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Abstract

The inter-play between changes in beta-band (14–30-Hz) cortical rhythms and attention during 

somatosensation informs us about where and when relevant processes occur in the brain. As such, 

we investigated the effects of attention on somatosensory evoked and induced responses using 

vibrotactile stimulation and magnetoencephalographic recording. Subjects received trains of 

vibration at 23 Hz to the right index finger while watching a movie and ignoring the 

somatosensory stimuli or paying attention to the stimuli to detect a change in the duration of the 

stimulus. The amplitude of the evoked 23-Hz steady-state response in the contralateral primary 

somatosensory cortex (SI) was enhanced by attention and the underlying dipole source was located 

2 mm more medially, indicating top-down recruitment of additional neuronal populations for the 

functionally relevant stimulus. Attentional modulation of the somatosensory evoked response 

indicates facilitation of early processing of the tactile stimulus. Beta-band activity increased after 

vibration offset in the contralateral primary motor cortex (MI) [event-related synchronization 

(ERS)] and this increase was larger for attended than ignored stimuli. Beta-band activity decreased 

in the ipsilateral SI prior to stimulus offset [event-related desynchronization (ERD)] for attended 

stimuli only. Whereas attention modulation of the evoked response was confined to the 

contralateral SI, event-related changes of beta-band activity involved contralateral SI–MI and 

inter-hemispheric SI–SI connections. Modulation of neural activity in such a large sensorimotor 

network indicates a role for beta activity in higher-order processing.
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Introduction

Top-down modulation of sensory processing through attention allows us to select relevant 

input from the ever-changing environment while ignoring irrelevant information. A neural 

correlate of this process has been found in the cortical activity in the primary somatosensory 

cortex (SI) elicited by tactile stimulation (Baumgartner et al., 1991, 1993; Hari et al., 1993; 

McLaughlin & Kelly, 1993; Yang et al., 1993; Schaefer et al., 2002), which is modulated by 

attention (Johansen-Berg & Lloyd, 2000; Braun et al., 2002; Staines et al., 2002; Nelson et 
al., 2004; Schubert et al., 2008). This evoked response is observed in the time-locked 

averaged magnetoencephalographic (MEG) data recorded from repeated stimulus 

presentations. As the rate of periodic tactile stimulation increases above 10 Hz, rapidly 

adapting mechanoreceptors with small receptive fields are activated (Johansson & Vallbo, 

1979) eliciting an oscillatory response at the stimulus frequency in the contralateral SI, 

termed the somatosensory steady-state response (SSSR) (Galambos, 1982; Snyder, 1992; 

McLaughlin & Kelly, 1993; Tobimatsu et al., 1999; Pollok et al., 2002; Nangini et al., 2006). 

The SSSR amplitude is enhanced by attention and reflects top-down facilitation of early 

sensory processing (Giabbiconi et al., 2004, 2007).

Changes in the magnitude of ongoing cortical rhythms, termed induced responses, are also 

recorded via magnetoencephalography (Galambos, 1992; Pfurtscheller & Lopes da Silva, 

1999). Tactile stimulation causes a suppression of cortical rhythms in the bilateral SI in the 

beta (14–30-Hz) frequency band, termed ERD. A transient increase of beta activity to above 

baseline level, termed ERS, occurs after stimulus offset in the bilateral primary motor 

cortices (MIs). The bilateral nature of the induced responses indicates that cross-hemispheric 

connections are involved (Cheyne et al., 2003; Gaetz & Cheyne, 2006; Houdayer et al., 
2006; Dockstader et al., 2008). Similar induced responses have been observed during 

movement (Pfurtscheller et al., 1996; Taniguchi et al., 2000; Jurkiewicz et al., 2006) and 

motor imagery (Schnitzler et al., 1997; Pfurtscheller et al., 2005). Although the evoked 

responses like the SSSR are probably neuronal responses to primary afferents, the induced 

responses may represent changes in the functional connectivity within the sensorimotor 

network (Pfurtscheller & Lopes da Silva, 1999). As such, we expected that attentional load 

would modulate induced responses in the SI and MI.

Our first hypothesis was that sustained attention would enhance the SSSR amplitude in 

keeping with a top-down facilitation of early sensory processing. Secondly, we hypothesized 

that attending to the duration of a vibrotactile stimulus would increase the functional load on 

the sensorimotor system leading to stronger induced responses in the bilateral SI and MI. To 

address these hypotheses, we recorded neuromagnetic evoked and induced cortical responses 

to finger vibration under ignore and attend conditions. In order to support the distinction 

between neuromagnetic activity in the SI and MI, we also localized the cortical sources of 

beta ERS and ERD related to voluntary finger movement.
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Materials and methods

Subjects

We completed MEG sessions with 12 healthy subjects (seven females) with ages ranging 

from 21 to 32 (mean 25) years. Right-handedness was quantified using the Edinburgh 

Handedness Inventory (Oldfield, 1971). All subjects reported no history of neurological 

disorders. Informed written consent was obtained from each subject before participating in 

the experiment in accordance with the Declaration of Helsinki and by the Research Ethics 

Board at Baycrest, which approved the study.

Data acquisition

The MEG data were collected with a 151-channel whole-head first-order gradiometer 

system (VSM Medtech, Coquitlam, BC, Canada) at a 1250-Hz sampling rate after 300-Hz 

low-pass filtering. Subjects were sitting in an upright position with their head resting in the 

helmet-shaped MEG sensor array. The sensor positions with respect to the head were 

registered with magnetic coils placed on the nasion, and left and right pre-auricular points. 

Markers at the same locations in the anatomical magnetic resonance images (MRIs) were 

used for co-registering functional and anatomical data. For the five subjects without an MRI, 

the MEG data were co-registered with a head shape acquired with a three-dimensional 

digitization system (Fastrak, Polhemus, Colchester, VT, USA).

Three MEG recordings of 10-min duration per session were performed in random order 

between subjects: attend and ignore vibrotactile stimulation, and self-paced finger tapping. 

For vibrotactile stimulation, a small elastic bladder was attached to the right index finger pad 

and coupled to a compressed air supply via a computer-activated valve. Gentle pressure 

pulses of 10-ms duration were applied to the finger at a rate of 23 Hz. The stimuli were 

presented in trains of 3.0-s duration with inter-train intervals of random length between 3.0 

and 5.0 s. Such a stimulus has been shown to evoke a reliable SSSR (Nangini et al., 2006). 

Furthermore, the rather long stimulus duration would provide sufficient temporal separation 

of the SSSR and the evoked responses to stimulus onset and offset. For 10% of the randomly 

chosen stimulus trains, the duration was prolonged to 4.0 s. Under the attended condition, 

subjects were instructed to detect and keep a mental count of the prolonged stimulus trains, 

while keeping their eyes focused on a fixation cross. No motor responses were required. 

During the ignore condition, subjects watched a subtitled silent movie. A self-paced motor 

task was included so that we could compare induced responses for somatosensation with 

those occurring during a motor task. In the motor task, subjects were asked to press a button 

with the right index finger once every 4–5 s. Subjects watched a subtitled silent movie and 

received no feedback regarding the button presses. White noise was presented binaurally at 

75-dB sound pressure level in all tasks to mask any sounds associated with the stimulus 

device or response button.

Analysis of evoked response to tactile stimulation

All subsequent MEG data analyses were based on the 3.0-s duration stimulus trains only. 

MEG data were parsed into 5.0-s epochs relative to the onsets of the standard stimulus trains 

including a 1.0-s pre-stimulus interval. Principal components of MEG data epochs that 
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exceeded the threshold of 2.0 pT were removed as magnetic artifacts (Lagerlund et al., 1997; 

Kobayashi & Kuriki, 1999). The MEG data were then band-pass filtered between 16 and 28 

Hz. The steady-state evoked field was obtained by averaging 100-ms epochs of MEG data 

relative to each of the 57 pulses in the 0.5–3.0-s interval following stimulus train onset in all 

trials (n = 75). We fit an equivalent current dipole in a single-sphere head model to the 

averaged steady-state evoked field waveforms using the dipole fit software supplied by VSM 

Medtech. Changes in the SSSR amplitude and location between attend and ignore conditions 

were compared with paired t-tests.

Localization of induced responses to tactile stimulation

For localizing the induced responses, we applied synthetic aperture magnetometry [a 

beamformer approach for estimating source activity based on magnetoencephalography 

(Robinson & Vrba, 1998)] to generate volumetric maps of the amount of ERD and ERS in 

the beta frequency range between ‘active’ and ‘control’ time intervals in the attend 

condition. In concurrence with previous work, the regions of interest for induced responses 

were the bilateral SI and MI. We identified sources of beta ERD by mapping the change in 

beta source power between 2–3 s after (‘active’) and 1–0 s before (‘control’) stimulus onset. 

Similar volumetric maps were generated with the active time interval between 0.5 and 1.5 s 

post-stimulus offset to identify sources of beta ERS (Fig. 2a). Local maxima for ERD and 

ERS in the primary sensorimotor areas were identified in the group-averaged volumetric 

maps. The corresponding locations of maximal effect size in individual volumetric maps 

determined regions of interest for further analysis.

Comparison of source locations to the motor task

Sensorimotor induced responses are located, for the same body part, in close vicinity in the 

pre-central and post-central gyri. Head movements or exact co-registration between the 

MEG sensor position and structural MRI might affect the accuracy of the absolute source 

localization of the induced responses to vibration. Induced ERD during self-paced finger 

tapping has been identified in previous studies in the bilateral SI with maximal size at the 

time just prior to the button press. Beta ERS occurs after the movement in the bilateral MI 

with a contralateral bias (Pfurtscheller et al., 1996; Taniguchi et al., 2000; Jurkiewicz et al., 
2006). Therefore, we confirmed the anatomical location of the induced responses to 

vibration by comparison to the locations of induced responses related to voluntary finger 

movement. We identified the locations of ERD to movement as the local minima in 

individual synthetic aperture magnetometry volumetric maps comparing beta power between 

the 1.0-s interval immediately preceding the button press (‘active’) and an interval of the 

same length beginning 3.0 s before the button press (‘control’). Sources of beta ERS were 

identified as local maxima in volumetric maps with the active interval shifted to 0.5–1.5 s 

post-button press. The relative locations of the sources of ERS and ERD induced by the 

tactile stimulus, the evoked SSSR, and ERS and ERD related to voluntary finger movement 

were studied across the group. For this analysis, the individual mean of locations across the 

various conditions had been subtracted separately for each hemisphere. The resulting 

relative co-ordinates were averaged across the group and 95% confidence limits for the mean 

were calculated.
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Time–frequency analysis of the induced responses

In addition to volumetric mapping of power changes, synthetic aperture magnetometry also 

acts as a spatial filter to estimate waveforms of source activity at a specific brain location 

(Robinson & Rose, 1992). This is often referred to as a virtual deep electrode or a virtual 

channel. Virtual channels of source activity related to finger vibration were generated for the 

locations of induced responses identified in individual volumetric maps for attend and ignore 

conditions. Time–frequency analysis was performed on the estimated source activity to 

examine the temporal dynamics of the induced responses. Spectrograms of oscillatory power 

based on a Morlet wavelet were calculated in the 10–30-Hz frequency range and the time 

interval from 1 s pre-stimulus to 2 s post-stimulus based on single-trial virtual channel data. 

The evoked response, based on averaging the source activity across trials, was subtracted 

from each trial in order to evaluate only the induced power in the spectrogram (Ross et al., 
2005). Often induced responses are quantified as a percentage change in power from 

baseline. However, this measure contains a numerical bias towards power increase (100% to 

+ ∞) over power decrease (0–100%). Thus, we used a logarithmic scale to eliminate this 

bias. For each frequency bin, the spectral power was normalized to the power in the baseline 

interval (1–0 s before stimulus) and the power ratio was expressed as ERS / ERD(t) = 

log2(P(t) / Pbase). Under this definition, the ERS / ERD range of ±0.5 corresponds to signal 

power between 71 and 141% of baseline. To ensure that the baseline was matched across 

conditions, we tested each frequency bin for a difference in baseline spectral power (Pbase) 

between conditions using a paired t-test. Normalized spectrograms for each location of 

interest were averaged across subjects to generate group estimates of the induced responses. 

We investigated the group mean spectrograms in the attended condition to determine the 

time–frequency intervals at which induced responses occurred. We then compared the mean 

amplitudes of each induced response between attend and ignore conditions across the group 

of subjects using paired t-tests.

The induced responses were further characterized with the group mean power spectrum at 

each location of interest. The spectra were calculated by averaging the spectrograms of 

oscillatory power across the time intervals of interest for attend and ignore conditions 

separately. The baseline time interval was the 1 s prior to stimulus onset and the active 

intervals were as indicated by white rectangles in Fig. 4. All power spectra generated for a 

specific location of interest were overlaid to compare absolute source power between 

conditions and time intervals.

Results

Behavioral data

During 10 min of vibratory stimulation, subjects received about 11 target stimuli with longer 

duration. At the end of the attend condition, subjects reported counting 16 longer stimuli on 

average (SD 9, range 6–31). When asked, all subjects who completed the ignore condition 

before the attended were not aware that longer duration stimuli were included. In the self-

paced finger movement session, the average time between button presses was 6.2 s (SD 2.2 

s, range 3.6–11.5 s).
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Evoked response

Steady-state evoked fields to vibrotactile stimulation were identified over the contralateral 

hemisphere in all subjects in both attended and ignore conditions. Figure 1a shows group-

averaged cycles of the SSSR for attend (solid line) and ignore (dashed line) conditions. 

Figure 1b shows the time-course of the evoked response amplitude in the 16–28-Hz band for 

both conditions. The early peak (~0.1 s) in this plot is the 16–28-Hz component of the 

somatosensory evoked response to the stimulus onset. Across the group, the mean SSSR 

source strength (between 0.5 and 3 s after stimulus onset) was 10% larger for attended 

stimuli (t11 = 2.25, P < 0.05). There were no significant differences in the latency of the 

SSSR or orientation of the dipole between conditions.

Dipole modeling of the contralateral SSSR was feasible for all subjects under both 

experimental conditions. Source locations of the SSSR generator were compared between 

the attended and ignore condition, and the relative differences were visualized in the coronal 

and sagittal planes in Fig. 1c and d, respectively. Across the group, the equivalent current 

dipole location was 2.0 mm more medial (t11 = 4.53, P < 0.001) when the vibrotactile 

stimulus was attended as compared with ignored.

Induced responses

Figure 2b shows the volumetric maps of cortical beta-band ERD and ERS during 

vibrotactile stimulation (interval B vs. A) and following stimulus offset (interval C vs. A) in 

the attend condition for an individual representative subject. The maps are superimposed on 

the subject’s anatomical MRI. Beta ERD during stimulation occurred bilaterally but was 

more pronounced in the ipsilateral hemisphere. Beta ERS following stimulus offset occurred 

in the contralateral hemisphere. The ipsilateral beta ERD and contralateral beta ERS were 

successfully localized based on local minima and maxima in individual volumetric synthetic 

aperture magnetometry maps in 10 of the 12 subjects.

Comparison to the motor task

Pre-button press beta ERD could be localized in 11 and seven of 12 subjects for the left and 

right hemispheres, respectively. Post-button press beta ERS was localized in the left and 

right hemispheres in all 12 and 10 of 12 subjects, respectively. For the induced responses to 

movement, the source of the contralateral ERS was located 7.7 mm more anterior and 5.0 

mm more superior compared with ERD (t10 = 6.00, P < 0.0005), which is consistent with a 

pre-central source of ERS (MI) and a post-central source of ERD (SI). The ipsilateral ERS 

to movement was, on average, 8.3 mm more anterior and 4.2 mm more superior compared 

with ERD (t5 = 2.39, P = 0.06). This difference was not statistically significant, however, 

probably due to the small number of samples.

Group mean source locations (in Talairach-Tournoux co-ordinates) for the evoked SSSR 

under attend and ignore conditions, ERS and ERD to vibration under attention, and ERS and 

ERD during voluntary finger movement are listed in Table 1. We compared the relative 

source locations of these generators in each hemisphere. Source locations in the left and 

right hemisphere are visualized in an axial plane in Fig. 3. The origin corresponds to the 

intra-subject mean location of all of the generators identified in each hemisphere in order to 
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account for the anatomical differences and co-registration errors. The 95% confidence limits 

of the group mean locations are indicated with ellipses. In the left hemisphere, contralateral 

to the stimulation or finger movement, we found three distinct brain areas: overlapping 

sources of ERS following finger movement and tactile stimulation (anterior and medial), 

sources for the SSSR under attend and ignore conditions in close vicinity (posterior and 

lateral), and sources of ERD prior to finger movement (posterior and medial). The SSSR 

sources appeared more laterally compared with the induced response sources. The ERS and 

ERD sources in the right hemisphere, ipsilateral to stimulation and movement, were 

significantly separated, although the number of observations was smaller. The ipsilateral 

sources of ERS following finger movement were, in mean, more anteriorly and medially 

located than sources of ERD. The thick lines in Fig. 3, separating sources of ERS from 

sources of ERD and the SSSR, follow the direction of the central sulci in the left and right 

hemispheres and support the assumption that the origin of ERS lies in the MI and the origin 

of the SSSR and observed ERD lies in the SI.

Temporal dynamics of induced responses

Figure 4 shows group-averaged spectrograms of induced responses at the source location of 

the ipsilateral ERD (SI) and contralateral ERS (MI) during attended and ignored vibrotactile 

stimulation. Note that the evoked responses have been subtracted out of the data and are not 

present in the spectrograms. Spectograms for the same locations including the evoked 

responses are shown in supporting Fig. S1. Paired t-tests showed that the power in the pre-

stimulus intervals was not significantly different between conditions at an α-value of 0.05. 

At the contralateral site, post-stimulus beta ERS occurred in both conditions. In addition, we 

found that, in both conditions, beta ERD followed by ERS occurred twice during 

presentation of the pulse train. Beta ERD occurred during the 0.5 s following stimulus onset 

and was followed immediately by 1 s of beta ERS. A similar pattern occurred at vibration 

offset. At the ipsilateral site, beta ERD occurred after stimulus onset for attended and 

ignored vibration. Beta ERD began again 2.0 s after the onset of attended stimulus and was 

strongest at the offset. This induced desynchronization was virtually absent in the ignore 

condition. ERD also occurred bilaterally in the mu band (~12 Hz) and ipsilaterally at ~23 Hz 

following stimulus onset and continued until after stimulus offset.

The rectangles in Fig. 4 identify the time–frequency intervals used to calculate the mean 

power change for each induced response. Paired t-tests showed that attention enhanced the 

ipsilateral ERD occurring maximally at stimulus offset (t9 = 3.46, P < 0.01) and the 

contralateral ERS response occurring after stimulus offset (t9 = 2.37, P < 0.050). Across the 

group, the ipsilateral ERD at vibration offset reduced mean beta-band power by 26% for 

attended stimuli and 8% for ignored stimuli. The contralateral ERS following attended 

vibration offset represented a mean increase in cortical oscillatory power of 35% as 

compared with 8% for ignored stimuli.

Figure 5 shows the absolute power spectra for the contralateral MI and ipsilateral SI sources 

for the baseline and during the induced response intervals in both conditions. These spectra 

highlight the changes that contribute most strongly to the ERD / ERS in Fig. 4. At the 

contralateral MI, baseline source power is well matched between conditions, with no clear 
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peaks in the beta range. Thus, the attention-modulated post-stimulus beta ERS is clearly 

caused by the strong peak emerging in the active interval for attended stimuli only (solid 

blue line). In contrast, peaks in the baseline power spectra at the ipsilateral SI indicate beta-

band cortical activity occurring prior to stimulus onset in both attend and ignore conditions. 

A post-hoc paired t-test indicated a significant attention-related enhancement of baseline 

beta power at this location (t9 = 2.34, P < 0.05), which contributed to the ipsilateral ERD 

effect. During the active interval, beta-band oscillatory activity was slightly attenuated for 

ignored stimuli (solid black line) and more strongly suppressed for attended stimuli (solid 

blue line) such that it closely resembled the contralateral MI baseline spectrum. An 

additional post-hoc paired t-test indicated that the baseline beta power was larger in the 

ipsilateral SI than in the contralateral MI for the attend condition (t9 = 2.38, P < 0.05).

Discussion

We have shown that manipulating attention to a vibrotactile stimulus changes the evoked and 

induced responses in primary sensorimotor areas. We confirmed that the stimulus-evoked 

SSSR in the contra-lateral SI is enhanced by attention and we showed that this change in 

amplitude is concurrent with a medial shift in location. Ipsilaterally dominant ERD towards 

the end of stimulation was strongly expressed in the SI under attention and almost absent in 

the ignore condition. Even though there was no motor task in the vibrotactile stimulation 

sessions, beta ERS following stimulus offset occurred in the contralateral MI in both 

conditions and was significantly enhanced for attended stimuli. The attention-modulated 

beta ERS and ERD were co-located with similar induced responses in a motor task.

Attention modulation of the evoked response

The SSSR (interpreted as superimposed responses to single pulses within the stimulus train) 

represents early activation in the sensory system (Galambos, 1982; McLaughlin & Kelly, 

1993). The finding that focused attention enhances the amplitude of SSSR concurs with 

previous reports of electroencephalography studies on selective spatial attention (Giabbiconi 

et al., 2004, 2007). Our result generalizes the selective attention effect on this correlate of 

early processing to a focused attention paradigm. Although the magnitude of the SSSR 

increase was small, the effect size is of similar order to findings of attention modulation of 

steady-state responses in the auditory (Ross et al., 2004; Bidet-Caulet et al., 2007) and visual 

(Ding et al., 2006; Kim et al., 2007) systems. As the primary afferent input was the same in 

both conditions, the finding of a significant amplitude enhancement by attention represents a 

top-down modulation of early processing in the SI. We think that the medial shift in the 

SSSR locations from ignore to attended conditions is more likely to be due to broadening of 

the area of activation, rather than to a different location of the activation. The widespread 

activity along the gyrus will give an equivalent dipole that is located deeper than a very focal 

activation on the superficial gyrus. Given that an area of cortex of the order of several mm2 

must be firing synchronously to generate an evoked response (Hari, 1990), this selectively 

activated neuronal set probably overlaps the population that is activated for the vibratory 

stimulus in general.
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Attention modulation of the induced responses

The temporal dynamics of the induced responses occurring over the stimulus interval were 

more complex than initially expected. Although previous reports of prolonged tactile 

stimulation (finger brushing) report ongoing beta ERD for the duration of the stimulus, 

followed by beta ERS after the offset (Gaetz & Cheyne, 2006), our results show that a 

contralateral beta ERD / ERS complex occurred once after onset of the stimulus train and 

again after stimulus offset. This discrepancy probably occurs as brushing a large area of the 

finger may sequentially activate multiple different receptive fields over time but stationary 

vibration repetitively activates the same set of mechanoreceptors in the finger pad. The 

ERD / ERS complex could result mainly from change detection in a similar manner to the 

sensory evoked response, responding to the onset and offset but ignoring the intervening 

vibration. However, our observation that the ipsilateral ERD began well before stimulus 

offset indicates that this response is probably elicited by endogenous processes. In this 

sense, the induced responses described here are probably related to the perception of 

primary afferents in general, as well as deeper processing of task-related stimulus properties, 

such as duration.

We showed that changes in attention modulate the amplitude of the beta ERS that occurs in 

the contralateral MI following tactile stimulation. This enhancement occurs in the absence of 

any attention-related changes in cortical oscillatory power in the pre-stimulus interval. 

Previous evidence for attention-modulated MI activity induced by sensory stimulation came 

from the observation that beta ERS following median nerve stimulation was smaller and 

lasted for a shorter duration in children with attention-deficit hyperactivity disorder 

compared with healthy controls (Dockstader et al., 2008). The electrical stimulation used in 

their study is quite salient and may capture attention as a bottom-up effect, whereas our faint 

vibration stimuli were easy to ignore. Detecting the 4.0-s target stimuli in our study required 

explicit attention. Naive subjects reported no knowledge of the inclusion of longer duration 

stimuli in the ignore condition, suggesting that the unattended stimulus was registered but 

that higher-order processing of its properties probably did not occur. In the attend condition, 

requiring subjects to make a judgment on the stimulus duration necessitated sustained 

integration of somatic information and comparison to a ‘standard’ within a larger 

sensorimotor network. The task was difficult and the attention-related enhancement of the 

post-stimulus contralateral ERS can be interpreted as a correlate of increased task load in 

sensorimotor areas in the preceding interval. In this sense, beta ERS seems to be a reliable 

indicator of functional load during sensorimotor tasks.

Perhaps the most intriguing result was beta ERD that occurred prior to stimulus offset in the 

ipsilateral hemisphere. Given that beta ERD is thought to represent an increase in processing 

in local brain areas (Pfurtscheller & Lopes da Silva, 1999), the attention-specific suppression 

of beta-band ipsilateral SI activity suggests a functional role for this area in evaluating the 

duration of prolonged stimuli. In a functional MRI study, ipsilateral MI activation during 

unimanual movements increased with task complexity, suggesting that the ipsilateral 

hemisphere may assist contralateral sensorimotor areas via cross-callosal projections when 

the functional demand is high (Verstynen et al., 2005). The ipsilateral SI may capitalize on 

similar projections to assist in the analysis of complex properties of somatosensory input.
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Interestingly, observing the absolute signal power, as shown in Fig. 5, informs our 

understanding of how cortical rhythms are changing in this task. Our data showed that 

attention-related enhancement of the ipsilateral ERD occurred as a combination of increased 

baseline power and decreased ‘active’ power. In the attend condition, the signal power in the 

ipsilateral SI during ERD was at a level similar to the contralateral MI baseline. A previous 

report looked at absolute signal power, in the 8–12-Hz band, at electrodes over primary 

sensorimotor cortices during unimanual movements. They indicated that baseline power was 

lateralized toward the ipsilateral hemisphere as a priming effect but power was equivalent 

between hemispheres during movement (ERD) and post-movement (ERS). The 

lateralization of baseline power led effectively to stronger ERD and weaker ERS in the 

ipsilateral hemisphere (Pfurtscheller, 1992). Recent studies have reported that both ERD and 

ERS are stronger in the contralateral hemisphere during unimanual movements in contrast to 

this earlier finding (Pfurtscheller et al., 1996; Taniguchi et al., 2000; Jurkiewicz et al., 2006). 

Our results show that lateralization of baseline power also occurs for unimanual tactile 

stimulation under attend and ignore conditions. This implies some underlying bias of the 

beta rhythm in relation to the stimulated hemi-field, even in the presence of a distractor task. 

Furthermore, although differences in baseline power between spectrograms in Fig. 4 do not 

affect the time-courses of ERS and ERD, these differences will change the scale of the 

observed effect. Induced response magnitudes measured as relative power change are 

enhanced (for the same absolute difference) when the baseline power is small. Thus, we 

emphasize the importance of investigating absolute signal strength, as well as measures of 

signal change, when investigating induced responses.

Comparison of evoked and induced changes

In this paradigm, we observed two types of oscillatory brain activity (evoked and induced) in 

overlapping time–frequency intervals generated in neighboring cortical sources. Both types 

of responses were enhanced by focused attention but probably reflect different aspects of 

top-down modulation of sensory processing. The induced responses exhibited more 

complicated temporal dynamics than the changes to the evoked SSSR. Although the 

attention-related enhancement of the SSSR occurred across the entire stimulus duration, beta 

ERD and ERS were enhanced specifically near the end of the stimulus and after offset, 

respectively. Thus, the SSSR enhancement may reflect sustained top-down attentional 

facilitation of early sensory processing. The induced activity may represent aspects of 

linking that information to ongoing perceptuomotor behavior in a larger sensorimotor 

network.

The source localization results from our study support the conventional view that ERS is 

generated in the MI and ERD occurs in the SI for both motor tasks and tactile sensation. 

This behavior is distinct from the primary evoked responses, which occur in the relevant 

primary sensory cortex. Although both beta ERD and SSSR occur in the SI, the SSSR 

clearly localizes more laterally, adding further support to the notion that these responses 

represent different processes. Attention-related changes reported in functional MRI studies 

(Staines et al., 2002; Nelson et al., 2004), where induced and evoked responses are not 

differentiated, probably represent modulations in both early sensory and higher-order 

processing.
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Fig. 1. 
Attention-related changes in SSSR amplitude and source location. (a) The time-course of the 

group-averaged SSSR is shown for the attended and ignore conditions. Stimulus pulse 

timing is shown as grey-filled boxes. The SSSR magnitude is 0.25 nAm larger for attended 

stimuli across the group. (b) The envelope of the 16–28-Hz evoked response shows that this 

enhancement is maintained for the entire stimulus interval. For all subjects, the locations of 

the SSSR in the attended and ignored conditions are shown with respect to the mean for 

sagittal (c) and coronal (d) orientations. There is a 2-mm medial shift in SSSR source 

location for attended stimuli across the group. I, inferior; S, superior; P, posterior; A, 

anterior; L, left; R, right.
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Fig. 2. 
Induced responses during attended vibrotactile stimulation. (a) The diagram shows the time 

intervals (A / B / C) used for synthetic aperture magnetometry beamformer analysis. (b) 

Volumetric maps of beta ERS / ERD during stimulation (B vs. A) and following stimulus 

offset (C vs. A) in a single subject are overlaid on the subject’s structural MRI. Induced 

responses occur in the ipsilateral SI (ERD) and contralateral MI (ERS). L, left; R, right.
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Fig. 3. 
Response locations for vibrotactile stimulation and button pressing. Group mean locations 

and confidence intervals for the SSSR, contralateral ERS and ipsilateral ERD for attended 

vibrotactile stimulation, and bilateral ERS and ERD during self-paced tapping (relative to 

the mean) are shown on axial slices. The estimated positions of the central sulci, SI and MI 

are shown in light blue. Induced response locations in the SI and MI overlap for 

somatosensation and movement. The SSSRs localize to more lateral sites in the SI. The 

central sulci (light blue) and regions of interest (white) are highlighted on the axial slice of a 

standard brain for reference. L, left; R, right; P, posterior; A, anterior.
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Fig. 4. 
Group-averaged spectrograms of induced responses to vibrotactile stimulation at the (a) 

contralateral MI and (b) ipsilateral SI for the attend (top) and ignore (bottom) conditions. 

Contralateral beta ERD occurs briefly after stimulus onset and offset followed by a period of 

ERS. The ipsilateral ERD occurs after onset and prior to stimulus offset. ERD also occurs 

during the stimulation period in the 10–14-Hz range. White rectangles indicate the time–

frequency intervals for which the induced response is significantly enhanced for the attended 

stimulus.
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Fig. 5. 
Group-averaged power spectra of cortical activity during the pre-stimulus (dashed lines) and 

active (solid lines) time interval as indicated in Fig. 4 are shown for the (a) contralateral MI 

and (b) ipsilateral SI in the attend (blue lines) and ignore (black lines) conditions.
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