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Abstract: Cortical adaptation in the primary somatosensory cortex (SI) has been probed using different stim-
ulation modalities and recording techniques, in both human and animal studies. In contrast, considerably less
knowledge has been gained about the adaptation profiles in other areas of the cortical somatosensory net-
work. Using magnetoencephalography (MEG), we examined the patterns of short-term adaptation for evoked
responses in SI and somatosensory association areas during tactile stimulation applied to the glabrous skin of
the hand. Cutaneous stimuli were delivered as trains of serial pulses with a constant frequency of 2 Hz and 4
Hz in separate runs, and a constant inter-train interval of 5 s. The unilateral stimuli elicited transient
responses to the serial pulses in the train, with several response components that were separated by inde-
pendent component analysis. Subsequent source reconstruction techniques identified regional generators in
the contralateral SI and somatosensory association areas in the posterior parietal cortex (PPC). Activity in the
bilateral secondary somatosensory cortex (i.e., SII/PV) was also identified, although less consistently across
subjects. The dynamics of the evoked activity in each area and the frequency-dependent adaptation effects
were assessed from the changes in the relative amplitude of serial responses in each train. We show that the
adaptation profiles in SI and PPC areas can be quantitatively characterized from neuromagnetic recordings
using tactile stimulation, with the sensitivity to repetitive stimulation increasing from SI to PPC. A similar
approach for SII/PV has proven less straightforward, potentially due to the tendency of these areas to
respond selectively to certain stimuli. Hum Brain Mapp 34:1415-1426, 2013.  © 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Early studies in humans [Gescheider and Wright, 1969;
Hahn, 1966; Lundstrom, 1986] showed that adaptation to
somatosensory inputs is reflected by reduced subjective
intensity and elevation of the detection thresholds for
subsequent stimuli. Additional evidence indicated that
sustained somatosensory inputs generate a transition from
a nonadapted state that facilitates the detection of the
stimulus and its salient features to an adapted state that
enhances the discrimination of its fine characteristics
[Goble and Hollins, 1993, 1994; Tommerdahl et al., 2005].
Such psychophysical observations are consistent with find-
ings from electrophysiological and optical imaging studies
of neuronal response adaptation at multiple levels of orga-
nization in the primary somatosensory cortex (SI). Sus-
tained sensory stimulation triggers changes in the spiking
activity of middle-layer cortical neurons that indicate a
switch in their role from coincidence detectors (optimally
tuned for stimulus detection) in the nonadapted state to
integrators (tuned for stimulus discrimination) following
adaptation [Wang et al., 2010]. These adaptive changes
observed at the single-cell level are accompanied by
changes in the activity of local cortical neuronal popula-
tions [Gabernet et al., 2005; Heiss et al., 2008; Higley and
Contreras, 2006]. The afferent input from a localized tactile
stimulus evokes an initial activity within a relatively
extended area in SI, driving excitatory responses in a large
number of neurons that respond to many different tactile
stimuli [Frostig et al., 2008; Whitsel et al., 1989]. With sus-
tained stimulation, a dynamic cortical inhibitory mechanism
determines a rapid reorganization of the initially extended
SI activation into a reproducible pattern of activity consist-
ing of complex arrays of columnar aggregates with higher
sensitivity and specificity (tuning) for the attributes of the
repetitive stimulus [Tommerdahl and Whitsel, 1996; Whitsel
et al., 1989, 1991]. These changes result in a decrease in the
overall SI activity with sustained stimulation, which can be
investigated in humans using noninvasive, high-temporal
resolution electroencephalography (EEG) or magnetoence-
phalography (MEG) recordings.

Although it is acknowledged that adaptation plays an
important role in sensory function, it remains largely
unknown if /how adaptive changes at multiple hierarchical
levels of the cortical somatosensory network (i.e., within
and beyond SI) contribute to the changes in behavioral
performance observed with sustained sensory inputs. This
cortical network includes multiple somatic areas that
bound SI, which were collectively identified as somatosen-
sory association areas [Caselli, 1993], i.e., secondary soma-
tosensory (SII) and parietal ventral (PV) areas located
ventro-lateral to SI in the parietal operculum, and somato-
sensory association areas corresponding to Brodmann’s
areas 7 and 5 located dorso-lateral and dorso-medial to SI,
respectively. In the absence of specific neuroanatomical in-
formation, the ventral areas are considered jointly as SII/
PV, whereas the dorsal areas are commonly referred to as

somatosensory association areas in the posterior parietal
cortex (PPC). It was shown that SII/PV and PPC somato-
sensory association areas have different anatomical con-
nections and neurophysiological properties [Caselli, 1993;
Hsiao, 2008]. Somatosensory inputs can reach these associ-
ation areas not only via thalamo-cortical connections but
through cortico-cortical connections from SI and from
other association areas as well [Cavada and Goldman-
Rakic, 1989a,b; Pons et al., 1992].

Early EEG studies of cortical somatosensory adaptation
examined the changes in the evoked response amplitude
during repetitive stimulation [for review, see McLaughlin
and Kelly, 1993], but limitations in the existing methodol-
ogy did not allow to estimate accurately the multiple sour-
ces of the cortical somatosensory network. Subsequent
MEG studies using electrical stimulation and source recon-
struction techniques showed sequential cortical activity in
distinct areas of the cortical somatosensory network, that
is, in SI and SII/PV [e.g., Hamada and Suzuki, 2005; Hari
et al., 1990, 1993; Mauguiere et al., 1997], and additionally
in PPC [Forss et al.,, 1994a, 1999; Hari and Forss, 1999],
without focusing on the changes in the evoked activity
with sustained stimulation. Other MEG studies examined
directly the cortical adaptation in SI and SII using trains of
electrical stimuli [Hamada et al., 2002; Ou et al., 2009]. Elec-
trical stimulation, however, bypasses the sensory skin
receptors and entrains undifferentiated afferents and motor
efferent fibers, altering the adaptation mechanisms at sub-
cortical and cortical levels due to abnormal lateral inhibition
[Willis and Coggeshall, 1991]. The potential advantages of
using tactile stimuli that activate a relatively homogenous
population of mechanoreceptors corresponding to a local
definite skin area were widely acknowledged [Franzén and
Offenloch, 1969; Hashimoto et al., 1990; Pratt et al., 1980].
However, only a few recent MEG studies used tactile stim-
ulation paradigms to characterize cortical somatosensory
adaptation, and they focused exclusively on the early
response components corresponding to SI activity [Nangini
et al., 2009; Popescu et al., 2010; Renvall et al., 2005].

The specific aim of our study was to assess the effective-
ness of spatiotemporal data analysis using independent
component analysis (ICA) and magnetic source imaging
for characterizing region-specific adaptation induced by
sustained tactile stimulation in distinct areas of the cortical
somatosensory network. If effective, such an approach can
support future studies investigating if/how the adaptive
changes at multiple levels of the cortical somatosensory
network contribute to changes in behavioral performance,
or their correlation with an abnormal sensory perception
in specific neurological conditions. For this purpose, we
recorded neuromagnetic somatosensory evoked fields
(SEFs) in response to trains of tactile pulses delivered to
the glabrous skin of the hand at different stimulation fre-
quencies. Our results indicate that the primary somatosen-
sory cortex and somatosensory association areas exhibit
varying levels of adaptation, with the sensitivity to repeti-
tive stimulation increasing from SI to PPC and SII/PV
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areas. We show that a quantitative characterization of the
adaptation profiles in PPC can be obtained using tactile
stimulation paradigms for the range of stimulation fre-
quencies used in our study, but a similar approach for
SII/PV areas has proven less straightforward. These find-
ings are discussed by highlighting the selective nature of
these somatosensory association areas in relation to their
functional role and tendency to respond predominantly to
certain stimuli [Young et al., 2004].

METHODS
Subjects, Stimuli, and Data Acquisition

Somatosensory evoked fields were recorded from 10
female subjects (mean age: 24 years, 10 months + 2 years,
11 months) without known neurological conditions, who
agreed to participate in a larger study examining the
neuromagnetic responses to patterned cutaneous stimuli
delivered using a novel pneumatic tactile stimulator [Ven-
katesan et al., 2010]. All participants were right-handed
according to the Edinburgh Handedness Inventory [Old-
field, 1971]. Informed consent was obtained from each sub-
ject before participation in the experiment. The study was
approved by the Institutional Review Board of the Univer-
sity of Kansas Medical Center. One subject was excluded
from further analysis due to low signal-to-noise ratio in
one experimental condition. The data presented in this
report pertain to the remaining group of 9 subjects.

The tactile stimuli were delivered using a servo-
controlled pneumatic amplifier. A silicone tube (4.6 m
length, 3.2 mm internal diameter, 1.6 mm wall thickness)
was used to conduct the pneumatic pulse stimuli from the
servo motor to a small-bore pneumatic actuator (TAC-
Cell) attached with double-adhesive tape collars on the
glabrous skin of the right hand, over the distal phalanges
and close to the interphalangeal articulations of the index
and middle fingers that remained relaxed in a resting posi-
tion. The potential advantages of the simultaneous stimu-
lation of the two adjacent fingers are: (1) stimulation of a
larger skin area activates a larger cortical area in SI, and
typically results in a higher signal-to-noise ratio, and
(2) spatially extended stimuli presumably engage more effi-
ciently the somatosensory association areas characterized
by larger receptive fields. The TAC-Cell used in our study
was a 5 ml round vial with a polyethylene cap, designed
to create an internal lumen with a diameter of 19.3 mm.
Pneumatic charging (+125 cm H,O) generates a deflection
of the 0.13 mm silicone membrane that is secured between
the vial rim and snap-type cap, applying a light pressure
stimulus to the skin surface with each deflection. The
membrane displacement had a rise-time of 27 ms (defined
as the time interval between the 10% and 90% of the maxi-
mum displacement) and a duration of 50 ms (measured
between the half-maximum displacement on the rising
and falling slopes of the pressure wave). All latencies
reported in this study are corrected for a 17 ms mechanical

response delay between the trigger to the pneumatic servo
and the onset of the membrane deflection.

The stimulation session consisted of three successive
runs with 6-pulse trains of stimuli delivered in blocks of
125 trials in each run. The frequency of the tactile pulses
in each train was constant during the run and set to 2 Hz,
4 Hz, and 8 Hz, respectively. The pulse duration (50 ms)
and inter-trial interval (5 s, measured from the last stimu-
lus in a train to the first stimulus in the next train) were
constant across all runs. The order of the runs was
randomized across subjects.

MEG signals were recorded in a magnetically shielded
room using a whole-head CTF 151-channel system with
axial gradiometers sensors (5 cm baseline). Two bipolar
(vertical and horizontal) EOG channels were simultane-
ously recorded to identify the trials affected by eye move-
ment or blinks artifacts. The head position relative to the
sensor array was determined by feeding current into three
localization coils placed at nasion and left- and right-pre-
auricular points, respectively. The data were recorded in
continuous mode using a sampling rate of 600 Hz and a
pass-band of 0-150 Hz. Magnetic resonance imaging (T1-
weighted scans) were performed for all participants imme-
diately after the MEG experiment using registration land-
marks placed at the localization coils positions.

MEG Data Analysis
Data Pre-Processing

The recorded MEG signals were band-pass filtered
between 1.5 Hz and 50 Hz using bidirectional fourth-order
Butterworth filters, to remove the sustained fields that
occurred during the stimulus trains and to facilitate the
identification of the transient response components.
Epochs starting 1.0 s before the first pulse and ending
1.0 s after the last pulse in each trial were visually
inspected to discard trials with eye movement or other
artifacts. The remaining artifact-free trials (not less than 90
for each subject and condition) were averaged separately
for each run and the DC was offset using the prestimulus
period as a baseline.

Strong suppression of the transient evoked responses to
the second and subsequent pulses in the train was
observed at the 8 Hz stimulation rate for both early and
late response components. In particular, for the response
components later shown to be generated by the activity in
the somatosensory association areas, that is, PPC and SII/
PV, the strong suppression hindered the reliable identifica-
tion of these subsequent transient evoked responses.
Therefore, a quantitative comparison between the adaptive
changes in SI versus any of the somatosensory association
areas was not possible for the 8 Hz stimulation rate, and
the analysis reported in this study is limited to the 2 Hz
and 4 Hz stimulation conditions.

Aiming to provide an efficient practical approach for the
source estimation of the multiple component response, the
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averaged datasets for each subject and condition were first
decomposed using a PCA-filtering ICA algorithm [Hyvari-
nen and Oja, 2000]. PCA-filtering was applied to reduce the
data dimensionality, such that an appropriate statistical
measure of independence could be achieved by the subse-
quent ICA, which was used to segregate the contribution of
each independent component (IC) to the overall magnetic
field. The number of components was determined for each
dataset based on a significant decrease in the singular val-
ues of the spatio-temporal data matrix, resulting in 3 or 4
ICs per dataset across subjects and conditions.

Source Reconstruction

For each dataset, the source reconstruction was per-
formed separately for each IC in CURRY (Neuroscan,
Compumedics), using a spherically symmetric volume
conductor model fitted to the skull (segmented from the
MRI data). The source space was defined as a regular grid
of points in the brain volume (average distance between
points was 3 mm). Because the independence constraint in
ICA relies entirely on the amplitude distribution of the
sensor data and does not include assumptions about the
underlying sources, each IC can reflect the activity of sin-
gle or multiple synchronous neuronal generators [Delorme
and Makeig, 2004; Hironaga and loannides, 2007; Vigario
et al., 2000]. Accordingly, the ICs of interest were localized
using a two-step source reconstruction algorithm. First, a
current density analysis using sSLORETA [Pascual-Marqui,
2002] was performed to verify if single or multiple re-
gional generators account for each IC and to identify the
corresponding spatial peaks of activity. sSLORETA uses the
standardization of a minimum norm inverse solution, and
does not require a priori information about the number of
active sources. Second, a location constrained dipole analy-
sis (with the positions of the dipoles at the spatial peaks of
activity retrieved by sLORETA) was performed to obtain
estimates of the direction and strength for each active
brain region. The dipole fitting procedure allowed charac-
terizing the source strengths using current units rather
than the statistical measures retrieved by sLORETA.

Statistical Analysis

Analyses of variance (ANOVA) with dipole locations,
peak strengths, and peak latencies as dependent variables
were performed in STATVIEW 5 (SAS Institute), with
explicit comparisons between response components and
stimulation rates.

RESULTS

Neuromagnetic SEFs to Pulse Trains
of Tactile Stimuli

Figure 1 exemplifies the averaged SEF data for the 2 Hz
stimulation condition. Each pulse stimulus in the train
produced transient neuromagnetic responses with a time-

varying morphology indicating the existence of multiple
SEF sources peaking at different latencies. The first com-
ponent of the response (marked with a vertical line in
Fig. 1b) peaks in this example at 74 ms, whereas the sec-
ond component peaks at 104 ms. Each of these two com-
ponents is characterized by a unilateral, distinctly dipolar
pattern of the magnetic field (Fig. 1c), confined to a differ-
ent subarray of sensors in the left hemisphere (contralat-
eral to the stimulation site). These two components are
followed by a third component peaking at 131 ms, which
is characterized by a bilateral dipolar pattern of the mag-
netic field that suggests bilateral activity evoked in SII/PV
areas, as previously shown by other MEG studies, most of
them using electrical stimulation paradigms [Forss et al.,
1994a,b, 1999; Hamada et al., 2002; Hari and Forss, 1999;
Hari et al., 1990, 1993; Schnitzler et al.,, 1999; Zhu et al.,
2007]. The dipolar pattern at the peak of the third compo-
nent is asymmetric over the subarray of sensors covering
each hemisphere (e.g., the negative magnetic field
recorded by the posterior lateral sensors in the left hemi-
sphere is higher than the positive magnetic field in left an-
terior lateral sensors). This can be partly due to the fact
that the activity of the main generator of the second com-
ponent (peaking at 104 ms) overlaps in time with
the activity of these later bilateral sources. This is also sug-
gested by the morphology of the sensor signals shown in
Figure 1b, and by the way, it is reflected in the mean global
field (MGF) trace, with the third component seen as a
shoulder on the descending part of the most prominent (i.e.,
second) component. Subsequent pulses within the train
evoke similar SEFs, although with different relative ampli-
tudes of the components. Two observations regarding the
inter-subject variability in the SEF responses at the sensors
are worth mentioning. First, visual inspection of the two
leading response components evoked by the first pulse in
the train (i.e., without considering the effect of their short-
adaptation patterns induced by the subsequent serial pulses)
indicated that their relative amplitude was different between
subjects, with the amplitude of the first component higher
compared to the second component in some subjects, and
lower in others. In addition, it was observed that the first 2
prominent components were followed by a series of other
late response components (including the bilateral third com-
ponent described above), with a markedly high inter-subject
variability in latency and magnetic field topography (ie.,
the sequence and/or characteristics of these late response
components were not consistent across subjects). Similar
response components of the averaged SEF data were
obtained for the 4 Hz stimulation frequency (Fig. 3a,b).

Spatio-Temporal Reconstruction of the
Independent Component Activity

The criteria used to determine how the ICs are related
to the evoked response components peaking at different
latencies were based on the visual inspection of the sensor
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Figure 1.

(@) An illustration of the averaged neuromagnetic response
evoked by 2 Hz stimulus trains is shown for one representative
subject. (b) The response to the first pulse in the train is shown
expanded for better visualization of the individual response
components. The single red trace at the top displays the MGF
computed across the whole channel array. (c) The magnetic field
maps are shown at the peak latencies for the first 3 response
components marked with vertical lines in panel (b) (fT values on

map and temporal course of each IC. An example of three-
component ICA decomposition is illustrated in Figure 2.
The ICs (displayed in decreasing order of their data var-
iance) have distinct spatial patterns of magnetic field
(Fig. 2a) and temporal courses of activity (Fig. 2b). In this
case, the associated magnetic field topography of each
component is consistent with contralateral (IC1 and IC2)
and bilateral (IC3) generators. The filtered MGF for each
of these ICs (i.e., computed from the reconstructed sensor
data reflecting the separate contribution of the correspond-
ing IC) shown in Figure 2c matches closely the MGF of the
averaged data at the peak latency of the corresponding
evoked response component marked by vertical lines in

color bars indicate the increment in isofield contour lines; black
contour line corresponds to zero magnetic field). The first 2
components are characterized by dipolar magnetic field patterns
confined to the contralateral (left) hemisphere; the third compo-
nent is characterized by a bilateral magnetic field distribution
(shown in left and right views). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

Figure 1b (note that the first IC corresponds to the
response component peaking at 104 ms). Later, including
bilateral, response components and their corresponding
ICs were heterogeneous across subjects, consistent with
our observations about the morphology of the averaged
evoked responses. Thus, for the purpose of our current
study, only the ICs that segregated the response compo-
nents around 70 ms (IC2 in Fig. 2b) and about 30 ms later
(IC1 in Fig. 2b) were examined, as they represented the
most consistent response components separated by the
PCA-ICA algorithm and clearly identified for both stimu-
lation conditions in 8 (out of 9) subjects that were included
in the subsequent quantitative analysis. For these subjects,
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Figure 2.

(a) Interpolated magnetic isofield contours are shown for the
three ICs (in decreasing order of their data variance) of the neu-
romagnetic response evoked by 2 Hz stimulus trains seen in Fig-
ure la. (b) The traces display the timecourse of activity
corresponding to each IC, and contrast the filtered MGF
(in red) against the MGF of the original data (in black) for each

similar ICA decompositions were obtained for the 2 Hz
and 4 Hz stimulation rates, up to the order of ICs. Because
ICs are sorted in decreasing order of their data variance,
IC ranks are determined by the relative amplitude of the
response components and by their frequency-dependent
level of adaptation (the IC ordering does not represent an
issue per se, as long as a direct correspondence between
each IC and the response component it accounts for can be
reliably determined). An example of ICA decomposition
for the 4 Hz data (from the same subject as in Fig. 2b)
is shown in Figure 3c. The time courses of the first 2 ICs
exhibit clear transient responses after the onset of each pulse
of stimulation, accounting accurately for the two early SEF
peaks. Noteworthy, the ICs segregating these -early
response components show also subsequent activations at
later latencies after each pulse (Figs. 2b and 3c), contribut-
ing to some of the late components that were observed in
the averaged sensor data. In contrast, IC3 that segregates
the contribution of the bilateral generators shows a clear
response to the first stimulus in the train, but subsequent
responses to the following stimuli have markedly reduced
amplitude. The strong suppression of the late bilateral
responses to the second and following pulses in the train
was present for both stimulation rates in all subjects with
a clearly identifiable bilateral component, that is, 5 out of
the 9 subjects. PCA-ICA algorithm did not separate the

IC. (c) The filtered MGF (in red) is compared with the MGF of
the original data (in black) for the duration of the first evoked
response (expanded for better visualization); MGF is computed
across the whole channel array. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

late bilateral response components into ipsilateral and con-
tralateral ICs (due to their temporal correlation). Therefore,
the attenuation of these components with the serial posi-
tion revealed a similar behavior for the ipsilateral and con-
tralateral evoked responses. Moreover, the very small
amplitude of these responses to subsequent stimuli hin-
dered their reliable detection and the quantitative charac-
terization of their adaptation profiles.

sLORETA source estimates for the IC peaking at ~70 ms
after the onset of each stimulus retrieved maximal activity
in the contralateral (left) central sulcus, indicating neuronal
generators in the hand area of the primary somatosensory
cortex (Fig. 4a). This is consistent with other MEG studies
using tactile stimulation of the fingers [e.g., Forss et al,
1994a; Jones et al.,, 2007; Kakigi et al., 2000]. sSLORETA esti-
mates for the IC peaking at ~100 ms recovered maximal
activity in the contralateral (left) posterior parietal cortex, in
the posterior wall of the postcentral sulcus (Fig. 4b), which
indicates neuronal generators in the dorsal somatosensory
association areas in PPC, as previously reported using air-
puff stimulation of the fingers [Forss et al., 1994b].

The results of the second step of source reconstruction
(i.e., sSLORETA-constrained dipole fitting) are exemplified in
Figure 5 on T;-weighted MRI orthogonal images. For the
early (first) response component, dipoles were localized in
the anterior wall of the postcentral gyrus, consistent with
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(a) The averaged neuromagnetic response evoked by the 4 Hz
stimulus trains is exemplified for the same subject shown in Fig-
ure |. (b) The response to the first pulse in the train is shown
expanded for better visualization of the response components.
(c) The top panels show the interpolated magnetic isofield con-
tours for the three ICs (in decreasing order of their data var-

generators in the proximal neuronal populations of SI areas
3b and 1. Dipoles for the second response component were
localized in regions of the post-central sulcus, posterior,
and slightly medial with respect to the SI source.

Source Locations

Because of the proximity of the generators for the two
response components under study, we first analyzed their
relative locations to verify consistency across subjects and
conditions. Two-way repeated measures ANOVAs with
response component (first and second with respect to peak
latency) and stimulation rate (2 Hz and 4 Hz) as factors

iance) corresponding to the neuromagnetic response shown in
panel (a). The bottom panels display the filtered MGF (in red)
compared with the MGF of the original data (in black) for the
duration of the first evoked response. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

were performed separately for each of the three Cartesian
coordinates (i.e., x, ¥, and z, as dependent variables) describ-
ing the dipole source locations across subjects and conditions
for each of the two response components. This analysis
showed significant main effects of response component for
the Cartesian coordinates x (medio-lateral direction, F =
766, P = 0.028), y (posterior-anterior direction, F = 12.58,
P = 0.009), and z (pointing toward the vertex, F = 8.78, P =
0.021). As no significant main effect of stimulation rate was
detected (indicating no systematic difference in source loca-
tions with the stimulation rate), the source coordinates for
each of the two stimulation rates were aggregated into a
mean value for each subject. The averaged source positions
across all subjects are summarized in Table L
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Figure 4.

The results of source estimation (i.e., current density reconstruc-
tion using SLORETA) are shown for each of the ICs that corre-
spond to S| (@) and PPC (b) SEF response components. The
activity maps are shown on the cortical surface at the peak latency
of the first pulse in the train (for 2 Hz stimulation frequency),
clipped at 80% of the spatial maximum for each source. [Color fig-
ure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

The results of this analysis showed a significantly differ-
ent localization of the second component (peaking at
~100 ms) relative to the first component (SI, peaking at
~70 ms), that is, the source location of the second response
component was more medial (mean Ax = 5 mm, SD =
5 mm), more posterior (Ay = —9 mm, SD = 7 mm), and
more superior (Az = 6 mm, SD = 6 mm), consistent with
neuronal generators in the dorsal somatosensory association
areas in PPC. The mean (across subjects) Euclidian distance
between the two sources was 15 mm (SD = 7 mm).

Response Latencies

To test for the presence of stimulation rate- and brain
area-dependent adaptation effects on the response latency,
a three-way repeated measures ANOVA was performed,
with stimulation rate (2 Hz vs. 4 Hz), brain area (SI vs.
PPC), and serial position of the pulses in the train as inde-
pendent variables, and the latency of the responses to stim-
uli (SEFs) as dependent variable. The test indicated a
significant main effect of brain area (F = 51.6, P = 0.0002),
and no significant effect of stimulation rate and no signifi-
cant interactions. Thus, we observed no rate-specific or serial
position-specific adaptation effects on the SI or PPC response
latencies. Based on these observations, an aggregate value
for the latency of each of the two response components was
obtained for each subject by averaging across stimulation
rates and pulses, and the subsequently estimated mean
global values across subjects are summarized in Table I. The
mean delay between the peak activity of the cortical
response evoked in PPC versus SI was 29 + 6 ms.

Response Amplitudes

Individual differences in the absolute response ampli-
tude for the SI and PPC sources, which can be related to
neuroanatomical differences or to physical factors, such as
subject variability in the orientation of current sources rel-
ative to local radial direction, were eliminated by normal-
izing each source strength with the amplitude of the
corresponding first response in the train for each subject
in each stimulation condition. Figure 6 shows the mean
normalized peak amplitudes as a function of serial posi-
tion within the pulse train, for the two stimulation rates

2Hz 2Hz
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T o € 0
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K o
B k=)
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» @
o o
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Figure 5.

Dipole locations and orientations (at the corresponding peak latencies) are shown in orthogonal
axial and sagittal MRI slices for the Sl (a) and PPC (b) generators. The dipole activation time-
courses are displayed in adjacent panels for the 2 Hz and 4 Hz stimulation conditions. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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TABLE I. SI and PPC source locations and latencies
(mean = standard deviations across the subjects
included in the quantitative analysis)

Location (mm)

x (right-  y (posterior-  z (inferior- Peak
Source left) anterior) superior) latency (ms)
SI —40 £ 3 7+6 84 +5 69 +5
PPC -35+8 -3+10 90 +5 98 + 5

The source locations are expressed in a Cartesian coordinate sys-
tem defined from external landmarks on the scalp, with x-axis
pointing from left to right (through the preauricular points),
y-axis from inion to nasion, and z-axis toward the vertex.

and two brain areas under investigation. The peak dipole
strengths of SI and PPC responses show progressive
attenuation with the serial position of the responses in the
train. In addition, the mean data across all subjects indi-
cate a general trend for the evoked PPC responses to ex-
hibit a more pronounced decay of the relative amplitude
as compared to SI responses, at each of the two stimulation
rates. These qualitative observations were confirmed by
three-way repeated measures ANOVA performed on the
normalized peak amplitude data (as dependent variable)
from each brain area (SI vs. PPC), stimulation rate (2 Hz vs.
4 Hz), and serial position of the pulse within the train. This
analysis indicated significant main effects of stimulation
rate (F = 15.8, P = 0.005), brain area (F = 15.0, P = 0.006),
and serial position of the responses (F = 4.1, P = 0.01). In
addition, the interaction between stimulation rate and brain
area was found to be significant (F = 6.3, P = 0.04).

2 Hz stimulation rate

0.8

1] S

Relative amplitude

0.2} |—e SI
—— PPC

1 2 3 4 5 6
Pulse index

(a)

With the exception of the SI evoked response at 2 Hz,
the averaged data across subjects (Fig. 6) indicate that the
maximal decrement in response amplitude generally
occurs with the second response in each train. Further
incremental attenuation with the serial position is small
for the subsequent pulses, and in several subjects, we
observed a slight oscillatory behavior in the response am-
plitude with the serial position in the train, with responses
to the middle stimuli exhibiting a slightly higher ampli-
tude than the response to the second stimulus. This obser-
vation that much of the response attenuation occurs
between the first and second stimuli in the train is in
agreement with previous reports of response suppression
at the population level [Angel et al., 1985; Tomberg et al.,
1989] or in single upper-layer cortical neurons [Lee and
Whitsel, 1992; Lee et al., 1992], whereas a similar oscilla-
tory behavior with the serial position subsequent to the
second response in the train was also reported by [Angel
et al., 1985], and more recently, in our study using a differ-
ent type of cutaneous stimulus [Popescu et al., 2010].

DISCUSSION

Previous electrophysiological and neuromagnetic studies
using electrical stimulation have provided valuable
insights into the cortical somatosensory processing net-
work. However, the advantages of this stimulation modal-
ity, that is, easily replicable stimulus parameters and
cortical responses, are offset by the fact that the stimulus
bypasses the sensory receptors of the skin, entrains undif-
ferentiated afferents, and generates “unnatural” interac-
tions at subcortical and cortical levels. Alternatively, tactile

4 Hz stimulation rate
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Figure 6.
Adaptation effects in Sl and PPC: the mean relative peak amplitude and corresponding standard
error of the mean (vertical bars) across subjects are shown for the 2 Hz (a) and 4 Hz (b) stimu-
lation conditions. The peak amplitudes were normalized with the amplitude of the first response
in the train for each subject/condition. The plots were obtained using cubic spline interpolation
to display smoothed curves. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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stimuli activate more selectively the sensory pathways that
are recruited by somatic inputs during typical sensorimo-
tor behaviors. In this study, we used tactile stimulation
paradigms to conduct a comparative analysis of the
induced adaptation at multiple levels of the cortical soma-
tosensory network for different stimulation rates.

Cortical somatosensory adaptation inherits inherently
some effects of the adaptive changes at lower levels of the
ascending sensory pathways. For example, sustained sen-
sory stimulation leads to a temporal desynchronization of
the thalamic excitatory inputs and a delay in the arrival of
feedforward inhibitory inputs to middle layer cortical neu-
rons in SI, changing their spiking pattern and functional
role [Gabernet et al., 2005; Heiss et al., 2008; Wang et al.,
2010], In addition to these changes, local cortical adaptation
involves also long-lasting lateral interactions between adja-
cent cortical columns, which may provide a mechanism for
the temporal integration of each transient response with an
activity trace set by previous stimuli [Lee and Whitsel,
1992; Lee et al., 1992; Whitsel et al., 1989, 1991].

In our study, the dynamics of the neuromagnetic
responses likely reflects these adaptation mechanisms
occurring at multiple levels of cortical organization. Our
results indicate that the adaptation patterns in the somato-
sensory association areas in PPC exhibit higher sensitivity
to stimulus repetition compared with SI. This finding may
reflect a cumulative effect of two factors: (1) the inherited
effect of adaptation from the lower level (i.e., SI) in a serial
SI-PPC processing hierarchy, and (2) the effect of local,
dynamically evolving lateral interactions in PPC. The corti-
cal region responsive to our tactile stimulus is located
dorso-medial with respect to the SI hand area, which
appears to be consistent with the somatosensory associa-
tion area 5 in PPC [Cavada and Goldman-Rakic, 1989a,b;
Kalaska, 1996; Penfield and Jasper, 1954]. Anatomical stud-
ies demonstrated a heavy projection from SI to PPC area
5 in rhesus monkey [Jones and Powell, 1970; Pandya
and Kuypers, 1969], which indicates that area 5 may be
involved in higher order processing of the somatosensory
inputs. In addition, it was shown that the neurons in area
5 responding to cutaneous stimuli have larger and more
complex receptive fields compared to SI neurons [Kalaska,
1996; Mountcastle, 1995; Murray and Coulter, 1981; Sakata
et al., 1973]. Our observation of higher adaptation in the
PPC area compared with SI is consistent with previous
results showing a trend for higher response suppression
and longer lasting activity traces in the association areas
with larger neuronal receptive fields compared to primary
sensory areas [e.g., auditory studies of Lii et al., 1992].
These findings were interpreted as a potential indication
of longer lasting integrative processes in higher order
sensory areas and were linked to a functional role that
includes maintenance and integration of multiple tempo-
rally or spatially dispersed inputs. Although the sensitivity
to stimulus repetition was higher in PPC versus SI, the
transient responses to each pulse in the train were clearly
identifiable at stimulation frequencies of 2 Hz and 4 Hz,

indicating that the recovery time in the dorsal association
areas is only moderately longer as compared with SI.
Along with the short latency delay between the peak activ-
ities in SI and PPC, these results appear consistent with
the functional role of the somatosensory association areas
in PPC in sensorimotor integration, that is, allowing rapid
processing and integration of reafferent cutaneous and
proprioceptive inputs from unfolding movement, and con-
veying signals to motor areas [Jones et al., 1978; Kalaska,
1996; Petrides and Pandya, 1984].

In contrast to the areas in PPC, the analysis of adaptive
changes in the ventro-lateral somatosensory association
areas, that is, SII/PV, has been partially hindered by two
factors. First, the bilateral evoked responses reflecting the
activity in these areas were not consistently detected
across subjects with punctate tactile stimulation, and a rel-
atively large variability in their latency was observed
across subjects with identifiable bilateral SEF response.
Higher inter-subject variability in the detection of these
bilateral late response components for tactile compared to
electrical stimulation has been reported previously in sev-
eral other neuroimaging studies [Forss et al., 1994b; Hari
and Forss, 1999; Zhu et al., 2007]. Differences in the stimu-
lation modality (mechanical vs. electrical) is likely to
explain such variation, since electrical stimulation recruits
many undifferentiated fibers, and therefore increases the
likelihood of response detection in regions with large
receptive fields. Second, although the bilateral response
component to the first stimulus in the train was identifia-
ble in several subjects, the responses to subsequent pulses
had very small amplitude, which did not permit their reli-
able identification and quantification of the adaptive
changes in these areas. The results of previous MEG stud-
ies on the adaptation profiles in the ventro-lateral somato-
sensory association areas have been contradictory, in part
due to the different stimulation and analysis modalities
used in these studies. One study using electrical stimula-
tion of the median nerve at the wrist [Hari et al., 1993]
indicated that the amplitude of the SII response depends
strongly on the stimulus repetition rate, it does not satu-
rate even at relatively long inter-stimulus intervals of 8 s,
and it is difficult to identify in the averaged SEF data for
runs with regular ISIs of 0.5 s or shorter. In contrast,
another study using electrical stimulation of the fingers
[Hamada and Suzuki, 2005] reported that SII responses
can be seen in neuromagnetic recordings with ISIs as short
as 100 ms and have a recovery lifetime only slightly longer
than that in SI. Our results obtained with punctate tactile
stimuli applied to the fingers agree with the first report in
showing that the bilaterally evoked responses in SII/PV
areas, if present, exhibit a rapid suppression following the
first pulse in the train, even at 2 Hz stimulation frequency.
The longer recovery time in these regions appears compat-
ible with their predominant role in tasks requiring mainte-
nance and integration of sensory inputs over relatively
longer temporal scales, such as tactile recognition, learn-
ing, and discrimination [Hodzic et al., 2004; Mishkin, 1979;
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Murray and Mishkin, 1984; Roland et al., 1998; Servos
et al., 2001], and parallels similar observations made in the
secondary auditory cortical areas [Lii et al., 1992].

The effectiveness of our neuromagnetic study in charac-
terizing the neuronal adaptation in the dorsal areas of the
somatosensory pathway, together with their previously
documented role in sensorimotor integration, suggests that
such an approach can support future studies of cortical
response adaptation in patients with sensorimotor deficits.
Existing evidence indicate that these patients exhibit
symptoms of “fading sensation” in the presence of sus-
tained somatic inputs [Dannenbaum et al., 2002], which
can be potentially related to abnormal patterns of adapta-
tion in the dorsal somatosensory areas. In addition, the
methodology and the results of our study can provide a
basis for investigating the relationship between neuronal
activity and hemodynamic response across multiple corti-
cal regions using multimodal fMRI-MEG studies, which
represents an active research area with potential applica-
tions in clinical conditions associated with abnormal neu-
rovascular coupling.
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