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Abstract: Nociceptive stimuli can induce a transient suppression of electroencephalographic oscilla-

tions in the alpha frequency band (ie, alpha event-related desynchronization, a-ERD). Here we investi-

gated whether a-ERD could be functionally distinguished in 2 temporally and spatially segregated

subcomponents as suggested by previous studies. In addition,we testedwhether the degree of depen-

dence of nociceptive-induced a-ERD magnitude on the prestimulus a-power would have been larger

than the degree of dependence on the poststimulus a-power. Our findings confirmed the dissociation

between a sensory-related a-ERD maximally distributed over contralateral central electrodes, and

a task-relateda-ERD (possibly affectedbymotor-relatedactivity),maximally distributedat posterior pa-

rietal andoccipital electrodes. The cortical sources of these activitieswere estimated tobe located at the

level of sensorimotor and bilateral occipital cortices, respectively. Importantly, the time course of the

a-ERD revealed that functional segregation emerged only at late latencies (400 to 750 ms) whereas

topographic similarity was observed at earlier latencies (250 to 350 ms). Furthermore, the

nociceptive-induceda-ERDmagnitudewas significantlymoredependentonprestimulus thanpoststim-

ulus a-power. Altogether these findings provide direct evidence that the nociceptive-induced a-ERD re-

flects the summation of sensory-related and task-related cortical processes, and that prestimulus

fluctuations can remarkably influence the non-phase-locked nociceptive a-ERD.

Perspective: Present results extend the functional understanding of a-oscillation suppression dur-

ing pain perception and demonstrate the influence of prestimulus variability on this cortical phenom-

enon. This work has the potential to guide pain clinicians in a more accurate interpretation on

physiological and psychological modulations of a-oscillations.
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S
ensory stimuli can elicit transient changes in ongoing
electroencephalography (EEG), which can be distin-
guished between phase-locked event-related poten-

tials (ERPs) and non-phase-locked modulations of
spontaneous EEG oscillations.45,54 These modulations are
characterized by either transient enhancement (event-
related synchronization, ERS) or transient suppression
(event-related desynchronization, ERD) of the EEG
power.43,56 The functional significance of ERS and ERD
differs according to the frequency band within which
they occur. For example, ERD in the alpha band (a-ERD,
frequencies ranging from 8 to 13 Hz) has been
hypothesized to reflect cortical activation or
disinhibition,43,45,54,67 while ERS in the gamma band
(frequencies ranging from 30 to 100 Hz) has been
89
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hypothesized to play a crucial role in cortical integration
and perception.16,38,62,63,68

Among the modulations of EEG oscillations, the a-ERD
has been observed not only during the elaboration of
stimuli belonging to different sensory modalities (eg, vi-
sual and auditory; ie, sensory-related a-ERD),9,48,60,67 but
also during various mental tasks (eg, working memory
processes; ie, task-related a-ERD).19,28,30,64 In particular,
some authors recently hinted to the coexistence of both
sensory-related a-ERD and task-related a-ERD during
pain.43,55,56 These scholars reported that nociceptive-
induced a-ERD over the contralateral sensorimotor
cortex1,51 may reflect the exogenous activation of the
primary somatosensory cortex55 and its contributions to
pain processing.51,58 In contrast, other authors reported
a widespread suppression of a-oscillation at the level of
posterior parietal and occipital regions following
nociceptive stimulation,43,46,56 which was hypothesized
to reflect endogenous task-related cortical processing.23

It is important to note that some of the reportedmodula-
tions1,4,15,56,60 have been expressed as a function of the
poststimulus a-power as compared to the prestimulus
a-power (ie, baseline correction procedure). This
procedure is classically accepted (in fact, desired) to
provide a theoretically noise-free reference cortical signal.
Crucially, this assumptiondoesnot always hold true, and it
has actually been reported that the a-power preceding ei-
ther sensory stimulation or cognitive operations can dra-
matically influence the subsequent neural responses (eg,
a-ERD),39,55,60 thus reflecting the fluctuations in subjects’
mental states (eg, attention and vigilance).15,18,33

Here we investigated these multiple features of the
nociceptive-induced a-ERD (sensory-related, task-related,
andstate-dependent) inanattempt toprovidea functional
characterization of their distinct electrophysiological fea-
tures. A 64-channel EEG set-up was used to record event-
related brain responses during a classical oddball task,
whereby subjects were required to detect and respond to
low-probability nociceptive target events intermingled in
a series of high-probability nociceptive nontarget events.
This task allowed us to explorewhether the posterior pari-
etal andoccipital a-ERDwould havebeenpreferentially as-
sociated with the top-down endogenous voluntary
orienting of attention toward task-relevant nociceptive
stimuli (ie, targets) while the sensorimotor a-ERD would
have been rather associated with the bottom-up exoge-
nous involuntary orienting of attention to salient nocicep-
tive stimuli, regardless of their task relevance (ie,
nontarget). In addition, we tested the hypothesis that the
degree of dependence of nociceptive-induced a-ERDmag-
nitudeon theprestimulusa-powerwouldhavebeen larger
than the degree of dependence on the poststimulus a-
power, regardless of the experimental condition.

Methods

Subjects
Eighteen healthy right-handed volunteers (9 females)

with a mean age of 22 years (range, 19–29 years) partici-
pated in the study.All subjects gavewritten informedcon-
sent before participation, and the study was approved by
the Institutional Review Board of the University of Hong
Kong/Hospital Authority Hong Kong West Cluster.

Nociceptive Stimulation
Intra-epidermal electrical stimuli were constant-current

square electric pulses of .5-ms duration delivered through
a stainless steel concentric bipolar needle electrode consist-
ingofaneedlecathode(length: .1mm;diameter: .2mm)sur-
rounded by a cylindrical anode (diameter: 1.4 mm).25,26 The
stimuli were delivered to the medial and lateral side of the
left hand dorsum, and the stimulus intensity was twice the
individual perceptual threshold, previously proved to be
able to preferentially activate the Ad nonciceptive fibers
without coactivation of the fast-conducting Ab fibers.44

Experimental Procedure
Subjectswere seated in a comfortable chair in a lighted,

shielded room and were instructed to relax and equally
attend all the sensory stimuli prior to experiment start.
Nociceptive stimuli were administered in 2 separated
blocks. In 1 block, target and nontarget stimuli were ran-
domly delivered to the medial and lateral side of the left
hand dorsum according to a probability rate of 1:4. In the
other block, the stimulus sites of target and nontarget
stimuli were reversed, and theywere randomly presented
with the same probability rate used in the previous block
(1:4). Each block consisted of 200 stimuli, and interstimu-
lus intervals were randomly varied between 2,500 and
3,000 ms. The subjects were required to respond as fast
andaccurately as possible to thepredefined target stimuli
by pressing the response button upon their detection, us-
ing their right index finger. The order of the blocks was
counterbalanced across subjects. Prior to data collection
in each block, the subjects were repeatedly presented
with 20 stimuli to familiarize them with the task.

Behavioral Data Analysis
In the target condition, trials without any response and

those with reaction times shorter than 200 ms or longer
than 1,000 ms were considered as error trials,7 while in
the nontarget condition, trialswith any responsewere con-
sidered as error trials. The percentage of error trials across
all trials (bothtargetandnontargetconditions)wasdefined
as error rate. As a result, 716 3 (out of 80) and 3046 9 (out
of 320) trials were obtained for the target and nontarget
conditions, respectively. To rule out any statistical bias due
to different size of trials in the 2 conditions, trials with the
same number as in the target condition were randomly se-
lected fromthenontarget condition ineach subject. Results
are reported asmean6 standard error of mean (SEM). Sta-
tistical differences were considered significant at P < .05.

EEG Recording
The EEG data were recorded using a 64-channel Brain

Products system (Brain Products GmbH, Munich, Germany;
pass band, .01–100 Hz; sampling rate, 500 Hz) using a stan-
dard EEG capbasedon the extended 10–20 system. The left
mastoidwas used as the reference channel, and all channel
impedanceswere kept lower than10 kU. Tomonitor ocular
movements and eye blinks, electro-oculographic signals
were simultaneously recorded from 4 surface electrodes:
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1 pair placed over the upper and lower eyelids, and the
other pair placed 1 cm lateral to the outer corner of the
left and right orbits.
EEG Data Analysis

Preprocessing

EEG data were preprocessed using EEGLAB,10 an open
source toolbox running under theMATLAB environment.
Continuous EEG datawere low-pass filtered at 30 Hz. EEG
epochswere segmented in 1,500-ms timewindow (presti-
mulus 500 ms and poststimulus 1,000 ms), and baseline
corrected using the prestimulus time interval. Trials
contaminated by eye blinks and movements were
corrected using an independent component analysis al-
gorithm.10,27,37 In all datasets, independent components
with a large electro-oculographic channel contribution
and a frontal scalp distribution were removed. After
independent component analysis and an additional
baseline correction (�500 to 0 ms), EEG trials were re-
referenced to the bilateral mastoid electrodes.

Time-Frequency Analysis

The whole procedure to calculate the magnitude of
a-ERD consisted of the following 4 steps.
Calculation of Time-Frequency Representations.

Continuous Morlet wavelet transform (MWT) was used
to estimate the time-frequency representations (TFRs)
of single-trial EEG responses.45 The MWT adapts the
width of its window of analysis as a function of fre-
quency, and thereby offers an optimal compromise for
time-frequency resolution,45 apt to disclose both phase-
locked and non-phase-lockedmodulations of EEG signal.
The parameters of central frequency and restriction of
the MWT were 5 and .15, respectively. TFRs between 1
and 30 Hz in intervals of .5 Hz were computed.
Baseline Correction. For each estimated frequency,

TFRs were baseline corrected using the prestimulus inter-
val (�400 to �100 ms), according to the formula
ER(t,f)% = [F(t,f)�R(f)]/R(f), where F(t,f) is the signal
power at a given time t and at a given frequency f, and
R(f) is the signal powerof the frequency f averagedwithin
the reference interval.54Across-trial averagingof theTFRs
was displayed in a spectrogram of the average EEG oscil-
lation magnitude as a function of time and frequency.
This time-frequency map was used to identify phase- and
non-phase-locked nociceptive-related EEG activity for
each subject in both target and nontarget conditions.
Single-subject TFRs were subsequently averaged across
subjects to obtain group-level average TFR.
Definition of Time-Frequency Region of Interest

(TF-ROI). According to previous reports,9,43,55 the group-
level grand average TFR showed prominent nociceptive-
induced suppressions of cortical activity in the alpha
band (8–13 Hz) within a time window ranging between
200 and 800 ms poststimulus. Therefore, the a-ERD TF-
ROI was defined according to such a temporal-spectral
window (8–13 Hz, 200–800 ms).
Measurement of a-ERD Magnitude. Within the TF-

ROI, time-frequency pixels were sorted according to the
ER% values, and 20% time-frequency pixels with the
lowest ER% values were selected. The a-ERD was esti-
mated by computing the mean of the selected 20% time-
frequency pixels for each subject at 3 different spatial
regions of interest (sROIs), namely the 1) posterior parietal
andoccipital electrodes (P11Pz1P21PO31POz1PO4)/
6; 2) contralateral central electrodes (FC41 FC61 C41 C6
1CP41 CP6)/6; and 3) ipsilateral central electrodes (FC31
FC51 C31 C51 CP31 CP5)/6. Note that the definition of
sROIs was based on the distribution of electrodes dis-
playing the lowest ER% values within the defined TF-ROI.
Within these 3 sROIs, the top 20% summary measure re-
flected the lower ER% values, thus avoiding the noise in-
troduced by including all points of the spectrogram, some
of which may display little or no response. This approach
has the potential to disclose condition-specific effects and
has been successfully used in several studies.23,24,41

a-ERD Source Localization

To estimate the neural sources of a-ERD scalp topogra-
phies, an EEG source reconstruction approach was adop-
ted. First, a standardized Boundary Element Method,
provided by the eConnectome,21 served as a first approx-
imation for the subjects’ head and brain model.40 As the
EEG source reconstruction is an ill-posed problem (ie, in-
finite different source configurations could explain
a given scalp topography distribution equally well), a pri-
ori assumptions are necessary to constrain the space of
the feasible solutions and thus contribute to finding
a unique solution for the EEG source reconstruction.
The minimum norm provides a unique solution, in which
1 combination of neural sources can have the lowest
overall intensity while exactly fitting the scalp data.
However, such a constraint way (assumption) that the
overall intensity should be as low as possible may not
be always physiologically plausible. This algorithm favors
weak and localized sources, which are normally superfi-
cially distributed, because less activity is required at su-
perficial neural sources to determine a certain scalp
distribution.40 Therefore, to compensate for the bias of
the minimum norm solution, a lead field weighted
minimum norm, based on the norm of the columns of
the lead field matrix,20 was adopted in the present study.
To achieve the calculation of the lead field weighted
minimum norm algorithm, a common method of source
reconstruction regularization was adopted (Tikhonov
regularization65). Finally, 3-dimensional visualization of
the brain activity of a-ERD at source space was displayed
based on the standard MNI brain (from the Montreal
Neurological Institute).

Comparison of a-ERD Between Target and
Nontarget Conditions

We compared the a-ERD magnitudes between target
and nontarget conditions with paired 2-sample t-test
on the previously defined sROIs (posterior parietal and
occipital electrodes, contralateral central electrodes,
and ipsilateral central electrodes).
Series of 11 scalp topographies of a-ERD magnitude

were plotted by spline interpolation at intervals of 50
ms, in a time window ranging from 250 to 750 ms, for
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both target and nontarget conditions. Global dissimilar-
ity (GD) for all time points was computed to describe the
topographic resemblance between target and nontarget
conditions. GD is an index to show topographic differ-
ences between conditions regardless of the relative
strength.8,29,36,47 Such an index is obtained by
calculating the square root of the mean squared
differences between all corresponding electrodes after
2 given scalp topographies have been recalculated
against the average reference and normalized to
unitary strength (ie, divided by its own global field
power).36 The GD index is inversely related to the spatial
correlation between 2 scalp topographies and varies
from 0 (map homogeneity) to 2 (map inversion).8

Dependence of a-ERD on Prestimulus and
Poststimulus a-Power

The baseline corrected a-ERD is associated with the
power variance belonging to both prestimulus and post-
stimulusa-activity, as detailedby the previously illustrated
formula, ER(t,f)% = [F(t,f)�R(f)]/R(f). However, to the best
of the authors’ knowledge, there is no available informa-
tion detailing towhat extent the a-ERDmagnitudewould
dependmoreon the prestimulus or poststimulus a-power.
To test for the degree of such dependency, single trials
were sorted according to the magnitude of a-ERD in
each subject, and the entire amount of trials was divided
into 7 bins for both target and nontarget conditions, re-
spectively. The number of trials was identical in different
bins. Note that after baseline correction, a-ERD magni-
tude was calculated within the poststimulus TF-ROI (8–13
Hz, 200–800 ms) at (P1 1 Pz 1 P2 1 PO3 1 POz 1 PO4)/6
in the target condition, and at (FC4 1 FC6 1 C4 1 C6 1

CP4 1 CP6)/6 in the nontarget condition, respectively.
For each bin, prestimulus a-power was calculated by aver-
aging the spectral power (without baseline correction)
within the prestimulus TF-ROI (8–13 Hz, �400 to �100
ms) at (P11 Pz1 P21 PO31 POz1 PO4)/6 in both target
and nontarget conditions, while poststimulus a-power
was calculated by averaging the spectral power (without
baseline correction) within the poststimulus TF-ROI (8–13
Hz, 200–800 ms) at (P1 1 Pz 1 P2 1 PO3 1 POz 1 PO4)/6
in the target condition, and at (FC4 1 FC6 1 C4 1 C6 1

CP41 CP6)/6 in the nontarget condition, respectively.
The a-ERD magnitude and prestimulus and poststimulus

a-power were normalized (between 0 and 1) for each sub-
ject and each condition. To test the dependence of a-ERD
magnitude on prestimulus and poststimulus a-power, pres-
timulus and poststimulus a-power at different magnitude
bins (bin1-bin7) were compared using 7-level, 1-way
repeated-measuresanalysis of variance (ANOVA) (each level
a different bin)with a statistical significance level of P < .05.
Mauchly’s test was applied to assess violations of spheric-
ity.59 If the assumption of sphericity was violated (P < .05),
the degrees of freedom were adjusted (ε < .75,
Greenhouse-Geisser correction; ε> .75,HuynhandFeldt cor-
rection).17When themain effect of the ANOVAwas signifi-
cant, posthoc Tukeypairwise comparisonswereperformed.
Furthermore, a multiple linear regression model was

employed to quantitatively measure the level of depen-
dence of a-ERD magnitude (the dependent variable) on
prestimulus and poststimulus a-power (the independent
variable). According to the calculation of baseline cor-
rected TFR (ie, ER(t,f) = F(t,f)/R(f)�1), a linear relationship
between a-ERD and prestimulus and poststimulus
a-power can be established according to the formula
ln(a-ERD 1 1) = ln(poststimulus a-power)�ln(prestimulus
a-power). Therefore, for each subject and each bin, the
common logarithm (ln) of 3 variables (a-ERD magni-
tude1 1, prestimulus and poststimulus a-power) was cal-
culated and subsequently standardized by subtracting the
meanvalues anddividingby the standarddeviations. Such
standardization allowed us to evaluate the importance of
these explanatory variables indetermining the varianceof
the dependent variable (a-ERD), by comparing the abso-
lute values of the standardized regression coefficients.
The resultant linear regression model can be written as:

y ¼ b1x1 1 b2x2 1 ε

where y is the standardized value of ln(a-ERD1 1); x1 and
x2 are the standardized values of ln(prestimulus
a-power) and ln(poststimulus a-power), respectively; b1
and b2 are coefficients that weight the fit of x1 and x2
to the data y; and ε is the residual error of the fitted
model. For each subject, the coefficients b1 and b2 were
calculated by ordinary least squares. The absolute values
of b1 and b2 across all subjects were compared using
paired 2-sample t-test for the target and nontarget con-
ditions, respectively.
Results

Behavioral Results
Mean reaction times to the target stimuli were

501 6 19 ms. The error rate for both target and nontar-
get conditions was 5% 6 1%.

Comparison of a-ERD Between Target
and Nontarget Conditions

Fig 1 displays the grand average TFRs for target and
nontarget conditions (top panels), which weremeasured
at posterior parietal and occipital electrodes and contra-
lateral central electrodes, respectively. Scalp topogra-
phies of a-ERD measured at the poststimulus TF-ROI
(8–13 Hz, 200–800 ms) displayed a peak of activity at
the posterior parietal and occipital electrodes (around
Pz and POz) in the target condition, whereas a peak of
activity at the contralateral central electrodes in the non-
target condition was observed (around C4 and C6) (Fig 1,
top panels). The estimated sources of these local maxima
corresponded to the bilateral occipital cortices in the tar-
get condition and the contralateral sensorimotor cortex
in the nontarget condition (Fig 1, bottom right and bot-
tom left panels, respectively).
The paired 2-sample t-test revealed a significant differ-

encebetween targetandnontarget conditions at thepos-
terior parietal and occipital sROI (�83.08 6 21.86 versus
�40.746 17.52 ER%; t =�3.73; P = .002; Fig 2, left panel)
and at the ipsilateral central sROI (�40.68 6 8.28 versus



Figure 1. Grand average time-frequency distributions, scalp topographies, and estimated sources of a-ERD in the target and non-
target conditions. Top panel: Group-level TFRs and scalp topographies of the a-ERD in the target (posterior parietal and occipital re-
gions) and nontarget condition (contralateral central regions). For group-level TFRs, X-axis represents latency (ms); Y-axis represents
frequency (Hz); and color scale represents baseline corrected oscillatory magnitude (ER%). Scalp topographies show a different local-
ization of the ‘‘top 20%’’ a-ERD magnitude within the poststimulus ROIs (white rectangles); that is, a peak of activity at the posterior
parietal and occipital electrodes in the target condition, versus a peak of activity at the contralateral central electrodes in the non-
target condition. Bottom panel: a-ERD estimated sources. Talairach coordinates (x, y, z) of a-ERD sources are �9, �99, �7 mm and
16, �95, �12 mm in the target condition, and �44, �5, 58 mm in the nontarget condition, respectively.
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�20.886 6.58 ER%; t = �2.05; P = .02; Fig 2, right panel),
whereas no significant difference was detected at the
contralateral central sROI (�62.44 6 13.96 versus
�51.496 12.32 ER%; t =�.95; P= .35; Fig 2, central panel).
The grandaverage TFRs and a-ERDwaveformsmeasured

at (P11 Pz1 P21 PO31 POz1 PO4)/6 in the target condi-
tionandthoseat (FC41FC61C41C61CP41CP6)/6 in the
nontarget conditionaredisplayed in Fig3. Seriesof 11 scalp
topographies were computed (latency: 250–750 ms, plot-
ting every 50 ms) in both target and nontarget conditions.
a-ERD scalp topography displayed a similar pattern

for both target and nontarget conditions at early la-
Figure 2. Comparison of a-ERD magnitudes between the target an
tween target and nontarget conditions were compared in the follo
sured at (P1 1 Pz 1 P2 1 PO3 1 POz 1 PO4)/6 (marked in circles
(FC4 1 FC6 1 C4 1 C6 1 CP4 1 CP6)/6 (marked in circles in the midd
FC5 1 C3 1 C5 1 CP3 1 CP5)/6 (marked in circles in the right panel).
conditions, respectively. Error bars represent, for each condition, 6S
(P < .05, paired 2-sample t-test).
tencies (250–350 ms), whereas it showed a clear disso-
ciation between target and nontarget conditions at
late latencies (400–750 ms). Indeed, a-ERD peaked
at posterior parietal and occipital regions (around
Pz and POz) in the target condition, whereas it
peaked at contralateral central regions (around
C4 and C6) in the nontarget condition at these late
latencies.
The computation of the GD index between the a-ERD

scalp topographies in the target and nontarget condi-
tions (Fig 4) disclosed a time-varying trend of increasing
dissimilarity. Indeed, a-ERD scalp topographies between
d nontarget conditions across the 3 sROIs. a-ERDmagnitudes be-
wing 3 regions: 1) posterior parietal and occipital regions mea-
in the left panel); 2) contralateral central regions measured at
le panel); and 3) ipsilateral central regions measured at (FC3 1
Values are displayed in green and red for target and nontarget
EM across subjects. Asterisk (*) indicates a significant difference



Figure 3. Time varying scalp topographies of a-ERD in target and nontarget conditions. Grand average TFRs and a-ERDwaveforms are
measured at (P11 Pz1 P21 PO31 POz1 PO4)/6 in the target condition and at (FC41 FC61 C41 C61 CP41 CP6)/6 in the nontarget
condition. For group-level TFRs, X-axis represents latency (ms); Y-axis represents frequency (Hz); and color scale represents baseline cor-
rected oscillatory magnitude (ER%). For group-level a-ERD waveforms, X-axis represents latency (ms); Y-axis represents a-ERD magni-
tude (ER%). Series of 11 scalp topographies are displayed in steps of 50-ms interval from 250–750 ms for both target and nontarget
conditions. Note that the a-ERDmagnitudes from250 to 350ms show similar scalp topographies during both target and nontarget con-
ditions. Conversely, the a-ERD scalp topographies from 400–750ms are different between target and nontarget conditions, peaking at
posterior parietal and occipital regions in the target condition versus contralateral central regions in the nontarget condition.
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target and nontarget conditions progressed from a simi-
lar negative amplitude peak at contralateral central elec-
trodes (203 ms and GD value = .034) to a marked
difference in the negative amplitude (702 ms and GD
value = .35) located at posterior parietal and occipital
electrodes in the target condition (larger amplitude)
and at contralateral central electrodes in the nontarget
condition (lower amplitude), respectively.
Dependence of a-ERD on Prestimulus
and Poststimulus a-Power
Across subjects, the normalized a-ERD magnitude and

prestimulus and poststimulus a-power in the target and
nontarget conditionswere summarized in Table 1 and dis-
played in Fig 5. For the prestimulus a-power in the target
and nontarget conditions, Mauchly’s test indicated that
the assumption of sphericity had been violated (target,
c2 = 47.39, P < .001; nontarget, c2 = 59.16, P < .001); there-
fore, degrees of freedom were corrected using
Greenhouse-Geisser estimates of sphericity (target,
ε = .45; nontarget, ε = .43). As revealed by 7-level, 1-way
repeated-measures ANOVA, prestimulus a-power in the
target and nontarget conditions was significantly differ-
ent across bins (target, F (2.45, 41.69) = 16.22, P< .001, par-
tial h2 = .49; nontarget, F (2.33, 39.67) = 18.60, P < .001,
partial h2 = .52). Post hoc pairwise comparisons analysis
to compare the normalized values of prestimulus a-power
at different magnitude bins (bin1–bin7) in both target
and nontarget conditions were summarized in Table 2.
For the poststimulus a-power, therewas no significant dif-
ference across bins in both target and nontarget condi-
tions (F (6, 120) = 1.07, P = .382; F (6, 120) = 1.29, P = .269
for target and nontarget conditions, respectively).
The multiple linear regression analysis highlighted sig-

nificant larger absolute coefficients of ln(prestimulus
a-power) (b1) than those of ln(poststimulus a-power)
(b2), in both target and nontarget conditions (target: b1
versus b2 = .836 .05 versus .396 .03, P< .001, paired 2 sam-
ple t-test;nontargetb1 versusb2= .776 .05versus .396 .03,
P < .001, paired 2 sample t-test). These results indicated
that a-ERD magnitude was significantly more dependent
on the prestimulus a-power than the poststimulus
a-power in both target and nontarget conditions.



Figure 4. GD values of a-ERD scalp topographies between tar-
get and nontarget conditions. X-axis represents latency (ms);
Y-axis represents GD value. HighGD value indicates that the sim-
ilarity of the compared scalp topographies is low, and vice versa.
The a-ERD scalp topographies between target and nontarget
conditions are similarly maximal at the contralateral central re-
gion at early latencies (eg, 203 ms). In contrast, the a-ERD scalp
topographies are different between target and nontarget con-
ditions at late latencies (eg, 480 and 702 ms).
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Discussion

Suppression of a-Oscillation: Sensory- or
Task-Related?

By applying a classical oddball paradigm we were able
to strengthen the previously reported differentiation be-
tween an exogenous sensory-related1,51,47,50 and an
endogenous task-related23,43,46,56 a-ERD during
perception of nociceptive stimuli. In fact, our findings
confirmed the hypothesis of a coexistence of both
sensory-related a-ERD and task-related a-ERD43,55,56

(Fig 1). The sensory-related a-ERD (ie, nontarget condi-
tion) had a scalp distribution maximal at contralateral
central regions and a source estimated at the level of
the sensorimotor cortex (Fig 1, left panels), whereas the
task-related a-ERD (ie, target condition) had a scalp dis-
tribution maximal at posterior parietal and occipital re-
gions and a source estimated at the level of the
bilateral occipital cortices (Fig 1, right panels).

It is important to note that preparation, execution,
and imagination ofmovement have been consistently re-
ported to induce a-ERD prominently over contralateral
sensorimotor regions.53,54 In the present study, the
Table 1. Normalized Values of a-ERD Magnitude, P
at Different a-ERD Magnitude Bins (Bin1–Bin7) in

NORMALIZED VALUES BIN 1 BIN 2 BIN 3

Target a-ERD magnitude .04 6 .003 .11 6 .008 .16 6 .013

Prestimulus a-power .52 6 .033 .45 6 .027 .35 6 .022

Poststimulus a-power .31 6 .041 .32 6 .024 .29 6 .025

Nontarget a-ERD magnitude .05 6 .006 .11 6 .011 .16 6 .014

Prestimulus a-power .54 6 .027 .44 6 .026 .40 6 .024

Poststimulus a-power .30 6 .036 .32 6 .035 .34 6 .031
difference between target and nontarget a-ERD was
significant in the central sROI ipsilateral to the
nociceptive stimulation (ie, sensorimotor regions
contralateral to movement hand; Fig 2, right panel),
whereas no significant difference was detected at the
central sROI contralateral to the nociceptive stimulation
(Fig 2, central panel). This finding supports the notion
that if any influence of motor activation would bias the
identification of a genuine task-related a-ERD (ie,
a side activation associated to the required behavioral re-
sponse in the target condition), this effect should have
been maximally expressed at scalp locations ipsilateral
to the stimulated hand rather than at other scalp loca-
tions (eg, scalp locations contralateral to the stimulated
hand). However, the task-related a-ERD might still be
influenced by a motor-related a-ERD due to the inevita-
ble volume conduction of scalp EEG responses. Indeed,
the current experimental design does not allow the rul-
ing out of the possible influence of motor processes on
the task-related a-ERD.
Interestingly, the time course of the long-lasting sup-

pression of a-oscillation (Fig 3) revealed that a similar to-
pographic pattern could be observed for both target and
nontarget conditions at early latencies (250–350 ms; Fig
3, left), whereas a clear dissociation between target
and nontarget conditions emerged at late latencies
(400–750ms; Fig 3, right), thus highlighting the temporal
function of the topographic differentiation between the
sensory-related a-ERD (ie, nontarget condition) and the
task-related a-ERD (ie, target condition). This finding
was further confirmed by theGD index (Fig 4): the dissim-
ilarity of scalp topographies between target and nontar-
get conditions increased substantially at around 420 ms
and reached a peak at 702 ms. We speculate that the a-
ERD at the contralateral central regions in the nontarget
condition (250–350 ms) would reflect the early stage of
processing of the stimulus features, while the subse-
quent a-ERD at the occipital regions (400–750 ms) would
reflect the allocation of attentional resources required to
accomplish the task.
The finding that a time-varying property of the noci-

ceptive a-ERD reflects a functional differentiation be-
tween sensorimotor and occipital structures during the
processing of nociceptive stimuli is in line with several
previous publications.1,2,12,22,43,46,55 In fact, the present
finding contributes to extend the notion that the
nociceptive-induced a-ERD at contralateral sensorimotor
restimulus a-Power, and Poststimulus a-Power
Both Target and Nontarget Conditions

BIN 4 BIN 5 BIN 6 BIN 7

ANOVA

F P

.21 6 .018 .27 6 .024 .36 6 .033 .51 6 .045 — —

.36 6 .028 .33 6 .038 .26 6 .030 .23 6 .032 11.22 <.001

.34 6 .027 .36 6 .032 .34 6 .026 .38 6 .029 1.07 .382

.21 6 .017 .28 6 .021 .36 6 .027 .53 6 .034 — —

.37 6 .021 .30 6 .022 .31 6 .034 .25 6 .038 12.44 <.001

.35 6 .024 .33 6 .024 .40 6 .029 .38 6 .030 1.29 .269



Figure 5. Relationship between a-ERD magnitude and prestimulus and poststimulus a-power in target and nontarget conditions.
X-axis represents normalized values of a-ERDmagnitude; Y-axis represents normalized values of prestimulus or poststimulus a-power.
Each point (marked in gray circle) represents values from 1 magnitude bin. Vertical and horizontal error bars represent, for each bin,
the variance across subjects (expressed as SEM). Prestimulus a-power was significantly different across bins of magnitude in both tar-
get (F = 11.22, P < .001) and nontarget (F = 12.44, P < .001) conditions, whereas poststimulus a-power was not significantly different
across bins in both target (F = 1.07, P = .382) and nontarget (F = 1.29, P = .269) conditions.
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cortex would reflect the processing of the exogenous
sensory stimulus,49,50,54-56 while its posterior parietal
and occipital region counterpart would reflect the
endogenous task-related cortical processing.12,13,23,43,46

The latter may be part of a working memory process
associated to the task requirements. In other words, it
maymediate themaintenance of a current stimulus trace
and allow the comparison with formerly processed sen-
sory traces (ie, assess whether a standard or rather a tar-
get stimulus was presented).5,11,14,57 If any task-relevant
change of the sensory streamwas detected (ie, detection
of a target stimulus), the neural representation of the
stimulus environment was updated, and attentional re-
sources were allocated to the novel stimulus so as to pre-
pare and execute the required action to achieve the
predefined goal (ie, pressing a button). No updatewould
Table2. Post Hoc Pairwise Comparisons Analysis to
a-Power at Different a-ERD Magnitude Bins (Bin1–

TARGET (PRESTIMULUS a-POWER)

Bin 2 .434

Bin 3 .003** .055

Bin 4 .020* .019* 1.00

Bin 5 .065 .431 1.00 1.00

Bin 6 .002** .003** .075 .048* .047*

Bin 7 .001*** .001*** .008** .007** .008** .02

Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin

*P < .05.

**P < .01.

***P < .001.
take place otherwise if no change in the sensory stream
was detected (ie, detection of a nontarget stimulus).
In our opinion such interpretative account is reminis-

cent of the functional differentiation associated to the
event-related P3b in ERPs. Indeed, in analogy with this
well-known late phase-locked ERP component, a-band
oscillations may be distinguished in specific subcompo-
nents with distinguished functional significance. That is,
similarly to the laser-evoked P2a and P2b,3,35,63

nociceptive-induced a-band oscillations seem to be char-
acterized by a precise topographic dissimilarity. Interest-
ingly, the P2b (akin to the P3b in the auditory modality6)
can imply the activation of neural processes related to
the detection of the attended events,34,57 and its
amplitude has been observed to increase gradually with
the task-relevance of the target stimuli.14,61 Therefore,
Compare the Normalized Values of Prestimulus
Bin7) in Both Target and Nontarget Conditions

NONTARGET (PRESTIMULUS a-POWER)

.014*

.002** 1.00

.001** .309 1.00

.000*** .000*** .002** .023*

.004** .153 .550 .599 1.00

7* .001** .004** .023* .028* 1.00 .528

6 Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6
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both the parietal P2b and the parietal-occipital a-band
ERD may be interpreted as indexes of endogenous task-
related cortical processing. Given the strong association
between the P3b and the a-ERD,52,57,66,67 future studies
may investigate not only if these measures share
a similar function but also if they influence one another.

The Influence of Prestimulus
a-Oscillation on Poststimulus Neural
Responses
By using 2 complementary parametric approaches

(1-way ANOVA and multiple linear regression), we
showed that the nociceptive-induced a-ERD magnitude
was significantly more dependent on the prestimulus
than on the poststimulus a-power during both target
and nontarget conditions. More specifically, a signifi-
cant difference between the a-ERD magnitude bins of
the prestimulus a-power was found (Fig 5, left panels),
whereas no significant difference was observed for
the poststimulus a-power bins (Fig 5, right panels). In
addition, the multiple linear regression analysis re-
vealed that the absolute coefficients of the prestimulus
a-power (b1) had a significantly larger ability to explain
the variations than those modeling the poststimulus a-
power (b2) in both target and nontarget conditions
(Table 1 and Table 2). These results indicated that even
though the magnitude of the a-ERD was related to
the dynamic balance between prestimulus and post-
stimulus a-power, prestimulus a-power had a greater in-
fluence on the resulting a-ERD variance.
Previous studies have indicated that spontaneous a-os-

cillation couldbe interpretedas a neural indexof theneu-
ral networks subserving specific cognitive processing (eg,
attention and vigilance).32,33,42 Furthermore, several
studies demonstrated the impact of prestimulus
variability on poststimulus neural activations.1,4,15,31,60

Therefore, the finding that the nociceptive-inducedmod-
ulation of a-oscillation was strongly influenced by the
fluctuation of prestimulus a-power confirms and extends
the current knowledge on the role of mental states in de-
termining individual poststimulus brain activity, percep-
tion, and behavior.31,33,39,55,60
Clinical and Methodological Remarks
In conclusion, we would like to offer the reader some

considerations on the role of a-ERD in clinical pain. Sev-
eral studies investigated the effects of chronic pain and
tonic pain on the spontaneous EEG oscilla-
tions.2,13,22,49,50 These effects were observed at the
posterior parietal and occipital regions in the painful
condition as compared to the nonpainful condition.
Importantly, even though the induced a-ERD is clearly
associated with the processing of the nociceptive input,
it must be considered as unspecific to the processing of
the sensory aspect contributing to the final perception,
and rather associated to supramodal processes, which
are required for complex mental operations (eg, pain-
coping strategies).56

From the methodological point of view, we would like
to draw the reader’s attention to 2 main suggestions
emerging from the present study. First, the a-ERD should
be assessed as a temporal-spatial component that cova-
ries with its neural functions. Second, the variability of
prestimulus a-power should be considered to explore
possible confounds as well as a predictive measure of
poststimulus variability of a given mental function.
Both these considerations should help researchers to en-
gage in more accurate interpretations of the observed
modulations of physiological and/or psychological fac-
tors on a-ERD.
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