 vs. large, .early peqk at 4Q ms was localized to the postcentral
20.7 = 44.9; Fig. 3). However, the sample size was quite sm&y'us in all subjects (Fig. ). This peak has been well de-
(Table 1), and individual difference, or between subject varfcTibed previously and is probably due to the activity of neu-
ance, was large. rons in areas 3b and 1 (Hari et aI_. 1993). Because the_re was no

A thorough examination of ipsilateral activation was nofifference in latency or 95% confidence volume for uni- versus
made because half of the subjects were scanned with a surfat@eral stimulation, the data for these variables from the two
coil, which does not allow for clear images of the entire braigonditions are reported together. The mean latency of the S1
Of the six subjects scanned with a whole head coil, thr@&ak was 42.8 10.2 ms. The magnetic sources were well

showed bilateral activation of S2 and PV in response to unf glized with a mean 95% confidence volume of 0:19.18
cm® and a mean correlation of 0.98 0.01.

TABLE 2. Mean location of the centroid of activation in Talairach A second component was a middle peak, occurring between

coordinate space 80 and 160 ms (mean 87.8 = 13.7 ms), localized to the
upper bank of the Sylvian fissure for both stimulus conditions

Talairach Coordinates in all subjects (Figs. 4 andB). This peak is typically consid-
Cortical ered to arise from “S2” (Elbert et al. 1995; Hari et al. 1984,
Field ML (%) AP ) SI@ 1993), although distinctions between the various cortical fields
RL 57.0+ 7.6 156+ 93 _160+49 residing in this region have not been made using MEG. The
S2/PV 55.4+ 4.3 —20.9+ 6.6 _12.0+59 Variance in our data was well accounted for using a single

7b 46.0+ 4.2 —20.5+ 14.0 -126+ 15 dipole (mean correlatior 0.98 = 0.01). Thus we detected a

In the anteri rerior plane. RL is0.5 ral to S2/PV and 0.4 single source at the initial S2 peak. This peak was well local-
n the anterior-posterior plane, RL 0.5 cm rostral to and 0.4 cm ; ; 0 :
inferior. The location of 7b was highly variable across subjects, especially ized, with a mean 95% confidence volume of &:10.1 us

the anterior posterior plane, and only 5 subjects showed significant activat,gh'rtherv since our fMRI results indicate that S2/PV are con-
in 7b. Values are means SD. sistently active to tactile stimulation while RL and 7b are not,
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FIG. 6. A graph of individual subjects’ MEG data. Evoked field strength, as
1 . . \ - . r ' . - measured in root mean square femoTesla [RMS(fT)], is shown for the S1,
0 40 80 100 120 140 160 200 240 280 320 initial S2/PV, and late S2/PV peaks for uni- vs. bilateral stimulation. The line

ough the origin indicates the location where the values for unilateral and
ateral stimulation are equal. Note that the values for the late peak (300 ms)

Top activation in response to unilateral stimulati®ottom the response to ar'e above' this !ine, indicating that evoked field strength was greater for
bilateral stimulation. The vertical lines indicate the S1 (40 ms) and initigIlateral stimulation R < 0.01).
S2/PV (160 ms) dipole peaks. The box indicates the late response in S2/PV. L .
The field strength of the second peak (arrow) is larger for the bilateral stimulus In the majority of subjects (8 of 10), there were three peaks
condition. Data from this peak were used for analysis. between 250 and 420 ms (i.e., Fig. 4, box) however, in 2 of the
10 subjects, there were only two late peaks (not shown). The
the location of this second peak of activation in the Sylviaghost robust of these responses was the second peak, which
fissure is likely to be in S2 and PV. The initial S2/PV peak washowed a dipole fit correlation of over 0.97 in all subjects for
located inferior to the S1 peak by an average of£.%5.1 cm. both stimulus conditions. The mean latency of the second of
This difference was significantP(< 0.01). There were no these peaks was 3906 27.3 ms. A single source was iden-
significant differences in location for the anterior-posterior dified (mean correlation= 0.98 = 0.01) with a slightly larger
medial-lateral planes. The location in the medial-lateral pla®&% confidence volume (mean 1.7 +1.3 cn?). There were
was quite variable across subjects (SD1.5 cm). no differences in location of the late peaks from each other or
A third component to the MEG response was the two foom the initial S2 peak.
three late peaks occurring between 250 and 420 ms that alsé comparison of magnetic field strength between stimulus
localized to the upper bank of the Sylvian fissure (Figs. 4 amonditions indicated that there was no significant difference for
5). In 2 of the 12 subjects, no late peaks were distinguisha@de early component (40 ms) localized to S1 or the middle
Thus the data on the late peaks are reported for the remaingmgnponent (80 ms) localized to S2. However, the magnetic
10 subjects. Late peaks were observed under both stimuliegd strength for the second peak of the late component (mean
conditions for these 10 subjects. latency = 390.6 ms) was significantly larger for bilateral
(mean RMS= 43.7 = 33.6) versus unilateral (mean RMS
30.1+ 23.2) stimulationP < 0.01; Fig. 4, arrows and Fig. 6).
No comparisons were made for the first and third peaks be-
cause a robust dipole fit (correlation0.97) was not obtained
for these peaks for unilateral stimulation in several cases
(4/10).

Fic. 4. Graph of magnetoencephalography (MEG) data shows magn
field strength over time from all 37 sensors drawn with a common baseli

DISCUSSION

Our results demonstrate an increase in the extent of activa-
tion on the upper bank of the Sylvian fissure in humans, for
bilateral versus unilateral stimulation of the hand, observed
using fMRI and MEG. fMRI reveals an increased number of
voxels in S2/PV for bilateral versus unilateral stimulation.
Activation in areas RL and 7b was less consistent (Table 1).
This inconsistency is in agreement with our previous work on
this region (Disbrow et al. 1999, 2000) and may be due, in part,
to the stimulus used. Neurons in RL and 7b may not respond

o5 /ZOCOFO“Sl' magi:ft_ic_ resonance (ME)(J&agess‘;Vithddiﬁo'? 'chgzaoptimally to simple somatosensory stimuli, but may prefer
tions. The 40-ms S1 peald); initia pea msB) and the late ; S
peak B) are shown. For this subject, the response in auditory cortex tonaOre complex or even mummOdal stimuli.
100-kHz tone is shown for comparisoB)( The top of the head is to the top N the temporal domain, the early responses at 40 ms (SI)

of the figure, with lateral left and right of midline. and 80-160 ms (S2/PV), were not significantly different for
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uni- versus bilateral stimulation, as measured using MEGhanges in oxyhemoglobin related to presynaptic glucose me-
However, the magnitude of the late response (390.6 ms) wabolism. It has been proposed that both excitation and inhibi-
larger for bilateral versus unilateral stimulation. This late rdion increase this glucose metabolism (for review, see Jueptner
sponse was localized to the upper bank of the Sylvian fissuamd Weiller 1995). Thus an increase in the number of active
the site of S2 and PV, where the existence of cells wittoxels may represent an increase in the number of excitatory
bilateral receptive fields has been previously demonstratedaind/or inhibitory postsynaptic potentials (EPSPs and IPSPs,
other primates (e.g., Robinson and Burton 1980a,b; Whitselrespectively). This increase may relate to an increase in the
al. 1969). number of active presynaptic neurons. Postsynaptically, an
While previous work supports the idea that bilateral integrancrease in IPSPs is more difficult to interpret because it could
tion takes place in the somatosensory cortex on the upper béedd to a decrease in active neurons (inhibition) or a net
of the Sylvian fissure, there is little agreement about the timimgcrease in active neurons (disinhibition).
or the amplitude of the effect. Okajima et al. (1991) measuredThe evoked magnetic field measured using MEG arises from
somatosensory evoked fields (SEFs) after electrical medidwe synchronous activation of a population of neurons. It has
nerve stimulation, comparing activation from bilateral stimuseen proposed that current flow in a large group of parallel
lation to the sum of the SEFs from independent right and lefendrites, due to an influx or outflow of ions, results in a
median nerve stimulation. They saw no differences in amplietectable evoked magnetic field (for review, see Gallen et al.
tude of the early peaks (0—45 ms). However, significant intet995). The size of the group of dendrites would determine the
action between the two waves occurred at the later peaks (8Fength of the evoked magnetic field. Therefore an increase in
127, 223, and 364 ms). Sires and Hari (1999) also showedhe MEG signal is consistent with an increase in the number of
that input from both hands interacts in the S2 region. Howevegtive presynaptic neurons (FigDY. In fact, an increase in
they did not present bilateral stimulation simultaneously, bt¥RI voxel count and MEG-evoked magnetic field have been
staggered it by 300 ms. As in the present study Shimojo et shown in primary somatosensory cortex in response to an
(1997) observed no significant differences in the eatypQ
ms) response for uni- versus bilateral stimulation of the tibial
nerves. However, they found a decrease in the magnitude of the
80- to 90-ms peak, which localized to the upper bank of the &
lateral sulcus. No data on the late component were reported.
These differences between studies may be due in part to twc
factors, the length of the inter-stimulus interval (1SI) and the
type of the stimulus. It has been shown (Hari et al. 1993,
Kekoni et al. 1992) that the length of the ISI is positively 1 1 T V|
correlated with the intensity of the signal localized to the S2
region (presumably our S2/PV), with no plateau in this effect
for an ISI of=8 s. The studies described above were done with
relatively short ISIs£2 s) (Okajima et al. 1991; Shimojo et al.
1996; Sim@s and Hari 1999). We balanced practicality with
previous findings (Hari et al. 1993; Kekoni et al. 1992), and «
used an ISI of 4 s. Discrepancies may also be due to the
different types of stimuli used. In the previous work described
in the preceding text, electrical stimulation of a nerve was used.
In contrast, we used a tactile mechanical stimulus of calibrated i ( L
indentations of the skin of the fingertips. Electrical stimulation D E—|
stimulates all local receptors (or primary afferents) while tac- T
tile stimulation is more specific, which may affect the ampli-
tude of the resulting activation. In addition, the conduction
velocity for electrical stimulation is shorter than for natural E
tactile stimuli (Forss et al. 1994), which will affect the latency A A L
of activation.

] 1 | i ]

Factors underlying differential activity for unilateral and F
bilateral stimulus conditions

| | | i I

Bilateral

Several inferences about the organization of somatosenson "~ L——u8u«—J
cortex can be made based on the observed fMRI and MEG  gms 4 s0 120 160 200 240 250 320 360 400 440
signal changes in the Sylvian fissure. First, the increase in the; 7 summary of factors contributing to increased magnetic field
number of active voxels and magnetic field strength may reflegiength. The box indicates the late component. MEG data from unilatgral (
an increase in the number of active neurons. In fMRI, the bilateral C) stimulation. Schematics iB, and D—F represent 4 dendrites
blood-oxygenation—IeveI-dependent (BOLD) signal is an indilines), and their activity as reflected in PSPs (deflections). For bilateral

L - - imulation, more dendrites may be actie),( dendrites may have an in-

rect measure_Of neural aCt_IVIty denv_ed fro”? Changes n |OC§ ased rate of activityH), or dendrites increase the synchrony of their
oxyhemoglobin concentration associated with neural metal@sponse to bilateral stimulatioR), These changes in the activity of dendrites
lism. More specifically, this technique is thought to measutge a reflection of changes in neuronal activity.
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increasing number of stimulated digits, and thus presumablyttbsome extent, hierarchical. We observed a peak at 40 ms in
an increase in the number of active neurons (Roberts et &l, followed by a peak at 80—100 ms in S2/PV. Not until 300-
2000). to 400-ms post stimulus did we see differential activation for
Several possible cortical substrates for an increase in tn@- versus bilateral stimulation. This temporal pattern of ac-
number of neurons responding to bilateral stimulation ativation suggests that tactile inputs are first processed contralat-
suggested based on previous work in humans and other mamally in S1 (40 ms), then contralaterally in S2/PV (80-100
mals. First it is possible that neurons with bilateral receptivas), and then bilaterally in S2/PV (300—400 ms).
fields require bilateral stimulation to be activated. However, There are several lines of evidence in nonhuman primates
although the majority of neurons in the S2 region have bilaterthlat indicate that sensory information is processed both in
receptive fields, it is most likely that neurons with bilatergbarallel and in series (e.g., Garraghty et al. 1990; Nicolelis et
receptive fields would be active under both unilateral aral. 1998; Pons et al. 1987; see Bullier and Nowak 1995; Pons
bilateral stimulus conditions (see following text). Another post al. 1992 for review). While studies of connections indicate
sibility is that there may be neurons with entirely ipsilaterghat all cortical areas receive thalamic inputs, and therefore
receptive fields. Results from monkey electrophysiological reave access to information from the sensory epithelium (see
cording experiments suggest that a small number of neuraltmes 1985), lesion studies indicate that cortical inputs from
with exclusively ipsilateral receptive fields are present in thiwimary areas to higher order cortical fields are necessary for
region (Robinson and Burton 1980b; Taoka et al. 1998). Biriving the neurons within those fields. For instance, lesions to
lateral neural responses in S2 to unilateral stimulation hathee primary visual area, V1, result in a loss of driven neural
been reported previously using fMRI and MEG (i.e., Disbrowctivity in extrastriate areas such as the second visual area, V2
et al. 2000; Hari et al. 1993), leaving open the possibility théGirard and Bullier 1989), and the middle temporal visual area,
cells with ipsilateral receptive fields exist in humans as welMT (Kaas and Krubitzer 1992). In the somatosensory system
The second explanation for the increase in signal in S2/R¥ primates, lesions to 3a, 3b, 1, and 2 result in a loss of input
in response to bilateral stimulation is that there may be &m S2 from the body part representation that was lesioned
increase in the firing rate of neurons under bilateral stimul¢&arraghty et al. 1990; Pons et al. 1987), and a filling in of
conditions (Fig. E). While neurons with bilateral receptiveadjacent body part representations.
fields respond when a portion of the receptive field has beenin humans, existing evoked potential and MEG data are also
stimulated, in this case one hand, their rate of firing magonsistent with hierarchical processing. For instance, previous
increase when a larger portion of the receptive field is stimatudies demonstrated that activity in S1 largely precedes ac-
lated (i.e., both hands). Picard et al. (1990) have demonstratiity in the S2 region (e.g., Elbert et al. 1995; Hari et al. 1984,
this phenomenon in S2 of the cat. An increase in the rate 1§93), and late responses to somatosensory stimulatis@0
PSPs would increase the metabolic rate and yield a greates, have been reported by other laboratories (Desmedt et al.
number of significantly active voxels. Although oxygen met977; Kekoni et al. 1992; Korvenoja et al. 1995; Okajima et al.
tabolism is thought to increase with increased firing rate, it 991). Because the differential activation for uni- versus bilat-
interesting to note that there was no difference in BOLBral stimulation described in the present investigation was quite
percent signal change for the uni- versus bilateral stimullete (250- to 420-ms post stimulus), these data suggest the
conditions. For MEG, an increase in rate of PSPs might alpoesence of a multisynaptic circuit.
result in an evoked magnetic field with an increased amplitudeWhile there are direct connections between “S1” and S2/PV
(Fig. 7E). in monkeys (e.g., Burton et al. 1995; Friedman et al. 1986;
Finally, for MEG, an increase in the synchrony of neurondrubitzer and Kaas 1990), our MEG data suggest that a num-
activity would result in an increase in signal intensity (Fif).7 ber of intermediate steps in processing may take place in other
Noncoherent dendritic current flow from a population of neuegions of cortex before inputs from both hands interact in
rons would result in a decrease in the evoked magnetic fieldSf2/PV via connections from the opposite hemisphere. The
any given time. Further, uncorrelated neural events could prmatomical substrate for extensive intrahemispheric processing
duce a situation in which nonsumming magnetic fields candehs been well described in a number of studies of nonhuman
each other out. Thus increasing temporal contiguity of PSPsmates (e.g., Jones and Powell 1969a; see Kaas and Pons
would increase magnetic field strength. On the other hand, i888 for review). For instance, interconnections between an-
cause fMRI is less temporally sensitive (20-s periods of stirterior parietal fields 3a, 3b, 1, and 2 have been described as
ulation), synchrony of neural activity is probably not a signifwell as connections between anterior parietal fields and so-
icant contributing factor to the extent of the BOLD signal. matosensory fields in posterior parietal cortex and the lateral
These explanations of the number versus rate versus sgakcus (the Sylvian fissure in humans). In monkeys, the repre-
chrony of neural firing are not mutually exclusive. Rather it isentation of the hand in areas 3a and 3b is acallosal (e.g., Jones
likely that the spatial and temporal differences observed underd Powell 1969b; Karol and Pandya 1971; Killackey et al.
bilateral and unilateral stimulus conditions are due to a corh983; Shanks et al. 1985), and in areas 1 and 2, is almost
plex interaction between the number of active neurons and ttempletely acallosal (Killackey et al. 1983). Thus the site of

rate at which they fire. integration of inputs between the hands must occur elsewhere
in cortex. S2/PV is a viable candidate for the site of bimanual

Hierarchical processing in the somatosensory cortex integration because paftchy c_allosal connections have been ob-

of primates served throughout S2, including the representation of the hand

(Karol and Pandya 1971; Krubitzer and Kaas 1990; Manzoni et
The MEG data presented here are consistent with the al- 1984).
pothesis that processing in the human somatosensory system i$aken together, the present results support the idea that there
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are common features of somatosensory processing that G#hro P AnD BULLIER J. Visual activity in area V2 during reversible inacti-
primates share. First, areas in the Sylvian fissure including szgtégn of area 17 in the macaque monkéyNeurophysiob2: 1287-1302,
and PV are involved in processing bilateral inputs from tf‘ﬁl :

hand S d t ti t tactile i t q@ALIANEN M, HARI R, ILMONIEMI R, KNUUTILA J, AND LOUNASMAA OV.
ands. ->econd, at least Iin part, taclile Inpuls are process agnetoencephalography-theory, instrumentation, and applications to non-

serially in somatosenso_ry cortex_ from _“Sl" to SZ_/PV- Third, invasive studies of the working human braitev Mod Phy$5: 413-497,
there may be extensive intrahemispheric processing of somaticgos.

inputs to the hand before information is sent to the opposier! R, KarHu J, HAMALAINEN M, KNUUTILA J, S\LONEN O, Sams M, AND
hemisphere. Finally, bilateral integration is encoded in threeVILkmAN V. Functional organization of the human first and second somato-
potential ways: increased number of neurons firing, increasﬁaensory cortices: a neuromagnetic stuglyr J Neuroscb: 724734, 1993.

rate of firina. and/or increased synchronv of firin ARI R, REINIKAINEN K, KAUKORANTA E, HAMALAINEN M, ILMONIEMI R,
g, y y g. PENTTINEN A, SALMINEN J, AND TESZNERD. Somatosensory evoled cerebral

magnetic fields from S| and Sl in mailectroencephalogr Clin Neuro-
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