
UC San Diego
UC San Diego Previously Published Works

Title
A parietal–frontal network studied by somatosensory oddball MEG responses, and its 
cross-modal consistency

Permalink
https://escholarship.org/uc/item/9510550s

Journal
NeuroImage, 28(1)

ISSN
1053-8119

Authors
Huang, Ming-Xiong
Lee, Roland R
Miller, Gregory A
et al.

Publication Date
2005-10-01

DOI
10.1016/j.neuroimage.2005.05.036
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9510550s
https://escholarship.org/uc/item/9510550s#author
https://escholarship.org
http://www.cdlib.org/


www.elsevier.com/locate/ynimg
NeuroImage 28 (2005) 99 – 114
A parietal–frontal network studied by somatosensory oddball MEG

responses, and its cross-modal consistency

Ming-Xiong Huang,a,b,* Roland R. Lee,a,b Gregory A. Miller,c,d,e Robert J. Thoma,e,f

Faith M. Hanlon,e,f Kim M. Paulson,f Kimberly Martin,f Deborah L. Harrington,a,g

Michael P. Weisend,f J. Christopher Edgar,c and Jose M. Canivee,f

aDepartment of Radiology, University of California, San Diego, San Diego, CA 92103-8756, USA
bRadiology Service, VA San Diego Healthcare System, San Diego, CA 92161, USA
cDepartment of Psychology and Beckman Institute Biomedical Imaging Center, University of Illinois at Urbana-Champaign,

Urbana, IL 61801, USA
dDepartment of Psychiatry, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
eDepartment of Psychiatry, University of New Mexico Health Sciences Center, Albuquerque, NM 87131-0001, USA
fCenter for Functional Brain Imaging, New Mexico VA Health Care System, Albuquerque, NM 87131-0001, USA
gResearch Service, VA San Diego Healthcare System, San Diego, CA 92161, USA

Received 25 November 2004; revised 11 April 2005; accepted 20 May 2005

Available online 23 June 2005
Previous studies using functional magnetic resonance imaging

(fMRI) and event-related potentials (ERPs) of the brain have found

that a distributed parietal– frontal neuronal network is activated in

normals during both auditory and visual oddball tasks. The

common cortical regions in this network are inferior parietal lobule

(IPL)/supramarginal gyrus (SMG), anterior cingulate cortex (ACC),

and dorsolateral prefrontal cortex (DLPFC). It is not clear whether

the same network is activated by oddball tasks during somatosen-

sory stimulation. The present study addressed this question by

testing healthy adults as they performed a novel median-nerve odd-

ball paradigm while undergoing magnetoencephalography (MEG).

An automated multiple dipole analysis technique, the Multi-Start

Spatio-Temporal (MSST) algorithm, localized multiple neuronal

generators, and identified their time-courses. IPL/SMG, ACC, and

DLPFC were reliably localized in the MEG median-nerve oddball

responses, with IPL/SMG activation significantly preceding ACC

and DLPFC activation. Thus, the same parietal– frontal neuronal

network that shows activation during auditory and visual oddball

tests is activated in a median-nerve oddball paradigm. Regions

uniquely related to somatosensory oddball responses (e.g., primary

and secondary somatosensory, dorsal premotor, primary motor, and

supplementary motor areas) were also localized. Since the parietal–

frontal network supports attentional allocation during performance

of the task, this study may provide a novel method, as well as
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normative baseline data, for examining attention-related deficits in

the somatosensory system of patients with neurological or psychi-

atric disorders.
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Introduction

Attention mechanisms have been widely studied using the

oddball paradigm, in which two visual or auditory stimuli are

presented in a random order, and subjects discriminate rare target

stimuli from standard, frequent stimuli. The P300 component of

the human event-related potential (ERP) observed in auditory or

visual oddball paradigms is one of the most widely studied ERP

components. Using scalp or intracranial recordings, ERP studies

have revealed a number of temporally overlapping, but anatom-

ically distinct, cortical, and subcortical neuronal generators

associated with the P300. These regions can be separated into

three groups: (1) frontal regions, including anterior cingulate cortex

(ACC), dorsolateral prefrontal cortex (DLPFC), and orbital frontal

cortex (OFC) (Simson et al., 1976; Snyder et al., 1980; Yingling

and Hosobuchi, 1984; McCarthy and Wood, 1987; Knight et al.,

1989; Smith et al., 1990; Neshige and Luders, 1992; Baudena

et al., 1995; Turetsky et al., 1989a,b; Anderer et al., 1998; Halgren

et al., 1998; Wang et al., 2003); (2) temporal regions, including

temporal lobes in general (Stapleton and Halgren, 1987; Halgren et

http://www.sciencedirect.com
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al., 1995a,b; Kiss et al., 1989; Wang et al., 2003) and specific

temporal areas including the superior temporal gyrus (STG)

(Knight et al., 1989; Lovrich et al., 1988; Tarkka et al., 1995;

Halgren et al., 1998; Wang et al., 2003), medial temporal lobe

(O’Donnel et al., 1993; Tarkka et al., 1995), hippocampus (Halgren

et al., 1980, 1995b, 1998; Neshige and Luders, 1992), amygdala

(Halgren et al., 1980; McCarthy and Wood, 1987), temporal–basal

area (Hegerl and Frodl-Bauch, 1997), and temporal–parietal

junction (Knight et al., 1989); and (3) parietal regions, including

bilateral posterior parietal areas (Halgren et al., 1995a; Turetsky et

al., 1989a,b; He et al., 2001), the lateral and inferior parietal cortex

(Smith et al., 1990; Anderer et al., 1998; Halgren et al., 1998), and

the parietal–occipital junction (Kiss et al., 1989; Anderer et al.,

1998; Wang et al., 2003). These studies demonstrate that oddball

paradigms evoke activity in distributed cortical and subcortical

neuronal networks, although some deep structures (e.g., hippo-

campus and amygdala) might contribute less to the scalp P300

response (Johnson and Fedio, 1987; Smith et al., 1990; Halgren

et al., 1995b). There also appears to be considerable sensory

specificity with respect to brain activation during the task, for

example, the involvement of the lateral temporal cortical regions in

P300 responses may well be specific to auditory stimuli, since it

has not been consistently observed in the visual oddball task. This

was also shown by Rogers et al. (1992) using ERP and MEG, in

which response to infrequent and unpredictable omissions of visual

stimuli was localized deeply in the hippocampus/lateral thalamus,

but not in temporal cortex.

Functional magnetic resonance imaging (fMRI) has also been

used to localize regional activation during oddball tasks. With

auditory, visual, or a combination of both oddball stimuli, fMRI

methods verify that activity in distributed brain regions is elicited

during the oddball task. One common goal of many studies is to

distinguish cortical regions that do and do not depend on stimulus

modality. Activation in the inferior parietal lobule (IPL)/supra-

marginal gyrus (SMG) and the ACC have been consistently

reported in almost all fMRI studies using auditory and visual

oddball tasks (McCarthy et al., 1997; Menon et al., 1997; Linden et

al., 1999; Yoshiura et al., 1999; Stevens et al., 2000; Clark et al.,

2000; Kiehl and Liddle, 2001; Ardekani et al., 2002). Activation in

DLPFC and middle frontal gyrus (MFG) is also frequently reported

in fMRI studies and appears modality-independent (McCarthy et

al., 1997; Yoshiura et al., 1999; Clark et al., 2000; Stevens et al.,

2000; Kiehl and Liddle, 2001; Ardekani et al., 2002).

Together, ERP and fMRI research indicate that a distributed

parietal – frontal network is commonly activated during both

auditory and visual oddball tasks. This network involves frontal

regions such as DLPFC/MFG and ACC, and parietal cortex,

including the IPL/SMG. In addition, this network appears to be

modality-independent, consistent with its involvement in verbal

and nonverbal working memory (McCarthy et al., 1997; Goldman-

Rakic, 1987, 1988; Mesulam, 1990). On the other hand, the

temporal cortex and occipito-temporal areas appear to be modality-

dependent because activity is more commonly evoked only by

auditory oddball tasks.

The present study investigated neuronal networks that support

attention to somatosensory stimuli. In contrast to auditory and

visual oddball tasks, the neuronal network involved in oddball

responses evoked by somatosensory stimuli has not been well

studied. Most research has focused on somatosensory recognition

by using spatial attention tasks, which stimulate different body

parts (Desmedt and Tomberg, 1989; Garcia-Larrea et al., 1995;
Hari et al., 1990; Tarkka et al., 1995; Kekoni et al., 1996;

Mauguiere et al., 1997b; Yamaguchi and Knight, 1991), the same

body part (i.e., median-nerve) but with different stimulation

intensities, (Mima et al., 1998), or a mix of somatosensory and

auditory stimuli (Fujiwara et al., 2002). Neuronal responses in

primary and secondary somatosensory regions have been the focus

of these investigations.

Although recently parietal– frontal networks have figured

centrally in theories of brain mechanisms associated with selective

attention (e.g., Milham et al., 2003), we are not aware of any

research studying the role of parietal – frontal networks in

somatosensory attention during oddball paradigms. Thus, it is

not clear whether this network is truly modality-independent. This

is important because if similar parietal–frontal networks support

attention during somatosensory processing, this would have

implications for using somatosensory tasks to evaluate cortical

function in neurological patients with limited capacity for move-

ment (Huang et al., 2004a,b). The present study used a novel

oddball paradigm involving median-nerve stimulation to inves-

tigate the broader role of the cerebral cortex in attending to

somatosensory stimuli. MEG was used to identify the locations of

multiple cortical neuronal generators and their time-courses with

millisecond (ms) temporal resolution. Although one fMRI study

reported that activity in the IPL and SMG begins earlier than

DLPFC/MFG activity (Stevens et al., 2000), the precise onset

latency could not be determined due to the slow hemodynamic

response of the fMRI signal. This is especially problematic when

studying the somatosensory system, where considerable neuronal

activity occurs within the first 100 ms.

Millisecond temporal resolution can be also obtained from

intracranial and scalp EEG/ERP recordings. However, intracranial

ERP is invasive and can only be performed at limited sites in

surgical candidates. A limitation of scalp ERP is its relatively low

spatial resolution and localization accuracy, relative to MEG,

even when using a high-density electrode array (Leahy et al.,

1998). This is mainly due to errors in EEG in estimating and

modeling the conductivity profile of the head, especially the

substructure of the skull (Leahy et al., 1998). In contrast, for

relatively superficial and focal neuronal generators, spatial local-

ization accuracy and resolution of MEG can be on the order of

a few millimeters in the auditory (Romani, 1986; Pantev et al.,

1995), somatosensory (Kawamura et al., 1996; Huang et al.,

2000), and visual modalities (Aine et al., 2000; Stephen et

al., 2002). In theory, the spatial resolution of neuronal activity in

MEG appears to be limited to a few millimeters due to primarily

the head movement and registration error between MEG and

anatomic images.

We hypothesized that the same parietal– frontal network

activated by auditory and visual oddball tasks (specifically IPL/

SMG, ACC, and DLPFC) would also be more activated for rare

than frequent somatosensory stimulation in our MEG median-

nerve oddball task, if this network is indeed modality-independent.

We also hypothesized that the time-course of activity in the IPL/

SMG would precede activity in the ACC and DLPFC, if the

parietal cortex modulates attention to somatosensory information,

perhaps during early stages of working memory (McCarthy et al.,

1997; Halgren et al., 1998). Furthermore, we predicted that

somatosensory-dependent regions, including primary somatosen-

sory (SI) area, bilateral secondary somatosensory areas (SII), dorsal

premotor area (dPMA), primary motor area (M1), and supple-

mentary motor area (SMA), would also be more activated by
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selective attention to somatosensory information. Finally, process-

ing in these somatosensory-dependent regions was predicted to

precede processing in the ACC and DLPFC components of the

parietal–frontal network given their role in higher-level cognitive

functions that act upon sensory information.
Material and methods

Subjects

Nine right-handed subjects (7 males, 2 females) without

neurological or psychiatric disorders were recruited from the

Albuquerque area. Their mean age was 39.3 years (SD = 13.9

years). All subjects signed consent forms approved by the Human

Research Review Committee of the University of New Mexico.

Median-nerve oddball task

Subjects performed a novel oddball task involving median-

nerve stimulation as they underwent MEG. During the task, strong

but painless electrical stimulation was applied to the right and left

median nerves via electrode pairs taped to each wrist with electrode

separation of 2 cm. The stimuli were square-wave electric pulses

(0.25 ms duration) generated by a bipolar GRASS stimulator. The

intensity of the stimulation was adjusted until robust thumb

twitches were achieved. A trigger from the stimulator, simulta-

neous with the stimulus, was sent to the MEG acquisition system

for signal averaging.

Stimuli were presented in series of 4 blocks, such that Blocks 1

and 3 were the same, as were Blocks 2 and 4. A diagram of the

organization of Blocks 1 and 2 is shown in Fig. 1. In Blocks 1 and

3, 15% of the stimuli were delivered to right wrist and 85% to the

left wrist. Subjects were instructed to count silently the rare stimuli

to the right wrist. In Blocks 2 and 4, 85% of the stimuli went to the

right wrist and 15% to the left wrist; subjects were instructed to

count the rare stimuli on the left wrist. The inter-stimulus interval

was 1000 ms. After each block, the number of rare stimuli counted

by the subject was recorded and compared with the exact number

of the rare stimuli recorded in the raw MEG file to assess the

performance of the subject during the test. MEG trials from Blocks

1 and 3 were concatenated, as were the trials from Blocks 2 and 4,

after discarding trials with artifacts (e.g., eye-blinks, large eye-

movements, etc.). On each wrist, 150 trials of rare MEG responses,

and about 850 trials of frequent responses, were collected for each

subject and averaged to create two averaged files, one for rare and

one for frequent responses. Then for each side, the rare and

frequent MEG conditions were compared as indicated by arrows in

Fig. 1. The order of Blocks 1 and 2 (and accordingly Blocks 3 and

4) was randomized across subjects.
Fig. 1. Median-nerve oddball paradigm. Block 1, 15% of the stimuli were delivere

silently the rare stimuli to the right wrist. Block 2: the rare and frequent stimuli wer

on the left wrist. For each side, the oddball MEG signals were obtained by subtract

indicated by the arrows. Block 3 was identical to Block 1 and Block 4 was iden
In previous somatosensory oddball studies, the rare and

frequent conditions were either different modalities (e.g., somato-

sensory and auditory, or somatosensory and visual), the same

modality (i.e., somatosensory) with different stimulation sites on

the body, or the same stimulation site with different stimulation

intensities (Desmedt and Tomberg, 1989; Garcia-Larrea et al.,

1995; Hari et al., 1990; Kekoni et al., 1996; Mauguiere et al.,

1997b; Yamaguchi and Knight, 1991; Mima et al., 1998; Fujiwara

et al., 2002). To better equate rare and frequent stimuli, we used a

single somatosensory modality and stimulus intensity for rare and

frequent stimuli (indicated by arrows in Fig. 1), which were

delivered to the same body site. In other words, all stimuli-related

parameters in our design were identical and the only difference was

the subject’s focus of attention. This design avoided confounding

attention to different modality-types and other stimulus-specific

parameters (e.g., site, intensity, etc.), and also detection of

attention-related changes by directly subtracting frequent and rare

responses obtained from the same stimulation site.

MEG and anatomical MRI data acquisition and co-registration

Brain responses were recorded by an Elekta-Neuromag whole-

head MEG system (Helsinki, Finland) with 122 planar gradio-

meters in a magnetically-shielded room (IMEDCO-AG, Switzer-

land). Two pairs of EOG electrodes were used to detect eye blinks

and eye movements. Trials coincident with eye blinks and large

eye movements were not included in the averaged file. During the

4-block recording session, precautions were taken to ensure head

stability: Foam wedges were inserted between the subject’s head

and the inside of the unit. AVelcro strap was also placed under the

subject’s chin, and anchored superiorly and posteriorly.

For each epoch, an interval of 500 ms post-stimulus was

selected when creating the averaged response from the raw MEG

data, and a 300-ms pre-stimulus interval was used for noise

estimation and baseline correction. The A-to-D sampling frequency

of the data was 1000 Hz, and the data were run through a high-pass

filter with 0.1 Hz cut-off, a low-pass filter with 300 Hz cut-off, and

through a notch filter (58–62 Hz) to remove 60 Hz power-line

noise.

To aid in MEG source modeling, 3D volumetric magnetic

resonance images (MRI) were acquired in a 1.5-T Picker/Phillips

scanner. The pulse sequence was a Gradient Echo 3-D sagittal

sequence (TR, 15 ms; TE, 4.4 ms; FOV, 256 mm; 192 � 256

matrix; flip angle, 25-; slice thickness, 1.5 mm, no gap). Whole-

head coverage was provided by 128 slices.

To co-register the MEG with MRI, three small coils were

attached to each subject’s head during the preparation phase of

each MEG session. A Polhemus system was used to digitize the

location of the coils and three anatomical landmarks (i.e., nasion,

left and right preauricular). The coils were activated briefly by
d to right wrist and 85% to the left wrist. Subjects were instructed to count

e reversed, and the subjects were instructed to silently count the rare stimuli

ing the frequent responses from the rare responses across different blocks as

tical to Block 3.



Fig. 2. MEG sensor waveforms from 122 channels in a representative

subject evoked by the median-nerve oddball test averaged over about 850

‘‘frequent’’ trials and 150 ‘‘rare’’ trials. (a) Sensor waveforms evoked by the

frequent stimuli delivered to the subject’s right median-nerve. The two

arrows indicate the sharp N20 m and P30 m components. (b) Sensor

waveforms evoked by the rare stimuli delivered to the right median-nerve.

Note the marked increase in averaged signal amplitude. Because there were

fewer rare trials than frequent trials, the signal-to-noise was worse than in

(a). (c) Sensor waveforms of rare minus frequent oddball responses. Arrows

indicate the components with large signal enhancement. Note that the N20

m and P30 m are not visible in this difference-waveform plot.

M.-X. Huang et al. / NeuroImage 28 (2005) 99–114102
sinusoidal current at the beginning and the end of each MEG data

acquisition session to specify the position and orientation of the

MEG sensors relative to the head. By identifying the same

anatomical landmarks on the subject’s MR images, using Neuro-

mag (Helsinki, Finland) software, a transformation matrix invol-

ving both rotation and translation between the MEG and MRI

coordinate systems was generated to provide proper co-registration

of the MEG functional localizations to the anatomical structure. To

increase the reliability of the MEG-MRI co-registration, approx-

imately 80 points on the scalp were digitized with the Polhemus

system, in addition to the three landmarks, to ensure that all points

were located on the MRI scalp surface. Based on our previous

experience, the MEG-MRI co-registration error in the present study

was expected to be less than 3 mm (Leahy et al., 1998).

MEG signal processing

A spherical MEG head model was adopted (Sarvas, 1987). In

this approach, a sphere was fitted to the inner surface of the skull

using each subject’s MRI. It was shown that for sensorimotor

cortices, the spherical model and the real-shape head model based

on the boundary element method (c.f. Mejis et al., 1987;

Hämäläinen and Sarvas, 1989; Ferguson et al., 1994; Schlitt et

al., 1995) yielded very similar results, due to the high spherical

symmetry of the skull in this region (Leahy et al., 1998). The

widely-adopted equivalent-current-dipole model, which assumes

that brain activations are focal and can be modeled by a few point

current dipoles, was applied in the present study. The physio-

logical validity of the dipole model for early somatosensory

responses has been well documented (Okada et al., 1996; Jenkins

and Merzenich, 1987). For the late somatosensory oddball

response, brain activation may not be as focal, and the multiple-

dipole model may only approximate the centroid of larger

distributed sources.

The dipole locations were determined by a non-linear multiple

dipole fitting procedure, and the linear dipole moment parameters

were obtained through a linear fit for given dipole locations. As

with other available functional brain imaging methods, MEG

source localization relies on evolving methods and considerable

judgment. Our group takes several steps to provide reliable

localization results, including the automated multi-dipole local-

ization technique. This method is called multi-start spatio-temporal

or MSST algorithm (Huang et al., 1998). In this algorithm,

downhill simplex searches (Nelder and Meed, 1965) are performed

many times, usually a few thousand for multiple dipoles, for a

given model order (i.e., the number of dipoles to fit). Each time,

the program selects a set of starting dipole locations by randomly

sampling a user-selected search volume (Huang et al., 1998). This

method has been tested in computer simulations, phantom studies,

and human studies, and has been shown to be a significant

improvement over traditional inverse techniques in terms of source

localization accuracy and ability to model previously unknown

and/or weak sources (Huang et al., 1998, 2000, 2004a,b; Aine et

al., 2000; Shih et al., 2000; Stephen et al., 2002, 2003; Hanlon et

al., 2003). Unlike the traditional multi-dipole fitting approaches,

MSST does not require users to provide initial guesses for dipole

locations so the fitting procedure is more objective.

Determining the adequate number of dipoles to model the data

(model order) is an important procedure in any multiple-dipole

fitting method. Great care has been taken in MSST to ensure the

data are not under modeled (the number of dipole is less than
adequate) or over modeled (more than adequate number of dipoles

used). First, singular value decomposition (SVD) (Golub and Van

Loan, 1984) was used to obtain the number of asynchronous
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sources (the number of signal-related singular values, which

reflects the minimum model order) for a given interval of data

(De Munck, 1990; Berg and Scherg, 1994; Huang et al., 1998). If

the noise in the data was white (uncorrelated), the SVD plot of

singular values against index number is ‘‘L’’-shaped, with the

signal-related singular values in the part with the larger slope and

the noise-related singular values in the part with the smaller slope.

In this case, obtaining the signal-related singular values from SVD

is straightforward. However, if there is some correlated noise in the

data, the transition between noise-related singular values and the

signal-related singular values is gradual. In this case, the data were

pre-whitened (Knösche et al., 1998; Hansen, 1997, Sekihara et al.,

1997, 1999) before the number of asynchronous sources was

determined from the SVD. Next, to derive the adequate model

order, a search beyond the minimum model order was performed to

account for synchronous or near-synchronous sources that may

exist (Huang et al., 1998, 2000, 2004b; Aine et al., 2000). For a

given model order, the reduced v2 (v2 normalized by the number of

degrees of freedom) was used as the goodness-of-fit measurement,

in which the noise variance is estimated from the pre-stimulus

interval. An adequate model order was found when all of the

following criteria were satisfied: (1) an increase in the model order
Fig. 3. An example demonstrating the general procedures for analyzing MEG data

in Fig. 2. (a) In localizing 5 dipoles, 3000 sets of starting locations were select

locations indicated by 5 different colors. (b) The 20 best-fitting MSST solutions fo

centroids of the clusters. (c) Measured MEG sensor waveforms of right arm media

interval in the same subject. (d) The predicted (calculated) sensor waveforms ba

between the measured and predicted sensor waveforms.
did not significantly lower the reduced v2 values, but a decrease in

the model order significantly increased the reduced v2 values; (2)

the best-fitting MSST solutions with similar reduced v2 values

(within 5% of each other) formed clusters in a dipole-location plot;

and (3) no signal remained in the fitted residual (i.e., the difference

between the empirical data and the modeled data).

A Monte-Carlo analysis (Medvick et al., 1989) was used to

provide the statistical uncertainty of the dipole solutions from

MSST. In this procedure, 300 sets of simulated Gaussian random

noise were added to the modeled MEG fields created by the best-

fitting MSST solution. The variance of each set of the random

noise was set to be the same as the �300 ms to �5 ms pre-stimulus

noise interval. The noisy data were fitted back with the same model

order as the fit of the original data using a downhill simplex direct

search algorithm, and the perturbations in dipole location due to

noise were obtained.

Talairach coordinates

To compare our MEG source locations with those reported in

auditory and visual oddball fMRI studies, we obtained the Talairach

coordinates (Talairach and Tournoux, 1988) of the MEG sources
using MSST. Data are from the 15–150 ms interval for the subject reported

ed randomly by sampling a searching volume. Each set contains 5 dipole

rmed 5 clusters for this 5-dipole fit. Vertical lines are drawn to delineate the

n-nerve oddball responses (rare minus frequent stimuli) for the 15–150 ms

sed on the best-fitting 5-dipole solutions. (e) The residual, the difference
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using the brain normalization software in the SPM2 (http://

www.fil.ion.ucl.ac.uk/spm/software/spm2/), which uses a 12-

parameter affine transformation and a nonlinear deformation

(Friston et al., 1995; Ashburner et al., 1997; Ashburner and Friston,

1999). In this approach, the 3 fiducials (left PA, right PA, NA) of

each individual subject’s MRI were first identified using SPM2’s

MRI display function to create a transformation between the MEG

source coordinate system and the MRI coordinate system. This step

is the same as the co-registration procedure mentioned previously

with the Neuromag software. Then, SPM2 was used to normalize

the subject’s MRI into Talairach space and obtain a second

transformation. By combining these two transformations, Talairach

coordinates of the MEG sources for each individual subject were

obtained.
Results

Detailed source analysis using MSST

Performance of all subjects was highly accurate, with a correct

counting rate of 97.6 T 1.7% (mean T SD). Fig. 2a shows the trial-

averaged MEG sensor waveforms evoked by the frequent stimuli

delivered to one representative subject’s right median-nerve. The

MEG waveforms from 122 channels are superimposed. The spike

at 0 ms is the stimulus artifact. The first and second sharp peaks at

20 ms and 30 ms with different polarities are the N20 m and P30 m

(the magnetic counterparts of the N20 and P30 in ERP) cortical
Fig. 4. (a) Ten neuronal generators showing activation during the 15–500 ms in

responses (rare minus frequent stimuli). The clusters indicate the localization unce

inferior slices, under the cross-hairs are: left SI, midline SMA, left dPMA, left

thalamus. Neurological convention was adopted. (b) Five sources active in the 15

midline SMA, right SII, and left SII.
components, which are generated mainly from primary somato-

sensory (Wood et al., 1985; Allison et al., 1991a,b; Hari et al.,

1993; Forss et al., 1994; Kawamura et al., 1996; Mauguiere et al.,

1997a,b; Forss and Jousmaki, 1998; Jousmaki and Forss, 1998;

Hari and Forss, 1999; Huang et al., 2000, 2004a) and primary

motor cortices (Rosen and Asanuma, 1972; Lemon and Porter,

1976; Jones et al., 1978, 1979; Wong et al., 1978; Lemon and van

der Burg, 1979; Asanuma et al., 1980; Lemon, 1981; Davidoff,

1990; Baldissera and Leocani, 1995; Kawamura et al., 1996;

Spiegel et al., 1999; Huang et al., 2000, 2004a; Balzamo et al.,

2004). In Fig. 2b, the rare MEG responses from the same subject

are plotted. The signals in the rare condition showed a marked

increase in many components, compared with the frequent

condition. Since a major focus of the present study was the

locations and time-courses of the components that show differ-

ences between the rare and frequent conditions, the difference-

waveform (rare minus frequent stimuli) is plotted in Fig. 2c. This

graph shows that the sharp N20 m and P30 m disappeared in the

difference–waveform plot, a strong indication that these compo-

nents are unaltered by attention during our median-nerve stim-

ulation oddball test. Unlike the earlier components, later

components showed marked increases as highlighted by arrows

in Fig. 2c.

Because we expected that a large number of generators would

be involved in the MEG oddball response (rare minus frequent

stimuli), we first divided the entire post-stimulus session into

three smaller epochs for the rare-minus-frequent averaged file:

(1) 15–150 ms interval, (2) 150–250 ms interval, and (3) 250–
terval in the same representative subject’s right arm median-nerve oddball

rtainty determined by Monte-Carlo analysis. These sources from superior to

SMG, right SII, left vPMA, left DLPFC, midline ACC, left SII, and left

–500 ms following frequent stimulation to the right arm: left SI, left M1,

 http:\\www.fil.ion.ucl.ac.uk\spm\software\spm2\ 
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500 ms interval. MSST was used to localize the neuronal sources

and obtain their time-courses for each interval. These intervals

were selected to study the early somatosensory responses, the

M300 (the analog of P300) responses, and a mid-interval which

is often used to study mismatch negativity in ERPs, respectively.

Then, all non-redundant generators from the three intervals were

used in a final fit to the entire 15–500 ms interval to obtain the

final source locations and their time-courses for the whole

interval.

Fig. 3 demonstrates the general procedures for analyzing MEG

data using MSST and the responses evoked by right median-nerve

stimulation on the same representative subject. The algorithm

performed a downhill simplex search (Nelder and Meed, 1965)

3000 times for a given model order of 5 (i.e., the number of dipoles

to fit). Each time, the program selected a set of starting dipole

locations (i.e., starting points) by randomly sampling a user-

selected search volume (Huang et al., 1998). Fig. 3a shows that to

fit the MEG responses with the 5 dipoles, the 3000 sets of starting

locations were selected by randomly sampling a searching volume,

which was specified by a spherical shell: the ranges for q (radius),

h (elevation angle), and / (azimuth angle) are 20–90 mm, 0–
Fig. 5. Dipole time-courses for the 10 sources during the 15–500 ms interval from

(rare minus frequent stimuli). (a) Left SI. (b) Left SII. (c) Left SMG. (d) Midline

Midline ACC. (j) Left thalamus. Baseline noise for the �300 to �10 ms pre-stim
140-, and 0–360-, respectively. Each set contains 5 dipole

locations indicated by 5 different colors in the plot. The MEG

difference-responses (rare minus frequent) evoked by the right

median-nerve oddball test were fit by a five-dipole model. Fig. 3c

shows the measured magnetic fields for the 15–150 ms interval, in

which the MEG difference waveforms from 122 channels are

superimposed (i.e., a ‘‘zoomed-in’’ version of Fig. 2c). This figure

indicates that many channels show activation between the first

component at about 60 ms and the second component at around

100 ms in Fig. 3c.

After multiple searches were performed, the sets of best-fitting

solutions with similar reduced v2 values (i.e., in this case the 20

best-fitting sets) formed 5 clusters for the 5-dipole fit, as shown in

Fig. 3b. The centroid of each cluster was taken as a dipole location,

indicated by the x, y, and z coordinates of the vertical lines in Fig.

3b. These 5 dipoles were localized to SI, SII, SMG, SMA, all in the

left (contralateral) hemisphere, and ipsilateral SII in the right

hemisphere (see next paragraph). The predicted (calculated)

magnetic fields based on the 5-fitted dipole locations from Fig.

3b are plotted in Fig. 3d and the residual (the difference between

the measured and predicted magnetic fields) is plotted in Fig. 3e.
the same representative subject’s right arm median-nerve oddball responses

SMA. (e) Right SII. (f) Left dPMA. (g) Left vPMA. (h) Left DLPFC. (i)

ulus interval is also shown for each source.



Table 1

Talairach coordinates (mean T standard deviation) of major sources across

subjects during the 15–500 ms intervala

Source (total:R:L)b x (mm) y (mm) z (mm)

SI

L (10:7:3) �34.9 T 6.4 �31.5 T 9.4 56.0 T 6.8

R (9:2:7) 37.6 T 10.7 �30.6 T 5.8 54.8 T 9.0

SII

L (16:9:7) �49.3 T 3.1 �17.3 T 7.5* 20.6 T 8.1

R (16:7:9) 50.4 T 5.0 �10.5 T 8.7* 26.0 T 7.7

IPL/SMG

L (10:9:1) �37.5 T 3.3** 50.2 T 7.7 46.0 T 6.2

R (7:0:7) 46.1 T 6.4** 46.6 T 7.8 41.3 T 5.8

dPMA/M1

L (9:8:1) �31.9 T 7.1 �19.1 T 5.5* 55.3 T 6.0

R (10:3:7) 36.6 T 4.2 �14.0 T 4.7* 54.8 T 7.4

DLPFC/MFG

L (10:5:5) �34.7 T 8.7 25.7 T 9.2 29.5 T 12.6

R (10:3:7) 37.5 T 6.1 23.8 T 12.6 30.4 T 16.2

VPMA

L (6:5:1) �46.0 T 7.6 1.4 T 7.8 25.9 T 6.6

R (5:0:5) 48.9 T 5.6 6.1 T 3.8 24.7 T 6.5

Thalamus

L (5:5:0) �11.2 T 3.8 �7.8 T 6.1 7.8 T 3.2

R (7:0:7) 11.8 T 6.4 �5.9 T 5.3 7.1 T 4.4

SMA

Midline (13:8:5) �0.7 T 8.5 �17.2 T 7.5 61.2 T 7.5

ACC

Midline (13:6:7) 0.6 T 6.9 25.2 T 17.9 35.7 T 13.5

9 subjects 18 hemispheres. Asterisks signify x, y, z coordinates that were

significantly different between the hemispheres.
a The calculations for the mean and standard deviation of each x, y, z

coordinate were based on the total number of responses, irrespective of the

side of stimulation.
b The numbers in the parentheses following each source are: the total

number of sources evoked by stimulation of either right or left median-

nerve, only right median-nerve, and only left median-nerve (rare minus

frequent) stimulation.

* P < 0.05.

** P < 0.01.
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The small residual confirms the goodness-of-fit to the data

resulting from the MSST calculation of neuronal sources.

The same process was performed for the other two intervals

(150–250 ms and 250–500 ms). For this subject’s responses

evoked by right median-nerve oddball stimulation, 10 non-

redundant sources were localized in the rare minus frequent

responses for the 15–500 ms interval (Fig. 4a). A Monte-Carlo

analysis (Medvick et al., 1989) was used to provide the statistical

uncertainty of the dipole solutions from MSST. The red clusters in

Fig. 4 show the uncertainty (3 standard-deviation range) of the 10

localized dipoles, superimposed onto this subject’s MRI. These

sources are: left (contralateral) SI, SII, SMG, dPMA, DLPFC,

ventral premotor area (vPMA), thalamus, midline SMA, ACC, and

right (ipsilateral) SII. Note that unlike fMRI activation images, a

large cluster indicates large localization uncertainty, which usually

suggests a distributed or weak source. Five of these 10 sources,

namely left SI, SII, SMG, midline SMA, and right SII, showed

activation during the first 15–150 ms interval, corresponding to the

location plot in Fig. 3b. In this subject, the right SII ipsilateral to

the stimulation was slightly superior to the contralateral (left) SII

source. We believe that this location difference may be due to a

weak ipsilateral SI activation that co-exists with the ipsilateral SII

source in a small portion of subjects (Kanno et al., 2003).

For comparison, neuronal generators driving the MEG

responses evoked by frequent median-nerve stimulation to the

right arm of the subject were also localized, following the same

procedure used for analyzing difference (rare minus frequent)

responses. The locations of these sources, shown in Fig. 4b, were

in left SI, left M1, midline SMA, right SII, and left SII areas. The

relatively small uncertainty in the locations of sources is likely due

to the lower noise level associated with the large number of trials

that contributed to the average. These sources have been routinely

localized by many groups (including ours) using traditional (non-

oddball) median-nerve stimulation tasks: (1) SI (Wood et al., 1985;

Hari et al., 1993; Forss et al., 1994; Mauguiere et al., 1997a,b;

Forss and Jousmaki, 1998; Jousmaki and Forss, 1998; Hari and

Forss, 1999); (2) M1 (Baldissera and Leocani, 1995; Kawamura et

al., 1996; Spiegel et al., 1999; Huang et al., 2004a,b; Balzamo et

al., 2004); (3) SMA (Urbano et al., 1997; Boakye et al., 2000;

Barba et al., 2001); and (4) bilateral SIIs (Hari et al., 1993; Forss

and Jousmaki, 1998; Hari and Forss, 1999; Fujiwara et al., 2002;

Simoes et al., 2003).

Responses to rare stimuli were more difficult to model, since

they contained a large number of generators including activations

that were modulated by selective attention and others that were not

(e.g., M20 and M30). The novel oddball design in the present study

allowed direct subtraction of the frequent responses from the rare

responses, thus greatly increasing the reliability of localizing

selective attention-related brain activation. For this reason, the

remaining analyses focus on the rare minus frequent oddball

responses.

Fig. 5 shows the individual dipole time-courses (rare minus

frequent stimuli) for the 10 right-arm oddball evoked sources

during the 15–500 ms interval in the same subject. Baseline noise

levels for these sources are also shown. The baselines were

obtained by fitting the �300 to �10 ms interval with the same

dipole location parameters used for fitting the 15–300 ms interval.

The �10 to 15 ms interval was not included in the fit to avoid

potential contamination from the stimulation artifact. Four sources

showed robust activation before 100 ms: left SI (Fig. 5a), SII (Fig.

5b), IPL/SMG (Fig. 5c), and midline SMA (Fig. 5d). The dominant
generator is the left SII source with its first peak at about 75 ms,

followed by a second peak at about 110 ms. In contrast, the IPL/

SMG source shows its first peak at about 50 ms.

The main peak of the right (ipsilateral) SII was at about 150 ms

(Fig. 5e), much later than the left (contralateral) SII. The left dPMA

source showed a peak at about 200 ms (Fig. 5f). The time-course of

SMA showed three peaks at about 100 ms, 150 ms, and 250 ms.

The left vPMA time-course showed no early activation, with its

first peak at about 300 ms (Fig. 5g). Importantly, both left DLPFC

and ACC, the frontal components of the parietal– frontal network,

also showed later peak latencies between 300 and 400 ms (Fig. 5h,

i). Similarly, the left thalamus source peak activation occurred

between 300 and 400 ms (Fig. 5j). Note that the thalamus dipole

strength is large (i.e., the vertical scale is about 10 times higher

than the others), which is essential in order for MEG to localize a

deep source (Hämäläinen and Sarvas, 1989).

Talairach coordinates of the averaged source-locations for the

group

For the entire group of 9 subjects, we first performed group-

analyses for the dipole locations. Table 1 lists the mean and SD of
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the Talairach coordinates for the major MEG sources (sources that

were localizable in more than 30% of the responses) averaged

across all subjects for the entire 15–500 ms interval (rare minus

frequent). The majority of sources were evoked by the contralateral

median-nerve oddball (rare minus frequent) stimulation, although

some were evoked by ipsilateral stimulation as well. A few sources

showed significant hemispheric asymmetry in their spatial location.

First, left SII was significantly posterior to the right SII (t = 2.38,

P < 0.05, df = 30, two-tailed). The left SII also showed a non-

significant trend of being inferior (ventral) to right SII (t = 1.95, P =

0.0611, df = 30). Second, left IPL/SMG was significantly medial to

the right IPL/SMG (t = 3.63, P < 0.01, df = 15). Third, the left

dPMA/M1 was significantly posterior to the right dPMA/M1 (t =

2.19, P < 0.05, df = 17). A non-significant trend was also observed

for the left dPMA/M1 to be more medial than the right dPMA/M1

(t = 1.78, P = 0.0931, df = 17).

Although the mean coordinates of ACC and DLPFC dipoles are

in-line with the standard Talairach coordinates, relatively large

standard deviations in the y and z coordinates for both ACC and
Fig. 6. Group-averaged dipole time-courses for major cortical sources of oddball re

bars indicate the standard deviations of time-courses for the 100, 200, 300, 400, an

amplitude of a source was significantly stronger ( P < 0.05) in one hemisphere tha

vertical dash-dotted line in each plot designates the mean onset latency of the earlie

to �10 ms pre-stimulus interval is also shown for each source.
DLPFC were observed, likely due to the spherical head model used

in the analysis. Spherical head model is adequate for localizing

sources along the central sulcus and in the parietal lobe, but less

accurate for sources in the anterior portion of the frontal lobe (e.g.,

Huang et al., 1999) particularly affecting the obtained y and z

coordinates of ACC and DLPFC dipoles.

Source time-courses averaged across subjects (Rare Minus

Frequent Stimuli): onset latency and hemispheric differences

Fig. 6 shows the averaged dipole time-courses across all

subjects for major cortical sources during the 15–500 ms interval

computed from difference waveforms (rare minus frequent). Zero

activation was assumed if a source was missing in a subject’s

response during the group averaging. The error bars indicate the

standard deviations of the dipole time-courses. Error bars are

drawn for representative latencies. The information regarding side

of stimulation is provided for each source because time-courses

differed for contralateral and ipsilateral activity.
sponses during the 15–500 ms interval (rare minus frequent stimuli). Error

d 500 ms latencies. The shaded area(s) designate epochs in which the dipole

n the other (i.e., the figure on opposite side) for the same time interval. The

st major peak for a source. The mean and SD of baseline noise for the �300



Fig. 6 (continued).
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First, we focused on the hemispheric asymmetry of the dipole

amplitude for the same source across different hemispheres. The

shaded area(s) designate epochs during which dipole amplitude

was significantly stronger (P < 0.05) than the homologous

dipole in the other hemisphere for the same time interval. Most

of these comparisons demonstrated that dipole strength in the left

hemisphere was greater than in the right hemisphere. For

example, Fig. 6a shows the averaged dipole time-course from

the left SI source evoked by right (contralateral) median-nerve

oddball stimulation. The shaded area in Fig. 6a 38–59 ms

indicates that the left contralateral SI source was significantly

stronger than the right contralateral SI source (Fig. 6b). Similarly,

the left contralateral dPMA/M1 (Fig. 6c) was significantly

stronger than the right contralateral dPMA/M1 (Fig. 6d) during

the 126–195 ms interval. The strongest hemispheric asymmetry

was seen in contralateral SII, wherein the left contralateral SII

(Fig. 6e) was stronger than the right contralateral SII (Fig. 6f)

during the 69–189 ms and the 264–500 ms epochs. The SMA

response evoked by right-sided stimulation (Fig. 6i) was stronger

than the SMA response evoked by left-sided stimulation (Fig. 6j)

during the 329–399 ms and 428–490 ms epochs. The left

contralateral SMG/IPL response (Fig. 6k) was also significantly

stronger than the right contralateral SMG/IPL response (Fig. 6l)

during the 61–100 ms interval. These left hemisphere biases

contrasted with the right SI response evoked by left-sided

stimulation (Fig. 6b), which was the only source in the right

hemisphere showing significantly stronger activation than the

corresponding source in the left hemisphere (Fig. 6a), but only

during the 175–255 ms interval. Fig. 6 shows that hemispheric

asymmetry was not found for ipsilateral SII sources (g, h),
contralateral vPMA (m, n) and DLPFC (o, p) sources, or ACC

sources.

The conventional 0.05 p-level was adopted due to the

exploratory nature of these comparisons using time-point-by-

time-point t tests. Because multiple t tests may increase Type I

errors, we also performed a single t test for area-under-curve

(AUC) of the shaded areas in Fig. 6. The P values of the AUC for

the intervals in the shaded areas in Fig. 6 were all less than 0.05,

which confirmed our findings without encountering the multiple t

test issue.

Next, we examined whether there were within-hemispheric

onset latency differences among the sources. The vertical dash-

dotted line in each plot of Fig. 6 designates the mean onset latency

of the earliest major peak for a source, averaged across subjects.

The onset latency of each source time-course from an individual

subject was defined as the time corresponding to the half-

maximum-amplitude of the earliest major peak. The mean onset

latencies are listed in Table 2. t tests compared the onset latency of

each source within a hemisphere.

Within the left hemisphere (A1–A9 in Table 2), the onset

latency of the left contralateral SI source (44.0 ms) was

significantly earlier than all other left hemisphere sources except

contralateral dPMA/M1. The left contralateral dPMA/M1 source

had the second earliest onset latency (62.4 ms), which was

significantly earlier than onset latencies in ipsilateral SII, ACC,

and contralateral SMG, vPMA, and DLPFC. Left contralateral SII

had the third earliest onset latency (72.3 ms), which was

significantly earlier than the left ipsilateral SII, the ACC, and the

contralateral vPMA and DLPFC. Next, mean onset latency of the

SMA evoked by right median-nerve oddball stimulation (80.9 ms)



Table 2

Mean (Tstandard deviation) onset latencies of major cortical sources across all subjects

Source (subjects)/stimulation side Onset latency (ms) A1 A2 A3 A4 A5 A6 A7 A8 A9

A1: L-SI(7)/R 44.0 T 13.6 n.s. *** ** * *** *** *** ***

A2: L-dPMA-M1(8)/R 62.4 T 34.6 n.s. n.s. n.s. * *** *** ***

A3: L-SII(9)/R 72.3 T 12.4 n.s. n.s. ** *** *** ***

A4: SMA(8)/R 80.9 T 27.3 n.s. n.s. *** *** ***

A5: L-SMG(9)/R 87.3 T 39.0 n.s. ** *** ***

A6: L-SII(7)/L 96.9 T 18.1 ** *** ***

A7: L-vPMA(5)/R 187.2 T 49.3 n.s. n.s.

A8: L-DLPFC(5)/R 197.0 T 36.9 n.s.

A9: ACC(6)/R 243.2 T 61.4

Source (subjects)/stimulation side Onset latency (ms) B1 B2 B3 B4 B5 B6 B7 B8 B9

B1: R-SI(7)/L 56.9 T 11.6 n.s. * * *** *** *** *** ***

B2: R-dPMA-M1(7)/L 63.9 T 13.8 n.s. n.s. n.s. *** *** *** ***

B3: R-SII(9)/L 73.1 T 14.2 n.s. *** *** *** *** ***

B4: SMA(5)/L 73.8 T 13.4 ** ** ** ** **

B5: R-SMG(7)/L 103.6 T 12.3 n.s. * ** **

B6: R-SII(7)/R 115.4 T 16.9 * * **

B7: R-vPMA(5)/L 160.2 T 46.3 n.s. n.s.

B8: R-DLPFC(7)/L 168.6 T 44.9 n.s.

B9: ACC(7)/L 205.7 T 66.2

N = 9. A1–A9 are left hemispheric sources (including the midline SMA and ACC) which were evoked by right arm median-nerve stimulation (rare minus

frequent). An exception is the ipsilateral left SII source (A6 in the Table), which was evoked by left arm median-nerve stimulation. B1–B9 are right

hemispheric sources (including the midline SMA and ACC) evoked by left arm median-nerve stimulation. An exception is the ipsilateral right SII source (B6 in

the Table) which was evoked by right arm median-nerve stimulation. The number in parentheses following the source name specifies the number of responses

in which that source was localizable. Onset latency is based on the difference between rare and frequent median-nerve stimulation. Results of statistical

analyses between the Sources A1–A9 and between Sources B10–B9 were shown in the upper-right sections. *P < 0.05, **P < 0.01, ***P < 0.001, n.s. not

significant.
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was significantly earlier than the ACC and the contralateral vPMA

and DLPFC. The next left hemisphere source in sequence was

contralateral SMG/IPL, which showed a significantly earlier onset

latency (87.3 ms) than the ACC and the contralateral vPMA and

DLPFC. Finally, the onset latency of left ipsilateral SII (96.9 ms)

was significantly earlier than the contralateral vPMA and DLPFC,

and the ACC. The last three sources in sequence were the left

contralateral vPMA (187.2 ms), left contralateral DLPFC (197 ms),

and ACC (243.2 ms), which did not differ significantly in their

onset latencies.

Nearly identical results were found for the mean onset latencies

among the sources in the right hemisphere (Sources B1–B9 in

Table 2). The earliest source was right contralateral SI (56.9 ms),

which significantly preceded all other sources except right

contralateral dPMA/M1. The right contralateral dPMA/M1 source

had the second earliest onset latency (63.9 ms), beginning

significantly earlier than the ipsilateral SII, the contralateral vPMA

and DLPFC, and the ACC. The contralateral SII had the third

earliest onset latency (73.1 ms), beginning significantly earlier than

ipsilateral SII, contralateral SMG/ILP, vPMA and DLPFC, and the

ACC. The mean onset latency of the SMA evoked by left-sided

stimulation (73.8 ms) was significantly earlier than contralateral

SMG/IPL, vPMA, and DLPFC, and the ACC. The next right

hemispheric source in sequence was the contralateral SMG/ILP,

which was significantly earlier (103.6 ms) than contralateral vPMA

and DLPFC and the ACC. The ipsilateral SII onset latency (115.4

ms) was also significantly earlier than contralateral vPMA and

DLPFC, and the ACC. Finally, the last three sources in sequence

were again the contralateral vPMA (160.2 ms) and DLPFC (168.6

ms) and the ACC (205.7 ms), which did not differ significantly in

their onset latencies.
As for hemispheric asymmetry of the onset latency, no

significant latency differences were found between any source in

the right hemisphere and its corresponding source in the left

hemisphere. There was also no latency difference between the

midline SMA or ACC responses activated by left- and right-sided

stimulation.
Discussion

The present results showed for the first time that the same

parietal– frontal network known to be commonly activated by

auditory and visual oddball stimuli is also robustly activated during

a somatosensory oddball task. The locations of the activated areas

(i.e., IPL/SMG, DLPFC/MFG, and ACC) in the parietal– frontal

network were consistent with previous intracranial and fMRI

studies using auditory and visual stimuli (Halgren et al., 1998;

McCarthy et al., 1997; Menon et al., 1997; Linden et al., 1999;

Yoshiura et al., 1999; Stevens et al., 2000; Clark et al., 2000; Kiehl

and Liddle, 2001; Ardekani et al., 2002). These results together

with present findings strengthen the evidence for a modality-

independent parietal– frontal network that supports selective

attention to novel events. The reason that IPL/SMG, ACC, and

DLPFC/MFG in the present study are considered to be activated in

a network fashion and not just coincidentally is that none of these

areas is part of the standard somatosensory systems, and none

shows activation in a somatosensory test not involving selective

attention. The apparent modality-independence of activation in the

IPL/SMG and the DLPFC/MFG may represent an important

cortical network in early processing stages of working memory

(Halgren et al., 1998; McCarthy et al., 1997). This is supported by
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physiological studies in monkeys (Baddeley, 1992) and neuro-

imaging studies in humans (Cohen et al., 1994; Smith et al., 1995;

McCarthy et al., 1994, 1996), which reveal a similar neuronal

network underlying cognitive operations involved in working

memory. This working memory network involves reciprocal

interconnections between the DLPFC, inferior parietal cortex,

and other cortical, subcortical, and cerebellar structures (Goldman-

Rakic, 1987, 1988; Mesulam, 1990).

The millisecond temporal resolution of MEG also uncovered

the precise time-course of the activation within this parietal–

frontal network. The onset latency of IPL/SMG activity was early

in both hemispheres (87 ms and 104 ms in the left and right

hemispheres, respectively), significantly preceding activity in the

DLPFC/MFG by 65 ms to 110 ms and ACC by 102 ms to 156 ms

(Table 2, Fig. 6). This finding is consistent with the relative time

course of fMRI activity in parietal and DLPFC during the

performance of auditory and visual oddball tasks (Stevens et al.,

2000). This finding is also striking since it provides direct evidence

that the IPL/SMG is involved in the early stage of the soma-

tosensory oddball response. SMA and vPMA were also consis-

tently activated during the median-nerve oddball task, which has

been reported in fMRI studies using auditory and visual oddball

stimuli (Yoshiura et al., 1999; Stevens et al., 2000; Ardekani et al.,

2002). These studies, including our own, required subjects to

silently count the rare stimuli without an overt motor response. For

this reason, vPMA and SMA activations may be due to planning an

unexecuted motor orienting response and represent a possible

attentional role in sensory processing (Ardekani et al., 2002;

Downar et al., 2000).

Many fMRI studies have also reported what appears to be

modality-independent activation in the thalamus during oddball

auditory tasks (Kiehl and Liddle, 2001; Menon et al., 1997),

oddball visual tasks (Clark et al., 2000; Ardekani et al., 2002), or

both auditory and visual tasks (Yoshiura et al., 1999). Similarly,

Yingling and Hosobuchi (1984) examined a patient suffering from

chronic refractory pain, who had a multi-contact electrode

implanted in the ventro-postero-lateral nucleus (VPL). They

observed a negative potential at latencies of 300–450 ms, which

was selectively evoked by auditory and visual rare target stimuli

detection. There have been some concerns as to whether thalamus

activation can be observed using MEG due to the location of the

thalamus deep within the brain. In the present study, the tight

cluster in the thalamus derived from the Monte-Carlo analysis

empirically demonstrates a small localization uncertainty, which

indicates that this source is indeed reliably localized in the

representative subject (Fig. 3). Across subjects (Table 1), we

observed thalamus activation in 67% of the 18 median-nerve

oddball responses in our 9 subjects, further supporting the

credibility of this source. Still, no firm conclusions can be drawn

regarding the time-course of the thalamic activation in our study,

because calculations of dipole moments of deep sources by MEG

are less reliable than calculating the location and amplitude of such

deep sources.

In addition to modality-independent areas, the present results

also identified regions (i.e., bilateral SIIs, SI, and dPMA/M1)

that are uniquely related to processing somatosensory oddball

responses. The contralateral SI and bilateral SII activations

demonstrate that both the primary and secondary somatosensory

areas are sensitive to attention-related median-nerve oddball

stimulation, which is consistent with previous findings (Mima et

al., 1998; Fujiwara et al., 2002). Moreover, contralateral SII was
the only source localized in all 18 responses across the 9 subjects

(Table 1), which illustrates this region’s crucial role in processing

oddball information in the somatosensory system. Our MEG

results also showed that in both hemispheres, the onset latencies of

all somatosensory-specific sources were significantly earlier than

the frontal component of the parietal– frontal network (i.e.,

DLPFC/MFG and ACC). Only activity in contralateral SI and

contralateral SII (right hemisphere) significantly preceded activity

in the parietal component of the network (IPL/SMG). These

findings demonstrate a trend for somatosensory processing to flow

from the posterior to the anterior cortices.

We also found robust activation in dPMA/M1, which has not

been reported previously. It is possible that previous MEG

somatosensory oddball studies under-modeled the data and the

activation from dPMA/M1 (and other areas) was modeled in

combination with the SI source. Another difference between the

current study and previous studies was the use of the difference-

response (rare minus frequent stimuli) in our data analysis, which

removed the non-oddball related responses (e.g., the strong and

sharp N20 m and P30 m components) and allowed us to focus

directly on the oddball-induced changes. This was possible because

stimulus parameters in our novel oddball design were identical

between rare and frequent stimuli, and the only difference was the

subject’s focus of attention. Consequently, the difference waveform

allowed us to reliably localize sources such as dPMA/M1, which are

difficult to identify in traditional oddball paradigms.

Our study also found inter-hemispheric location asymmetry in

SII, dPMA/M1, and IPL/SMG. Inter-hemispheric asymmetry of

various sources has been well documented in the somatosensory

system usingMEG recordings during the performance of tasks other

than the oddball paradigm. In the standard median-nerve stimulation

task, Wikström et al. (1997) reported that the generators of N20 m,

P35m, and P60m in the left hemisphere were significantly medial to

their counter sources in the right hemisphere. In addition, N20m and

P60 m sources in the left hemisphere were located significantly

posterior to those in the right hemisphere. Using tactile somato-

sensory stimulation, Reite et al. (2003) also reported that the SI

generator in the left hemisphere was located significantly posterior

to the right SI. Interestingly, they found that patients with

schizophrenia showed reduced asymmetry for this source. Although

our findings are generally consistent with the idea that left

hemisphere sources during somatosensory stimulation are situated

medial and posterior to those in the right hemisphere, there are still

some discrepancies between our study and previous studies. First,

we found only a nonsignificant trend for left SI to be medial and

posterior to the right SI. This may be due to our smaller sample size

(n = 9) relative to previous MEG studies (n = 23 in Wikström et al.,

1997; n = 15 in Reite et al., 2003). Second, we found that left SII was

located more posterior to right SII, whereas this was not shown in

another MEG study (Wikström et al., 1997). This discrepancy may

due to our strong dominant SII responses evoked by the oddball

paradigm, which would increase the likelihood of accurately

localizing this source. Indeed, Wikström et al. (1997) themselves

speculated that the low SNR in their standard median-nerve

paradigm may have contributed to the absence of hemispheric

asymmetry in SII.

We also found inter-hemispheric asymmetry in the dipole

amplitude for contralateral SI, contralateral SII, contralateral

dPMA/M1, and contralateral SMG/IPL, which generally was

significantly stronger in the left than the right hemisphere (Fig.

6). Such asymmetries may be explained by left hemisphere
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dominance in our right-handed subjects, although this has not been

reported by previous studies using somatosensory oddball tests.

In the present study, all 850 trials in the frequent condition and

150 trials in the rare condition were used in the signal averaging.

To take an equal number of trials for both the rare and frequent

conditions, we would have to exclude a large number of frequent

trials. In practice, it would be difficult to come with an objective

criterion for including certain frequent trials while excluding other

frequent trials. One could select trials at random, but that does not

necessarily rule out the possibility of unequal SDs between

conditions. More importantly, with the emphasis in the present

case on analysis of difference waveforms, the difference in number

of available trials does not play out in the same way. If we were to

limit ourselves to the same number of trials (150) in both

conditions, the noise standard deviation in the rare-minus-frequent

waveform would be 1.41 (i.e., �2) times the noise standard

deviation in either condition, because variances for difference

scores are additive. Such a 41% increase of the noise standard

deviation would cause concern. Instead, by using all 850 frequent

trials and 150 rare trials, the noise standard deviation in the rare-

minus-frequent waveform is just 1.08 (i.e., �(1 + 150/850)) times

the noise standard deviation of the waveform in the rare condition,

an increase of only 8%. This advantage in noise level can be easily

seen in Fig. 2, in which the noise level in the averaged difference

waveform was quite similar to that in the rare condition.

As a final comment, we did not consistently observe hippo-

campal activation during selective attention to somatosensory

stimulation. A hippocampal source was identified in only five

cases (three right and two left hemisphere sources). This contrasts

with hippocampal activation in intracranial recordings during

auditory and visual oddball tests (e.g., Halgren et al., 1995b). We

believe that the absence of reliable hippocampal activation in our

study may be due to the strong SII cortical activation, which can

reduce the sensitivity of MEG for localizing deep sources beneath

the SII.

In conclusion, the present results showed that the somatosen-

sory oddball median-nerve stimuli task activates the same parietal–

frontal network as auditory and visual oddball tests have in

previous studies. The key cortical areas involved in this parietal–

frontal network are IPL/SMG, ACC, and DLPFC/MFG. The

activation in the IPL/SMG area markedly preceded activations in

the frontal cortex, suggesting they play a role in early attention

processes that are integrally linked with working memory. We also

identified areas that are uniquely related (modality specific) to

somatosensory oddball responses including the bilateral SII, SI,

dPMA, M1, and SMA. The knowledge gained from the present

study may be useful as a normative baseline for exploring

somatosensory deficits in patients with neurological and psychi-

atric disorders (Huang et al., in preparation).
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