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Objective: To decompose sensory event-related brain potentials (ERPs) into a set of independent compo-
nents according to the modality and the spatial location of the eliciting sensory stimulus, and thus pro-
vide a quantitative analysis of their underlying components.
Methods: Auditory, somatosensory and visual ERPs were recorded from 124 electrodes in thirteen
healthy participants. Probabilistic Independent Component Analysis (P-ICA) was used to decompose
these sensory ERPs into a set of independent components according to the modality (auditory, somato-
sensory, visual or multimodal) and the spatial location (left or right side) of the eliciting stimulus.
Results: Middle-latency sensory ERPs were explained by a large contribution of multimodal neural activ-
ities, and a smaller contribution of unimodal neural activities. While a significant fraction of unimodal
neural activities were dependent on the location of the eliciting stimulus, virtually all multimodal neural
activities were not (i.e. their scalp distributions and time courses were not different when stimuli were
presented on the left and right sides).
Conclusion: These findings show that P-ICA can be used to dissect effectively sensory ERPs into physio-
logically meaningful components, and indicate a new approach for exploring the effect of various exper-
imental modulations of sensory ERPs.
Significance: This approach offers a better understanding of the functional significance of sensory ERPs.
� 2009 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction

The recording of sensory event-related brain potentials (ERPs) is
a widely used and non-invasive technique to sample directly the
electrical activity of neurons and thereby gain knowledge about
the neural basis of perception in humans (Luck, 2005). ERPs, which
appear as transient changes in the ongoing electroencephalogram,
time-locked to the onset of a sensory stimulus, are thought to
result from synchronized changes of postsynaptic potentials,
occurring in regularly oriented pyramidal neurons (Nunez and
Srinivasan, 2006). Due to their high temporal resolution, ERPs
allow unravelling the time course of cortical processes on a
millisecond time-scale, and therefore complement the higher
spatial resolution offered, for example, by functional magnetic
resonance imaging (Iannetti et al., 2005).
f Clinical Neurophysiology. Publish
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One fundamental problem with interpreting ERPs is to quantify
the contribution of different neural activities to the recorded signals.
These neural activities are often referred to as components, each
component being defined as the activity of a distinct neuroanatomi-
cal module contributing to a specific functional task (Luck, 2005).

There is a general agreement that short-latency ERPs (e.g. the
N20 wave elicited by electrical stimulation of the median nerve,
or the P100 wave elicited by visual stimulation) originate from pri-
mary sensory areas and predominantly reflect unimodal or modal-
ity-specific components (i.e. neural activities elicited by stimuli
belonging to a specific sensory modality) (Regan, 1989). In con-
trast, longer-latency ERPs originate from multiple cortical areas
and reflect a combination of both unimodal components and multi-
modal components (i.e. neural activities elicited by stimuli belong-
ing to different sensory modalities) (Garcia-Larrea et al., 1995;
Jutai et al., 1984; Naatanen and Picton, 1987).

Using a novel approach based on a Probabilistic Independent
Component Analysis (P-ICA; Beckmann and Smith, 2004), we re-
cently showed that it is possible to decompose ERPs elicited by a
random sequence of auditory, visual and somatosensory stimuli
ed by Elsevier Ireland Ltd. All rights reserved.
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into their unimodal and multimodal components (Mouraux and Ian-
netti, 2009). Middle-latency (100–400 ms) auditory1, visual and
somatosensory potentials, which represented the largest part of
the recorded ERPs, were explained by a predominant contribution
of multimodal components, possibly related to mechanisms of stim-
ulus-triggered arousal or attentional orientation, and by a less prom-
inent contribution of unimodal components, restricted to the early
part of the ERP response.

The finding that P-ICA can be used to separate effectively sen-
sory ERPs into their respective unimodal and multimodal compo-
nents opens new perspectives to dissect further sensory ERPs and
thus understand better their functional significance. Here, using
the same approach, we analysed ERPs elicited by auditory, somato-
sensory and visual stimuli applied to or near the left and right hand
dorsum, with the aim of addressing two questions.

First, is the scalp distribution of multimodal neural activities
determined by the spatial location of the stimulus? Experimental
evidence indicates the existence of cortical responses that are
influenced by the spatial location of the eliciting stimulus, inde-
pendently of its sensory modality. For example, using BOLD-fMRI
in humans, it has been shown that both auditory and visual stimuli
presented on one side of the body elicit greater activity in the con-
tralateral than ipsilateral intra-parietal sulcus (Macaluso and Dri-
ver, 2001). Furthermore, using single-cell recordings in macaque
monkeys, neurons responding to both tactile and visual stimuli ap-
plied to the contralateral side of the body have been identified in
the putamen, the parietal cortex and the inferior premotor cortex
(Avillac et al., 2007; Duhamel et al., 1998; Fogassi et al., 1996;
Graziano and Gross, 1993; Graziano and Gross, 1995). In addition,
neurons involved in the multisensory integration of visual,
somatosensory and proprioceptive information, and whose activity
is dependent on the spatial location of body segments have been
described in the premotor cortex and the posterior parietal cortex
(Graziano, 1999; Graziano et al., 2000; Maravita et al., 2003). These
results suggest that the scalp distribution of at least a fraction of
the multimodal neural activities underlying ERPs could be depen-
dent on the spatial location of the stimulus.

Second, what is the relative contribution of location-dependent
and location-independent unimodal neural activities? It is well
known that the topographic arrangement of neurons in primary
somatosensory and visual cortices convey information about the
location of the stimulus on the body or in the external world, i.e.,
neurons in different cortical regions respond to stimuli presented
in different locations of the receptive surface. Therefore, one would
expect neural activities elicited in primary sensory cortices to en-
code some information about the spatial location of the stimulus.
Furthermore, like early-latency ERPs, middle-latency ERPs are also
determined by the spatial location of the stimulus, and often dis-
play a scalp distribution with a maximum contralateral to the
stimulated side (Ikeda et al., 1998; Srebro, 1985, 1987; Treede
et al., 1988; Treede and Kunde, 1995). However, are all unimodal
neural activities location-dependent, or are there also location-inde-
pendent unimodal components?

In order to address these two questions, we applied P-ICA
(Beckmann and Smith, 2004; Makeig et al., 1997) to 124-channel
scalp ERPs. By comparing the ERPs elicited by a random sequence
of stimuli belonging to three different sensory modalities (audi-
tory, somatosensory and visual) and delivered at two different
locations (left or right hand), we were able to quantify and charac-
terise, at single-subject level, the contribution of neural activities
depending on the modality and the spatial location of the eliciting
stimulus to the ERP response.
1 Note that in auditory ERP studies, AEPs with latencies ranging between 10 and
50 ms are sometimes labelled as middle-latency AEPs.
2. Methods

2.1. Participants

Thirteen healthy volunteers (2 females; aged 25 ± 6 years old; 1
left handed) participated in the study. Before the electrophysiolog-
ical recording, participants were familiarized with the experimen-
tal setup and the psychophysical rating task. They were also
exposed to a small number of test stimuli (5–10 stimuli for each
stimulus type). All experimental procedures were approved by
the Oxfordshire Research Ethics Committee. Written informed con-
sent was obtained from all participants.

2.2. Experimental design

The experiment took place in a dim, quiet and temperature-
controlled room. Participants were seated in a comfortable arm-
chair placed in front of a desk. They were told to relax, minimize
eye blinks, and keep their gaze fixed on a white cross (3 � 3 cm)
placed centrally in front of them, at an eye-distance of approxi-
mately 40 cm. Brief stimuli belonging to three different sensory
modalities (auditory, somatosensory and visual) were intermixed
and randomly delivered to or near the dorsum of the left or of
the right hand (Fig. 1), to ensure that differences in the recorded
responses were not related to differences in spatial attention (an
experimental factor that has been shown to influence the magni-
tude and scalp topography of ERPs; Legrain et al., 2002; Schlereth
et al., 2003). Only one stimulus belonging to one sensory modality
was delivered on each trial. Thus, multimodal (i.e. concomitant)
stimuli were never delivered, and the terms Unimodal and Multi-
modal used in the text only refer to the ERP components. The stim-
uli were presented in four successive blocks. The number of stimuli
in each block ranged from 55 to 65. In total, 80 stimuli were pre-
sented for each sensory modality (40 on the left side and 40 on
the right side)2. The inter-stimulus interval varied randomly be-
tween 5 and 10 s (rectangular distribution). Each block was sepa-
rated by a 3–5 min break. To ensure that vigilance was maintained
across time, and that each type of sensory stimulus was equally rel-
evant to the task, participants were instructed to report the total
number of perceived stimuli at the end of each of the four blocks.
At the end of the experiment, participants were asked to rate the sal-
iency of each type of stimulus using a numerical rating scale ranging
from 0 (not salient) to 10 (extremely salient). Stimulus saliency was
explained to the participant as ‘‘the ability of the stimulus to capture
attention”. Therefore, the rating was expected to integrate several
factors such as stimulus intensity, frequency of appearance, novelty
and its potential relevance to behaviour (Mouraux and Iannetti,
2009). As shown by Kayser et al. (2005), human ratings of saliency
correlate well with predicted models of saliency.

2.3. Stimuli

The hands of the participants were placed at an eye-distance of
approximately 45 cm, 25� left or right from the midline, 30� below
eye-level. Auditory stimuli were brief 800 Hz tones (50 ms dura-
tion; 5 ms rise and fall times) presented at a comfortable listening
level (�85 dB SPL), and delivered through a speaker (VE100AO, Au-
dax, France) located immediately behind the left and right hands
(�55 cm from the subject and �22 cm from the midline). Somato-
sensory stimuli were constant current square-wave electrical pulses
(1 ms duration; DS7A, Digitimer Ltd, UK) delivered through a pair
of skin electrodes (1 cm inter-electrode distance) placed at the left
2 Note that the relatively small number of trials may have limited the ability to
resolve short-latency sensory ERPs, therefore we focused our analysis on middle-
latency sensory ERPs.



Fig. 1. Sensory stimulation. 124-Channel event-related potentials (ERPs) were elicited by a random sequence of auditory (A), somatosensory (S) and visual (V) stimuli. All
stimuli were delivered to or near the hand dorsum, either on the left (L) or on the right (R) side, using an inter-stimulus interval of 5–10 s. Auditory stimuli (yellow) were brief
800 Hz tones presented at a comfortable listening level (�85 dB SPL) through a speaker located immediately behind the left and right hands. Somatosensory stimuli (light blue)
were brief electrical pulses (1 ms duration) delivered though surface electrodes (represented in the figure with dashed lines) placed over the median nerve. For each
participant, the intensity of the somatosensory stimulus was adjusted just above the threshold to elicit a small twitch of the thumb. Visual stimuli (light green) were brief
flashes (50 ms duration) delivered through two green light-emitting diodes (11.6 cd) mounted on the top of the two speakers. For each type of stimulus, the intensity of the
stimulation was adjusted until the participants reported similar intensities of perception for left- and right-side stimulation. (For interpretation of colour mentioned in this
figure legend the reader is referred to the web version of the article.)
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and the right wrists, over the median nerve. Visual stimuli were
brief flashes (50 ms duration) delivered through two green light-
emitting diodes (11.6 cd, 15� viewing angle) mounted on the top
of the two speakers. For each participant, the intensity of the elec-
tric somatosensory stimulus was set slightly above the threshold to
elicit a small twitch of the thumb. For each type of stimulus, the
position and orientation of the stimulators were adjusted until
the participants reported similar intensities of perception for left
and right stimulation.

2.4. Control experiment

Since the auditory stimuli were delivered through speakers and
thus perceived binaurally3, we examined whether participants were
able to discriminate correctly the side of sensory stimulation. In this
control experiment, conducted on four of the subjects that partici-
pated in the ERP experiment, auditory, visual and somatosensory
stimuli were presented using the same experimental setup. After
each trial, participants were instructed to report whether the stimu-
lus was presented on the right side or on the left side.

2.5. EEG recordings

The EEG was recorded using 124 electrodes placed on the scalp
according to the International 10-5 system, using the nose as refer-
ence4. Ocular movements and eye blinks were recorded using two
3 The need of matching the location of the different stimuli to avoid differences
related to spatial attention justified the choice of delivering the auditory stimuli using
loudspeakers placed in the vicinity of the left and right hands.

4 Note that we chose to use the nose as reference, and not an average reference, in
order to avoid distorting and reducing widely-spread brain responses originating
from deep cortical structures such as the anterior cingulate cortex (a potential area
which is involved in multimodal sensory processing) and the operculo-insular cortex
(a potential area which is involved in somatosensory and multimodal processing). A
comparison between the results obtained using nose reference and average reference
is shown in Supplementary Fig. S1.
surface electrodes, one placed over the right lower eyelid, the other
placed approximately 1 cm lateral to the lateral corner of the right
orbit. The electrocardiogram was recorded using two surface elec-
trodes placed on the volar surface of the left and right forearms. Sig-
nals were amplified and digitized using a sampling rate of 512 Hz
(SD128, Micromed, Italy). Signal pre-processing was conducted
using Letswave (http://amouraux.webnode.com/letswave, Mouraux
and Iannetti, 2008). EEG signals were segmented into separate
1.5 s epochs (ranging from �0.5 to +1 s relative to stimulus onset),
baseline corrected (baseline interval ranging from �0.5 to 0 s) and
band-pass filtered (1–30 Hz). Artifacts produced by eye blinks or
eye movements were subtracted using a validated method based
on ICA (Jung et al., 2000). In addition, epochs with amplitude values
exceeding ±100 lV (i.e., epochs likely to be contaminated by an arti-
fact) were rejected. These epochs constituted 1 ± 1% of the total
number of epochs. Remaining epochs were then averaged for each
stimulus type, resulting in six average ERP waveforms (auditory left,
auditory right, somatosensory left, somatosensory right, visual left
and visual right) for each participant.
2.6. Blind source separation using P-ICA

For each participant, a blind source separation of ERPs was per-
formed using an Independent Component Analysis (ICA; Makeig
et al., 1997) constrained to an effective estimate of the intrinsic
dimensionality of the original data (P-ICA; Beckmann and Smith,
2004; Mouraux and Iannetti, 2009).

When applied to multi-channel EEG recordings, ICA separates
the signals recorded on the scalp into a linear combination of inde-
pendent components (ICs), each having a fixed scalp topography
and a maximally independent time course. When ICA is uncon-
strained, the total number of ICs equals the total number of record-
ing electrodes. If the number of ICs differs greatly from the actual
number of independent sources contributing to the signal, this
may constitute a critical problem (Beckmann and Smith, 2004).

http://amouraux.webnode.com/letswave
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Indeed, if the number of ICs is much larger than the number of
sources, ICs containing spurious activity will appear because of
overfitting. On the contrary, if the number of ICs is much smaller
than the number of sources, valuable information will be lost be-
cause of underfitting. The problem of overfitting could be particu-
larly important when unconstrained ICA is applied to averaged ERP
waveforms. Indeed, because the averaging procedure cancels out
sources of activity unrelated to the stimulus (e.g. ongoing EEG
activity, muscular activity and noise), the number of independent
sources present in the average waveform may be far smaller than
the number of independent sources present in the original EEG sig-
nal. This fundamental limitation can be addressed using P-ICA, a
method that constrains the number of estimated ICs to an effective
estimate of the number of independent sources contributing to the
original data, originally developed for the analysis of fMRI signals
(Beckmann and Smith, 2004). It is worth noting that the statistical
independence between each IC does not imply that each IC neces-
sarily reflects the electrocortical activity generated by a single
compact population of neurons (i.e. the activity of a single source).
Indeed, if two or more spatially-distinct populations of neurons are
activated synchronously, their activity will not separate into dis-
tinct ICs. Nevertheless, the obtained IC will still reflect a function-
ally-independent ‘‘network” of multiple sources.

For each subject, auditory, somatosensory and visual ERP wave-
forms following left and right stimulation were concatenated into a
single waveform (six average waveforms � 1.5 s � 512 Hz = 4608
time points). P-ICA was then performed on this concatenated
waveform in two steps. (1) An objective estimate of the number
of independent sources contributing to the concatenated wave-
form was obtained using a method based on maximum likelihoods,
and operating on the eigenvalues of a Principal Component Analy-
sis (Rajan and Rayner, 1997). (2) ICA was performed on the concat-
enated waveform, constrained to the estimated number of
dimensions, using runica (Delorme and Makeig, 2004; Makeig
et al., 1997), an automated form of the extended infomax ICA algo-
rithm (Bell and Sejnowski, 1995).

2.7. IC classification

We assumed that the ERPs elicited by each of the six stimulus
types resulted from a linear mixture of Unimodal and Multimodal
components, either Location-dependent or Location-independent,
each component having a fixed scalp topography. Unimodal com-
ponents are defined as components reflecting neural activity con-
tributing only to the ERPs elicited by stimuli belonging to a
specific sensory modality, while Multimodal components are de-
fined as components reflecting neural activity contributing to the
ERPs elicited by stimuli belonging to any sensory modality. Loca-
tion-dependent components are defined as components reflecting
neural activity contributing only to the ERPs elicited by stimuli
delivered to one side of the body (i.e., contributing only to the ERPs
elicited by left-side stimulation or contributing only to the ERPs
elicited by right-side stimulation), while Location-independent
components are defined as components reflecting neural activity
contributing to the ERPs elicited by stimuli delivered to the right
side of the body as well as to the ERPs elicited by stimuli delivered
to the left side of the body (i.e., regardless of stimulus location).

According to these definitions, Multimodal Location-independent
components would contribute to the ERPs elicited by all types of
stimuli (i.e. regardless of sensory modality and stimulus location),
while Multimodal Location-dependent components would contrib-
ute to the ERPs elicited by stimuli delivered to either the left or
the right side, regardless of sensory modality. Similarly, Unimodal
Location-independent components would contribute only to the
ERPs elicited by stimuli belonging to a specific sensory modality,
but regardless of stimulus location (e.g. Auditory-specific Location-
independent neural activity would contribute to the left and the
right AEP segments but not to the SEP or VEP segments), while Uni-
modal Location-dependent components (left or right) would con-
tribute only to the ERPs elicited by stimuli belonging to a specific
sensory modality and delivered to either the left or the right side
(e.g. right somatosensory-specific neural activity would contribute
only to the SEP elicited by right hand stimulation). Importantly,
the classification of ICs as Location-dependent or Location-indepen-
dent was thus not based on whether their scalp expression ap-
peared bilateral or unilateral, but on whether or not they
contributed uniquely to the response elicited by stimuli delivered
to one side of the body.

The classification algorithm is outlined in Fig. 2. For each sub-
ject, ICs were first classified into the following three main catego-
ries: Unimodal, Multimodal and Noise. Unimodal ICs and Multimodal
ICs were then further divided into two groups (Location-dependent
and Location-independent), according to whether they contributed
to the ERPs elicited by stimuli presented either on one side or on
both sides.

In order to perform an objective classification of each IC into
these five categories, it was necessary to estimate the relative con-
tribution of each IC to the ERP elicited by each of the six stimulus
types. For this purpose, the time course of the power of each IC
(lV2) was expressed as the standard deviation from the mean (Z
scores) of the concatenated pre-stimulus intervals of all six average
waveforms (�0.5 to 0 s). The Z scores were then averaged within
the time interval of 0 to +0.5 s following the onset of each stimulus
to estimate the relative contribution of each IC to each of the six
ERP waveforms, thus yielding six average Z scores for each IC
(ZAL, ZAR, ZSL, ZSR, ZVL, ZVR). Each IC was thus classified into one of
the following five categories (Fig. 2):

2.7.1. Noise
If all six average Z scores (ZAL, ZAR, ZSL, ZSR, ZVL, ZVR) were smaller

than 1.5, the IC was classified as noise.

2.7.2. Unimodal vs. Multimodal
Z scores of the ERPs following left and right stimulation were

averaged within each modality (e.g. ZAL and ZAR), resulting in one
Z score for each sensory modality (e.g. ZA). If the ratios between
the Z score of a specific modality and the Z scores of the other
two modalities were both greater than 3.5 (e.g. ZA/ZV > 3.5 and
ZA/ZS > 3.5), the IC was classified as Unimodal. Otherwise, it was
classified as Multimodal.

2.7.3. Unimodal Location-dependent vs. Unimodal Location-
independent

If an IC was classified as Unimodal, the Z scores of the ERPs elic-
ited by left and right-side stimuli belonging to this modality were
compared to determine whether the IC was Location-dependent or
Location-independent. If the ratio between the two Z scores was
greater than 3.5 (e.g. ZAL/ZAR > 3.5), the IC was classified as Uni-
modal Location-dependent. Otherwise, it was classified as Unimodal
Location-independent.

2.7.4. Multimodal Location-dependent vs. Multimodal Location-
independent

If an IC was classified as Multimodal, the Z scores of the ERPs
elicited by left and right-side stimuli were compared for all three
sensory modalities. If the ratio between the two Z scores was great-
er than 3.5 for at least two modalities (e.g. ZAL/ZAR > 3.5 and ZSL/
ZSR > 3.5), the IC was classified as Multimodal Location-dependent.
Otherwise, it was classified as Multimodal Location-independent.

It is important to highlight that the obtained classification was
not critically dependent on the arbitrarily defined thresholds of 1.5
used to classify the ICs as non-noise-related and 3.5 used to classify



Fig. 2. Flow chart of the classification procedure of each independent component (IC). ICs were initially classified as representing noise or stimulus-evoked neural activity.
Stimulus-evoked ICs were further classified as unimodal or multimodal, and then as location-dependent or location-independent, according to the ratios of Z scores between
conditions. Z score of each condition is denoted as the abbreviation of the condition name (e.g. ‘AL’ indicates the Z score for the ERP to left auditory stimulation). An illustrative
ERP time course is shown for each IC category. The inset on the top right corner shows a schematic time course for a unimodal location-dependent IC, contributing specifically
to the ERP elicited by auditory stimuli presented on the right side.
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the ICs as modality and location dependent. IC classification ob-
tained using different cut-off values for defining noise-related ICs
(ranging between 1.5 and 2) and modality/location-dependent
ICs (ranging between 2.5 and 5) yielded results that were not sig-
nificantly different from those obtained using the thresholds of 1.5
and 3.5. A comparison of the results obtained using different
thresholds is reported in Supplementary Fig. S2.

2.8. Data reconstruction

In order to evaluate the contribution of each IC category to the
ERP elicited by each of the six stimulus types, all the ICs belonging
to a given category were recombined and back-projected on the
scalp. For each participant, the contribution of each IC category
to the ERPs elicited by each stimulus type was then expressed as
the percentage of explained ERP variance.
3. Results

3.1. Behavioural results

All participants reported the number of stimuli presented in
each block reliably, with an average error rate of 1.6 ± 2.0
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(mean ± SD). The average ratings for stimulus saliency (auditory:
6.5 ± 1.8; somatosensory: 6.2 ± 1.5; visual: 6.7 ± 1.3) were not sig-
nificantly different across sensory modalities (F = 0.36, P = 0.7, one-
way repeated measures ANOVA).

In the control experiment performed to test the ability of par-
ticipants to discriminate correctly the side of sensory stimulation,
all participants determined correctly the location of all stimuli, i.e.
the error rates were 0% for all participants and for all stimulus
types.

3.2. ERP waveforms and topographies

Grand-average and single-subject ERP waveforms and scalp
topographies are shown in Fig. 3. All ERPs consisted of a large neg-
ative-positive biphasic wave (auditory ERPs: N1-P2; somatosen-
sory ERPs: N1-P2; visual ERPs: N1-P3), displaying a central
topographical distribution, maximal at the scalp vertex. Peak la-
tency values of the main negative and positive peaks are reported
in Fig. 3. The scalp distribution of the positive peak was remarkably
similar, whatever the sensory modality and the side of the stimu-
lus. In contrast, the scalp distribution of the negative peak was
Fig. 3. ERP waveforms and scalp topographies of auditory (left panel), somatosensory (m
vertex (Cz vs. nose reference). The coloured waveforms represent single-subject ERPs, w
lines mark the stimulus onset. Scalp topographies at the latencies of the main nega
interpretation of colour mentioned in this figure legend the reader is referred to the we

Table 1
Number of ICs in each category, and corresponding contribution to the ERP signal.

IC category Number
of ICs
(total)

Number
of ICs
(mean ± SD)

AL-ERP
(%, mean ± SD)

AR-ER
(%, me

Unimodal
Location-dependent AL 0 0.0 ± 0.0 0.0 ± 0.0 0.0 ±

AR 0 0.0 ± 0.0 0.0 ± 0.0 0.0 ±
SL 10 0.8 ± 0.6 1.5 ± 1.8 1.4 ±
SR 9 0.7 ± 0.6 0.8 ± 0.9 0.8 ±
VL 2 0.2 ± 0.4 1.1 ± 3.2 1.4 ±
VR 2 0.2 ± 0.4 0.8 ± 2.2 1.4 ±

Location-independent A 9 0.7 ± 0.9 10.5 ± 16.4 13.3 ±
S 12 0.9 ± 1.0 1.1 ± 1.6 1.1 ±
V 25 1.9 ± 1.3 6.2 ± 6.7 8.0 ±

Multimodal
Location-dependent Left 1 0.1 ± 0.3 0.3 ± 1.0 0.2 ±

Right 3 0.2 ± 0.4 0.4 ± 0.8 0.6 ±

Location-independent 94 7.2 ± 1.9 71.9 ± 34.5 72.3 ±

Summary
Stimulus-evoked 167 12.8 ± 2.5 92.7 ± 11.7 92.9 ±
All ICs 212 16.3 ± 2.8 99.7 ± 0.2 99.6 ±

Abbreviations: A = auditory; S = somatosensory; V = visual; AL = auditory left; AR = au
VR = visual right.
noticeably different across sensory modalities. While the scalp
topography of the auditory N1 extended bilaterally towards tem-
poral regions and was symmetrically distributed over both hemi-
spheres, the scalp topography of the somatosensory N1 extended
predominantly over the hemisphere contralateral to the stimu-
lated side, and the scalp topography of the visual N1 extended to-
wards temporal and occipital areas.

3.3. Blind source separation of ERPs

The estimated number of independent sources contributing
to the concatenated ERP waveform ranged from 12 to 20 (16.3 ± 2.8)
across participants. Constraining ICA to these values preserved
99.6 ± 0.04% of the variance of all six ERP waveforms. The number
of ICs in each category and the contribution of each IC category to
each ERP are summarized in Table 1. 3.5 ± 3.0 ICs in each partici-
pant were classified as Noise. These ICs were not analysed further,
as they were assumed to reflect a mixture of non-stimulus-related
EEG activity and artifacts. Remaining ICs, accounting for
92.8 ± 1.3% of the variance of all six ERP waveforms, were further
categorized, according to their relative contribution to the left
iddle panel) and visual (right panel) ERPs. Displayed signals are recorded from the
hile the thick black waveform represents the grand average across subjects. Vertical
tive and positive peaks (mean ± SD) are shown above each ERP waveform. (For
b version of the article.)

P
an ± SD)

EL-ERP
(%, mean ± SD)

ER-ERP
(%, mean ± SD)

VL-ERP
(%, mean ± SD)

VR-ERP
(%, mean ± SD)

0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
1.5 7.0 ± 8.0 1.5 ± 2.1 1.2 ± 1.5 1.1 ± 1.5
1.0 0.8 ± 1.1 3.8 ± 4.4 0.8 ± 1.1 0.9 ± 1.3
4.5 1.0 ± 3.2 0.7 ± 2.4 2.9 ± 10.0 1.1 ± 3.5
4.3 0.8 ± 2.2 1.0 ± 3.0 1.9 ± 6.4 3.6 ± 10.8

21.8 3.1 ± 5.5 3.7 ± 7.9 2.9 ± 6.5 2.4 ± 4.6
1.4 2.7 ± 4.3 2.0 ± 2.6 1.5 ± 3.0 1.0 ± 1.5
8.1 5.7 ± 5.0 5.5 ± 5.5 26.5 ± 22.9 30.5 ± 29.3

0.8 0.2 ± 0.8 0.1 ± 0.5 0.2 ± 0.7 0.2 ± 0.7
1.6 0.4 ± 0.8 1.1 ± 2.5 0.4 ± 0.9 0.6 ± 1.2

33.0 71.9 ± 26.0 65.1 ± 24.3 54.6 ± 35.0 49.1 ± 35.3

10.8 94.7 ± 8.8 90.8 ± 9.0 93.3 ± 9.7 92.2 ± 11.3
0.3 99.6 ± 0.3 99.6 ± 0.4 99.6 ± 0.5 99.6 ± 0.4

ditory right; SL = somatosensory left; SR = somatosensory right; VL = visual left;
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and the right AEP, SEP and VEP segments of the concatenated ERP
waveform (Fig. 2).

3.4. Multimodal Location-independent components

Multimodal Location-independent ICs (7.2 ± 1.9; Fig. 4) were the
main constituent of ERPs of all three sensory modalities, explaining
71.9 ± 34.5% and 72.3 ± 33% of the left and right AEP, 71.9 ± 26%
and 65.1 ± 24.3% of the left and right SEP, 54.6 ± 35% and
49.1 ± 35.3% of the left and right VEP. For all three modalities of
stimulation, this Multimodal Location-independent activity con-
sisted of a negative-positive biphasic wave, maximal at the vertex
(Fig. 4). The scalp topography of the negative peak extended bilat-
Fig. 4. Multimodal Location-independent components contributing to auditory, somatosen
peaks found in the global field power time courses, displayed in the middle row. The bo
independent components (thick black waveforms) onto the vertex (Cz vs. nose referenc

Fig. 5. Unimodal Location-independent components contributing to auditory, somatosenso
the global field power time course, displayed in the middle row. The bottom row shows th
black waveforms) onto the channels where the activity was maximal: FCz for the left and
visual stimulation. The original ERP waveforms (grey line) are superimposed for compa
erally towards temporal regions, while the scalp topography of the
positive peak was more centrally distributed. The latencies of both
peaks coincided with the latencies of the negative and positive
peaks of the large negative-positive ERP wave (Figs. 3 and 4).
3.5. Multimodal Location-dependent components

The number of Multimodal Location-dependent ICs was very
small. Indeed, only 0.1 ± 0.3 ICs were identified as being elicited
by stimuli of all sensory modalities when presented on the left
side, and only 0.2 ± 0.4 ICs were identified as being elicited by
stimuli of all sensory modalities when presented on the right side.
sory and visual ERPs. The top row shows the scalp topographies of the two largest
ttom row shows the signals obtained by back-projecting the multimodal-location-
e). The original ERP waveforms (grey line) are superimposed for comparison.

ry and visual ERPs. The top row shows the scalp topographies of the peaks found in
e signals obtained by back-projecting Unimodal Side-independent components (thick
the right auditory and somatosensory stimulation, and POz for the left and the right

rison.
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Furthermore, the contribution of these Location-dependent Multi-
modal ICs to the recorded ERPs was negligible (0.5%).

3.6. Unimodal Location-independent components

Independent components representing unimodal, location-
independent neural activities, were observed in all participants,
and explained a fairly large portion of the recorded ERP waveforms
(Fig. 5).

Auditory-specific Location-independent ICs (0.7 ± 0.9 ICs contrib-
uting to both the left and the right AEPs) explained 10.5 ± 16.4%
of the variance of the AEP following left-side stimulation and
13.3 ± 21.8% of the variance of the AEP following right-side stimu-
lation (Fig. 5 and Table 1). These ICs contributed mainly to the early
part of the AEP waveform, where they formed a negative wave
(peak latency: 107 ± 15 and 104 ± 18 ms for the left and the right
auditory stimulation) whose scalp topography was symmetrically
distributed over central, frontal, and temporal regions (Fig. 5).

Somatosensory-specific Location-independent ICs contributed
minimally to the left and right SEP waveforms (0.9 ± 1.0 ICs con-
tributing to 2.7 ± 4.3% of the variance of the SEP following left-side
stimulation and 2.0 ± 2.6% of the variance of the SEP following
right-side stimulation; see also Fig. 5 and Table 1).

Visual-specific Location-independent ICs (1.9 ± 1.3, contributing
to both the left and right VEP) explained a large part of both the
variance of the VEP following left-side stimulation (26.5 ± 22.9%)
and the variance of the VEP following right-side stimulation
(30.5 ± 29.3%). These ICs appeared as a large negative wave (peak
latency: 117 ± 23 and 116 ± 22 ms for the left and the right visual
stimulation) whose scalp topography spread over central and
occipital areas, followed by a smaller positive wave (peak latency:
181 ± 25 and 183 ± 31 ms for the left and the right visual stimula-
tion) whose scalp topography was maximal at Pz.

3.7. Unimodal Location-dependent components

Independent components representing unimodal, location-
dependent neural activities, were identified in most participants
Fig. 6. Unimodal Location-dependent components contributing to auditory, somatosensor
the global field power time course, displayed in the middle row. The bottom row shows
black waveforms) onto the channel where the activity was maximal: FCC4H and FCC3H
left and the right visual stimulation, respectively. Note, there is no Auditory Side-depend
(n = 10), and explained a relatively small portion of the recorded
ERP waveforms (Fig. 6).

Across all participants, not a single Auditory-specific Location-
dependent IC was identified.

In contrast, Somatosensory-specific Location-dependent ICs were
identified in most participants (0.8 ± 0.6 ICs contributing specifi-
cally to the SEP following left-side stimulation, 0.7 ± 0.6 ICs con-
tributing specifically to the SEP following right-side stimulation).
These ICs explained 7.0 ± 8.0% and 3.8 ± 4.4% of the variance of
the left and the right SEPs, and appeared as a negative wave (peak
latency: 100 ± 25 and 95 ± 23 ms for the left and the right somato-
sensory stimulation) whose scalp topography was clearly maximal
over the hemisphere contralateral to the stimulated side (FCC4H
and FCC3H for the left and the right somatosensory stimulation;
Fig. 6).

Visual-specific Location-dependent ICs (0.2 ± 0.4 ICs contributing
specifically to the VEP following left-side stimulation and
0.2 ± 0.4 ICs contributing specifically to the VEP following right-
side stimulation) explained only 2.9 ± 10% and 3.6 ± 10.8% of the
variance of the left and the right VEPs. These ICs formed a negative
wave (peak latency: 151 ± 4 and 175 ± 32 ms for the left and the
right visual stimulation), and displayed a contralateral posterior
distribution, maximal over occipital areas (P6 and P5 for the left
and the right visual stimulation; Fig. 6).
4. Discussion

Using P-ICA, we were able to separate the ERPs elicited by stim-
uli belonging to different sensory modalities (auditory, somatosen-
sory and visual) into a set of Unimodal and Multimodal components,
thus confirming the results of our previous study (Mouraux and
Iannetti, 2009). Furthermore, by delivering sensory stimuli to two
distinct spatial locations (left and right sides), we were able to fur-
ther classify Unimodal and Multimodal components as Location-
dependent and Location-independent. Our results may be summa-
rized as follows. (1) Middle-latency sensory ERPs can be explained
by a large contribution of Multimodal neural activities, and a
y and visual ERPs. The top row shows the scalp topographies of the peaks found in
the signals obtained by back-projecting Unimodal Side-dependent components (thick
for the left and the right somatosensory stimulation, respectively, P6 and P5 for the
ent ICs. The original ERP waveforms (grey line) are superimposed for comparison.



Fig. 7. Contribution of each IC category to the sensory ERPs. The contribution is colour-coded, and defined as percentage of the ERP variance explained by each IC category.
Rows in the matrix represent IC categories and columns represent sensory ERPs. Note how sensory ERPs are explained by a predominant contribution of multimodal neural
activities (bottom row), and a smaller contribution of unimodal neural activities (upper rows).
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smaller contribution of Unimodal neural activities. (2) Multimodal
neural activities are mainly Location-independent, as the contribu-
tion of Location-dependent components is negligible. (3) A fraction
of Unimodal neural activities is Location-dependent, especially when
considering the ERP elicited by somatosensory stimuli. (4) A frac-
tion of Unimodal neural activities is Location-independent, espe-
cially when considering the ERPs elicited by auditory and visual
stimuli.
4.1. Multimodal components

Consistent with our previous findings, Multimodal neural activi-
ties represent the main constituent of middle-latency scalp ERPs
(Figs. 4 and 7). As a rather long inter-stimulus interval was used,
it is likely that the contribution of these Multimodal neural activities
was maximised because of the attentional reorientation triggered
by infrequent stimuli. Indeed, in a previous study (Mouraux and
Iannetti, 2009), we observed a significant correlation between the
magnitude of these multimodal neural activities and the subjective
rating of stimulus saliency, thus suggesting that these activities are
involved in stimulus-triggered mechanisms of arousal or atten-
tional reorientation5. By comparing the responses elicited by stimuli
applied to the left and right hemibodies, we were able to examine
whether some of these Multimodal neural activities were dependent
on the location of the eliciting stimulus. Although there is fMRI and
single-cell electrophysiological evidence suggesting the existence of
Multimodal Location-dependent cortical activities (Graziano and
Gross, 1995; Macaluso and Driver, 2001), our results indicate that
these neural activities cannot be isolated in scalp ERP recordings. In-
deed, the contribution of Multimodal ICs classified as Location-depen-
dent was negligible: Multimodal left location-dependent ICs
explained only 0.2% of the variance of left ERPs, and Multimodal Right
Location-dependent ICs explained only 0.8% of the variance of right
ERPs.

Several explanations for the inability to isolate Multimodal Loca-
tion-dependent components in scalp ERPs can be put forward.
5 Such an interpretation can also explain the relatively large inter-individual
differences in the relative contribution of multimodal components, which could thus
reflect variations in vigilance or attentional focus across participants.
First, the electric field generated by these components may be
too weak or organized in such a way that it does not translate into
a measurable scalp EEG signal (e.g. closed fields; Nunez and Srini-
vasan, 2006). In support of this explanation, Location-dependent
Multimodal responses have been recorded from deep subcortical
structures (e.g. the putamen; Graziano and Gross, 1995), which
are unlikely to generate activity translating into a measurable
scalp potential, both because of their distance from the scalp and
because of their spatial configuration (Nunez and Srinivasan,
2006).

Second, Multimodal Location-dependent neural activities may
contribute to the scalp ERP response, but the scalp topography of
the response elicited by left- and right-side stimulation may be
either too similar to each other, or too similar to the scalp topogra-
phy of Location-independent neural activities to be separated effec-
tively using P-ICA. This would occur if the activated neuronal
populations are intermingled or closely located. In support of this
explanation, it has been shown that the peak of the location-
dependent BOLD-fMRI response to contralateral visual and tactile
stimulation, located in the anterior part of the intraparietal sulcus,
was adjacent to the peak of the location-independent response to
the same stimuli (Macaluso and Driver, 2001). Furthermore,
single-cell recordings in macaque monkeys have shown that
location-dependent multimodal neurons can be intermingled
with location-independent multimodal neurons, for example, in
the putamen and inferior premotor cortex (Graziano and Gross,
1995).

4.2. Unimodal components

Besides the predominant contribution of Multimodal compo-
nents to middle-latency scalp ERPs, we were able to isolate a num-
ber of Unimodal components (Figs. 5 and 6). Unlike Multimodal
components, a significant fraction of these Unimodal components
were dependent on the spatial location of the sensory stimulus
(Fig. 7).

Somatosensory-specific components were clearly separated into a
set of Location-dependent and Location-independent neural activi-
ties. Location-dependent ICs (explaining approximately 5% of the
SEP waveform) were predominant as compared to Location-inde-
pendent ICs (explaining approximately 2% of the SEP waveform).
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The predominance of Somatosensory-specific Location-dependent
components is consistent with the known anatomical pathway
for the transmission of vibrotactile somatic information: large-
fibre primary afferent neurons enter the spinal cord and ascend
ipsilaterally, second-order neurons decussate in the brain stem, as-
cend to the thalamus and third-order thalamocortical neurons ter-
minate in the primary somatosensory cortex located in the
postcentral gyrus contralateral to the side of stimulation (Gardner
et al., 2000). However, neural responses to somatosensory stimuli
are not strictly restricted to contralateral stimulation. Electrophys-
iological studies in monkeys have shown that in the upper bank of
the intra-parietal sulcus (Iwamura et al., 1994), in the secondary
somatosensory cortex (Robinson and Burton, 1980) and in Brod-
mann’s areas 5 and 7 in the parietal cortex (Burbaud et al., 1991;
Duffy and Burchfiel, 1971; Mountcastle et al., 1975; Sakata et al.,
1973), some neurons have bilateral receptive fields. This finding,
combined with the fact that these regions have dense callosal con-
nections, suggests that these neurons may be involved in the trans-
fer of tactile information between hemispheres. This would agree
with the notion that these cortical areas support complex somato-
sensory functions, such as the integration of sensory information
that is necessary for co-operative actions of the two hands (Duffy
and Burchfiel, 1971; Iwamura et al., 1994; Manzoni et al., 1989).
Therefore, somatosensory-specific Location-independent neural
activities would reflect late stages of somatosensory processing,
underlying more complex processing based on the binding of dif-
ferent features of the stimuli to gain a coherent percept (Mountcas-
tle, 2005). Consistent with this notion, Somatosensory-specific
Location-independent components tended to peak later than
Somatosensory-specific Location-dependent components (Figs. 5
and 6).

Similarly, Visual-specific components were clearly separated
into a set of Location-dependent and Location-independent neural
activities. However, in contrast with the Somatosensory-specific
components, Location-independent Visual-specific ICs (explaining
approximately 29% of the VEP waveform) were predominant as
compared to Location-dependent Visual-specific ICs (explaining
approximately 3% of the VEP waveform). The visual information
collected by the nasal hemiretina is transmitted through axons
of the optic nerve that, at the optic chiasm, cross the midline
and project to the contralateral lateral geniculate nucleus. In con-
trast, the visual information collected by the temporal hemiretina
is transmitted through axons of the optic nerve that do not cross
the midline and project to the ipsilateral lateral geniculate nu-
cleus. Therefore, each hemisphere receives a complete represen-
tation of the contralateral visual hemifield. This anatomical
organisation of the visual system supports the finding of Visual-
specific Location-dependent components. However, the neural cir-
cuitry of the visual system involves extensive bilateral connec-
tions between the two hemispheres (Wurtz and Kandel, 2000),
related to the construction of a unitary visual percept, uniting
the left and right visual hemifields. Indeed, ipsilateral responses
to visual stimuli have been described in extrastriate visual corti-
cal areas using fMRI (Tootell et al., 1998). The important role
played by this bilateral visual processing (Clarke and Zaidel,
1989; Marsolek et al., 2002; Myers and Sperry, 1985) could ex-
plain the large contribution of Visual-specific Location-independent
components. In agreement with this hypothesis, VEP components
independent of stimulus location have been described (Nalcaci
et al., 1999; Srebro, 1985, 1987). In particular, while the early
(�90 ms) components of VEPs elicited by pattern pulse stimuli
are sensitive to the spatial location of the stimulus, later
(�130 ms) components are less sensitive to stimulus location,
and can be elicited by stimuli presented both in the ipsilateral
and contralateral visual hemifield (Srebro, 1987). One obvious
explanation for the observation of such large Visual-specific
Location-independent neural activities would be inter-hemispheric
connections between symmetric cortical areas through the corpus
callosum (Berardi et al., 1989; Wurtz and Kandel, 2000). Alterna-
tively, the spatial proximity between left and right visual areas
could also explain, at least in part, the large contribution of
Visual-specific Location-independent components to visual ERPs. In-
deed, while the hand areas in the left and right somatosensory
cortices are well separated in space, the left and right visual areas
are closer to each other, and the scalp distribution of their
projected activity might be similar. Therefore, we must consider
the possibility that P-ICA was unable to separate a fraction of left
and right Location-dependent Visual-specific components, which,
for that reason, might have been classified as Location-
independent.

Finally, Auditory-specific components contributed significantly
to both the left and the right auditory ERP. In contrast with Somato-
sensory- and Visual-specific components, and similarly to Multimodal
components, not a single Auditory-specific IC was dependent on the
side of stimulation, thus indicating that the scalp distributions of
AEPs elicited by left- and right-side stimuli in our experiment were
spatially indistinguishable. This observation is consistent with the
notion that the processing of auditory input is not as lateralized as
the processing of visual and somatosensory input. Indeed, while
the topographic arrangements of neurons in primary somatosen-
sory and visual cortices reflects the location of a somatosensory
stimulus on the body or of a visual stimulus in the external world,
the topographic arrangements of neurons in primary auditory cor-
tex reflects the frequency of a sound, but not its location in space.
Furthermore, extensive binaural interactions occur already in the
auditory structures of the brainstem, which rely on minimal inter-
aural time and intensity cue differences to localise sounds in space.
Consequently, the ascending cortical projections are largely
binaural, and the primary auditory cortex in each hemisphere is
largely responsive to stimuli presented to both the left and the
right ear. In addition, our stimuli were not monoaural, but deliv-
ered from lateralised sources located close to the left or the right
hand, and were thus activating both the left and the right cochlear
receptors. Although both time and intensity differences between
right-ear and left-ear sensory inputs are crucial to localize auditory
stimuli in space, the unavoidable use of binaural stimulation might
have biased our results towards a greater contribution of
Location-independent components than of Location-dependent
components. However, the feature of less lateralization in auditory
cortex has led to contradictory findings by previous neuroimaging
studies on the lateralisation of the cortical responses to auditory
stimulation, even when strict monaural stimulation is considered:
a number of studies have reported greater responses in the hemi-
sphere contralateral to the stimulated ear (Ackermann et al., 2001;
Hine and Debener, 2007; Picton et al., 1999), while other studies
were unable to confirm the existence of such a lateralization
(Devlin et al., 2003; Goff et al., 1977; Schonwiesner et al., 2007).

In conclusion, this study shows that P-ICA is an effective tool
to break down ERPs into spatially-distinct and temporally-inde-
pendent neural activities. Here we used P-ICA to decompose
ERPs elicited by stimuli of different sensory modalities into Uni-
modal and Multimodal components, and to further break them
down into Location-dependent and Location-independent compo-
nents, according to whether or not they are sensitive to the spa-
tial location of the eliciting stimulus. By doing this we provided
a quantitative analysis of the relative contribution of each con-
stituent to the recorded signal, thus understanding better the
functional significance of sensory ERPs. Furthermore, this ap-
proach has the potential to identify the effect of experimental
manipulations on the different neural activities reflected by scalp
ERPs. For example, in studies on multisensory integrations, P-ICA
would be helpful to isolate and provide a quantitative measure
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of the neural activities specifically underlying multisensory inte-
gration from those specifically devoted to unimodal or multi-
modal processing.
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