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The primary somatosensory cortex largely contributes to the early part of the cortical
response elicited by nociceptive stimuli
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Research on the cortical sources of nociceptive laser-evoked brain potentials (LEPs) began almost two de-
cades ago (Tarkka and Treede, 1993). Whereas there is a large consensus on the sources of the late part of
the LEP waveform (N2 and P2 waves), the relative contribution of the primary somatosensory cortex (S1)
to the early part of the LEP waveform (N1 wave) is still debated.

To address this issue we recorded LEPs elicited by the stimulation of four limbs in a large population (n=35).
Early LEP generators were estimated both at single-subject and group level, using three different approaches:
distributed source analysis, dipolar source modeling, and probabilistic independent component analysis (ICA).
We show that the scalp distribution of the earliest LEP response to hand stimulation was maximal over the cen-
tral-parietal electrodes contralateral to the stimulated side, while that of the earliest LEP response to foot stim-
ulation was maximal over the central-parietal midline electrodes. Crucially, all three approaches indicated hand
and foot S1 areas as generators of the earliest LEP response.

Altogether, these findings indicate that the earliest part of the scalp response elicited by a selective nociceptive
stimulus is largely explained by activity in the contralateral S1, with negligible contribution from the secondary
somatosensory cortex (S2).

© 2011 Elsevier Inc. All rights reserved.

Introduction

Brief laser heat pulses selectively excite A6- and C-fiber epidermal
free nerve endings (Bromm and Treede, 1984). Such stimuli elicit a
number of transient brain responses (laser-evoked potentials, LEPS)
in the ongoing electroencephalogram (EEG) (Carmon et al., 1976;
Mouraux et al., 2003). These responses are mediated by the activation
of type-II A6 mechano-heat nociceptors (II-AMH) (Treede, 1995) and
spinothalamic neurons in the anterolateral quadrant of the spinal
cord (Treede, 2003). LEPs consist of a number of deflections. The larg-
est of these deflections form a negative-positive complex (N2-P2),
peaking at approximately 200-350 ms when stimulating the hand
dorsum and maximal at the scalp vertex (Bromm and Treede,
1984). This complex is preceded by a smaller negative deflection
(N1) peaking at approximately 160 ms when stimulating the hand
dorsum and maximal over the central-temporal region contralateral
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to the stimulated side (Tarkka and Treede, 1993). Although Ad-relat-
ed LEPs are widely used to investigate the peripheral and central pro-
cessing of nociceptive sensory input (Iannetti et al., 2003; Treede et
al., 2003), and are currently considered the best available diagnostic
tool to assess the function of Ad nociceptive pathways in patients
(Haanpaa et al., 2011), a full understanding of their functional signif-
icance remains to be achieved.

A crucial step in this direction is a compelling description of the cor-
tical sources underlying the earliest part of the LEP response. Indeed,
while there is converging evidence from dipolar modeling of both
scalp and subdural recordings, as well as from direct intracranial re-
cordings, that the bilateral operculoinsular cortex and the cingulate
cortex generate, albeit with different contributions, the late-latency
N2 and P2 waves (Frot and Mauguiere, 2003; Frot et al., 2007, 2008;
Kakigi et al., 1995; Kanda et al., 2000; Perchet et al., 2008; Tarkka and
Treede, 1993; Valeriani et al., 1996, 2000; Vogel et al., 2003), the con-
tribution of the controlateral primary somatosensory cortex (S1) to
the early latency N1 wave is much debated. In their seminal study,
Tarkka and Treede (1993) indicated that the N1 wave was generated
by concomitantly active sources in both the contralateral S1 and the bi-
lateral S2. However, most of the subsequent source analysis studies
proposed dipolar modeling solutions that either did not include an S1
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source or did not observe an improvement of the fitting when an S1
source was included in the model (Bentley et al., 2001; Bromm and
Chen, 1995; Nakamura et al., 2002; Schlereth et al., 2003; Valeriani et
al., 1996, 2000, 2004). This has led some authors to conclude that the
parasylvian region, rather than S1, was the earliest cortical structure
to respond to nociceptive input in humans (Treede et al, 2000),
while others considered that the absence of S1 activation could be
only apparent, and due to a combination of technical and physiological
factors (e.g., Kakigi et al., 1995). Thus, it is still unclear if and how much
S1 contributes to the early part of the cortical response elicited by no-
ciceptive stimuli. This issue is an important one, as the N1 wave of the
LEPs has been recently demonstrated to represent somatosensory spe-
cific activities maximally reflecting the incoming nociceptive input (Lee
et al., 2009; Mouraux and lannetti, 2009) and to present theoretical ad-
vantages for clinical application, such as its lower sensitivity to atten-
tion and vigilance as compared to the later vertex complex (Cruccu et
al.,, 2008; Garcia-Larrea et al., 1997).

In the present study we aimed to solve this issue conclusively, by
recording 64-channel LEPs elicited by the stimulation of the four
limbs, in a large population of healthy volunteers (n=35). In order
to compensate for the limited spatial resolution of the techniques
used to infer the location of the neural sources underlying scalp
ERPs, we analyzed the LEP data both at group and single-subject
level, using three different source analysis approaches: distributed
source analysis, dipolar source modeling, and probabilistic indepen-
dent component analysis (PICA).

Material and methods
Subjects

EEG data were collected from 35 healthy volunteers (18 females)
aged 27 +4.5 (mean + SD, range = 22 to 41 years). The present data
were collected within a project aiming to investigate the placebo ef-
fect (Chakrabarti et al., 2010). All participants gave their written in-
formed consent and were paid for their participation. The local
ethics committee approved the procedures.

Nociceptive stimulation

Radiant-heat stimuli were generated by an infrared neodymium yt-
trium aluminum perovskite (Nd:YAP) laser with a wavelength of
1.34 um (Electronical Engineering, Italy). Laser pulses activate directly
nociceptive terminals in the most superficial skin layers (Baumgartner
et al,, 2005; lannetti et al,, 2006). Laser pulses were directed at the dor-
sum of both left and right hand and foot, on a squared area (5x5 cm)
defined prior to the beginning of the experimental session. A He-Ne
laser pointed to the area to be stimulated. The laser pulse was transmit-
ted via an optic fiber and its diameter was set at approximately 6 mm
(28 mm?) by focusing lenses. The pulse duration was 4 ms. One energy
of stimulation was used in each of the four conditions. The average en-
ergies were as follows: right and left hand, 2.2 4- 0.3 J; right and left foot,
23404 ]. At these energies laser pulses elicited a clear pinprick pain,
related to the activation of Ad fibers. After each stimulus, the laser
beam target was shifted by approximately 1 cm in a random direction,
to avoid nociceptor fatigue or sensitization.

Experimental design

Before the recording session the energy of the laser stimulus was
individually adjusted using the method of limits (laser step size:
0.25]), separately for each of the four stimulated territories (left
hand, right hand, left foot, right foot), to ensure that the elicited sen-
sation was in the painful range. During this procedure subjects were
asked to report the quality and the intensity of the sensation elicited
by each laser pulse using a numerical rating scale (0= no sensation,

1=Ilow warmth, 2=moderate warmth, 3 =high warmth, 4=non
painful pinprick, 5= mild pinprick pain, 6 = moderate pinprick pain,
7 = high pinprick pain, and 8 = unbearable pinprick pain). The energy
of laser stimulation needed to achieve a rating of 6 was used through-
out the experiment.

Laser-evoked EEG responses were obtained following the stimula-
tion of the dorsum of the right and left hand and foot in four separate
blocks, on the same day. The order of the four blocks was balanced
across subjects. In each block we delivered 30 laser pulses, using an
inter-stimulus interval (ISI) ranging between 5 and 15 s. At the end
of each block, participants were asked to rate the intensity of the
painful sensation elicited by the laser stimuli using a visual analogue
scale ranging from O (not painful) to 100 (extremely painful).

EEG recording

Participants were seated in a comfortable chair in a silent,
temperature-controlled room. They wore protective goggles and
were asked to focus their attention on the stimuli and relax their
muscles. The EEG was recorded using 64 Ag-AgCl scalp electrodes
placed according to the International 10-20 system, referenced
against the nose. Electro-oculographic (EOG) signals were simulta-
neously recorded using surface electrodes. Signals were amplified
and digitized at a sampling rate of 1000 Hz.

EEG data pre-processing

EEG data were processed using EEGLAB (Delorme and Makeig,
2004), an open source toolbox running in the MATLAB environment.
Continuous EEG data were band-pass filtered between 1 and 30 Hz.
EEG epochs were extracted using a window analysis time of 1500 ms
(500 ms pre-stimulus and 1000 ms post-stimulus) and baseline cor-
rected using the pre-stimulus interval. Trials contaminated by eye-blinks
and movements were corrected using an Independent Component Anal-
ysis (ICA) algorithm (Delorme and Makeig, 2004; Jung et al.,, 2001;
Makeig et al, 1997). In all datasets, these independent components
(ICs) had a large EOG channel contribution and a frontal scalp distribu-
tion. After ICA and an additional baseline correction (from -500 ms to
0 ms), EEG epochs were re-referenced to a common average reference.

In each subject, epochs belonging to the same experimental condi-
tion were averaged, time-locked to the onset of the stimulus. This
procedure yielded, in each subject, four average waveforms (one
waveform for each experimental condition: left hand, right hand,
left foot, right foot). Single-subject average waveforms were subse-
quently averaged to obtain group-level average waveforms. Group-
level scalp topographies were computed by spline interpolation.

Scalp topographies were first plotted at the peak latency of the N2
and P2 LEP waves, measured at the vertex (Cz) (Fig. 1). The N2 wave
was defined as the most negative deflection after stimulus onset. The
P2 wave was defined as the most positive deflection after stimulus
onset. While N2 and P2 peaks were easily identified in all experimental
conditions, N1 peaks were easily identified only in the LEP waveforms
elicited by hand stimulation, using the recommended Tc-Fz montage
(Kunde and Treede, 1993; Treede et al., 2003). For this reason, scalp to-
pographies capturing the N1 activity were plotted, in steps of 10 ms, for
the 60 ms time window preceding the N2 peak (hand stimulation: from
140 ms to 200 ms; foot stimulation: from 180 ms to 240 ms) (Fig. 2).
This approach allowed defining better the N1 activity across time in
each experimental condition.

Source analysis: group level

Group-level average LEP waveforms were imported in Brain Elec-
trical Source Analysis software (BESA 5.3) (Scherg, 1992; Scherg and
Berg, 1996). The aim of the source analysis was to (1) estimate the lo-
cations of N1 sources from the group-level average waveforms and
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Fig. 1. N2 and P2 peaks and scalp topographies of laser-evoked potentials (LEPs). Group averages and scalp topographies of LEPs elicited by the stimulation of the hand dorsum (red
waveforms) and of the foot dorsum (blue waveforms), on the left (full waveforms) and right side (dashed waveforms). Data were collected from 64 channels, in 35 subjects. Dis-
played signals are recorded from the vertex (Cz vs average reference). Scalp topographies are displayed at the latency of the N2 and P2 peaks, for each condition. Note that both N2
and P2 peaks are maximal at the vertex and that their scalp topographies are similar across the four stimulated territories.

(2) examine the validity of such estimated source locations. These ob-
jectives were accomplished by calculating the N1-related sources
using three different approaches: (1) distributed source analysis
based on Classical LORETA (Pascual-Marqui et al., 1994) Analysis Recur-
sively Applied (CLARA; Hoechstetter et al., 2010); (2) dipole source
analysis based on spatiotemporal source model (Cosandier-Rimele
et al., 2006; Huizenga et al, 2002) and (3) probabilistic ICA (PICA)
(Beckmann and Smith, 2004; Mouraux and lannetti, 2009) followed
by distributed source analysis using CLARA on the obtained ICs.

(1) Distributed source analysis using CLARA. CLARA, a newly devel-

oped iterative distributed source analysis method, was achieved
by performing a weighted LORETA with a reduced source
space at each iteration. As compared to LORETA (Pascual-Marqui
et al.,, 1994), this iterative approach reduces the blurring of the
estimated sources while keeping the advantage of a predefined
distributed source model, thus making it easier to determine
the location of the source with maximal activity (Hamalainen
et al.,, 2011; Hoechstetter et al., 2010).
Singular value decomposition (SVD) regularization with a cutoff
of 0.01% and a three iteration scheme was used to perform the
CLARA source analysis (Hoechstetter et al., 2010). The locations
and strengths of the regional sources were obtained for a 20-
ms long interval corresponding to the earliest part of the LEP
waveform elicited by hand (140-160 ms) and foot stimulation
(180-200 ms). Source locations were finally transformed to
Talairach space.

(2) Discrete source analysis using dipolar modeling. Sources of LEP

~

waveforms were also modeled as equivalent current dipoles
from a spatiotemporal source model (Huizenga et al., 2002).
In this model, each dipole is specified by its location, orienta-
tion, and strength. A four-dipole model was used, according
to previous reports of dipolar source analysis of LEP waveforms
(Schlereth et al., 2003; Tarkka and Treede, 1993; Tsuji et al.,
2006). Dipole configurations were calculated within a realistic
head model and estimated according to the best correspon-
dence between the recorded and estimated scalp distribution.
Once the estimated dipoles are obtained, the corresponding
model undergoes empirical evaluation of its ability to explain
satisfactorily the recorded scalp topography. Such an evalua-
tion is carried out by calculating the residual variance (RV) of
the signal, i.e. the percentage of data that cannot be explained
by the fitted dipoles. For each dipole, its location, orientation,
and time course (i.e. its strength at every time point) were
extracted. Finally, source locations were transformed to nor-
malized Talairach space.

Distributed source analysis on independent components. Proba-
bilistic ICA (PICA) is an ICA (Makeig et al., 1997) constrained
to an effective estimate of the intrinsic dimensionality of the
original fMRI data (Beckmann and Smith, 2004). PICA has
been successfully applied to the decomposition of ERP wave-
forms as well (Hu et al., 2011; Liang et al., 2010; Mouraux and
[annetti, 2009). When applied to multi-channel EEG record-
ings, ICA separates the scalp signals into a linear combination
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Fig. 2. Early activity and scalp topographies of laser-evoked potentials (LEPs). Group averages and scalp topographies of LEPs elicited by the stimulation of the hand dorsum (left
column) and the foot dorsum (right column), on the left (upper panels) and right sides (lower panels). Data were collected from 64 channels, in 35 subjects. Signals from different
electrodes are plotted in different colors and superimposed. Series of five scalp topographies of the earliest part of the LEP time course (140-180 ms for the hand LEP and 180-
220 ms for the foot LEP) are displayed with a 10-ms interval. Note that the scalp topography of the early part of the response elicited by the stimulation of the hand displays a neg-
ativity contralateral to the stimulated side (left column), whereas the scalp topography of the response elicited by the stimulation of the foot is always centrally distributed. This
scalp distribution is compatible with the somatotopical organization of the primary somatosensory cortex.

of ICs, each having a fixed scalp topography and a maximally
independent time course. When ICA is unconstrained, the
total number of estimated ICs equals the total number of re-
cording electrodes. If the number of estimated ICs differs
greatly from the actual number of independent sources con-
tributing to the signal, this may constitute a critical problem
(Beckmann and Smith, 2004). Indeed, if the number of esti-
mated ICs is much larger than the number of sources, ICs con-
taining spurious activity will appear because of overfitting.
On the contrary, if the number of estimated ICs is much smal-
ler than the number of sources, valuable information will be
lost because of underfitting. This fundamental limitation can
be addressed using PICA, a method that constrains the total
number of estimated ICs to an effective estimate of the intrin-
sic dimensionality of the EEG data. For this reason, PICA
is likely to produce a more accurate separation of intrinsic
neural activities, and each IC is more likely to represent a sin-
gle physiological source activity (Hu et al., 2011; Liang et al.,
2010; Mouraux and lannetti, 2009). Therefore, to verify the
accuracy of the estimated generators of the N1 wave of LEPs,
we performed an additional source analysis on the N1-related
ICs, separated using PICA.

In each of the four stimulation conditions (left hand, right hand,
left foot, and right foot), the single-subject average LEP waveforms
were decomposed using PICA. Resulting ICs were classified as ‘N1-
related’ (i.e. capturing the earliest neural activity elicited by the
laser stimulus) when satisfying the following two criteria (Hu
etal, 2010): (1) being stimulus-related, i.e. reflecting neural activity
elicited by the laser stimulus. To ascertain this, the time course of the
power of each IC (uV?) was expressed as the standard deviation from
the mean (Z scores) of the pre-stimulus interval (— 500 to 0 ms). For
each IC, Z scores were then averaged in the post-stimulus interval (0
to 500 ms). Only if the resulting average Z score was larger than 5,
the IC was considered to reflect stimulus-evoked activity (the same
approach used in Mouraux and lannetti, 2009, and Hu et al., 2010).
(2) Having a peak latency in a time window compatible with the ear-
liest neural activities elicited by the laser stimulus (i.e. between 120
and 180 ms for hand stimulation and between 160 and 220 ms for
foot stimulation).

In each of the four stimulation conditions, the scalp topography of
these ‘N1-related’ ICs was imported into BESA (Scherg, 1992; Scherg
and Berg, 1996), and the location of its sources was estimated using
CLARA, as described previously. The obtained source locations were
finally transformed to Talairach space.


image of Fig.�2

E. Valentini et al. / Neurolmage 59 (2012) 1571-1581 1575

Source analysis: individual level

Discrete source analysis using dipolar modeling

Average LEP data of each subject were also imported into BESA
(Scherg, 1992; Scherg and Berg, 1996) and their sources were mod-
eled as equivalent current dipoles from a spatiotemporal source
model, using the same procedure described for group-level LEP
data (Cosandier-Rimele et al., 2006; Huizenga et al., 2002). Similarly
to what was performed in group-level LEP data, locations of single-
subject sources were transformed to normalized Talairach space,
and across-subject averages of Talairach coordinates were calculated.
Both the x, y and z locations and the peak latencies of single-subject
dipolar sources were compared across conditions using two-tailed
paired t tests.

Finally, the locations of the sources estimated using the four differ-
ent approaches were superimposed on the MNI brain template using
MRIcroN (www.sph.sc.edu/comd/rorden/mricron).

Results
Quality and intensity of perception

All participants described the sensation elicited by the laser stim-
uli as clearly painful and pricking. The average ratings of the painful
sensation elicited by the laser stimuli were as follows: right hand,
62.4+15.4; left hand, 65.7 4 14.2; right foot, 63.04+ 16.8; left foot,
64.7+17.5. A repeated measures, two-way analysis of variance
(ANOVA) was performed on the intensity ratings with ‘limb’ (two
levels: hand and foot) and ‘side’ (two levels: left and right) as main fac-
tors. Results showed no main effects of either ‘limb’ (F;34=0.006;
P=0.93) or ‘side’ (F; 34=2.857; P=0.10), and no interaction between
the two factors (F; 34 =0.274; P=0.60).

LEP waveforms and topographies

Nd:YAP laser stimulation of all stimulated territories evoked clear
and reproducible time-locked AS-LEPs in all subjects. Fig. 1 shows the
grand average LEP waveforms at Cz with the N2 and P2 waves and
the scalp maps at the corresponding peak latencies. Both the N2 and
P2 had maximal amplitude at Cz. Across subjects, latencies and ampli-
tudes of N2 and P2 peaks were as follows: N2 left hand: 215 424 ms,
—10.34+7.1 wV; N2 right hand: 222426 ms, —8.547.1 uWV; N2 left
foot: 253 £33 ms, —6.5£4.1 pV; N2 right foot: 267 446 ms, —5.8+
4.1 nuV; P2 left hand: 337+ 30 ms, 7.043.7 uV; P2 right hand: 344 +
42 ms, 6.1+£3.8V; P2 left foot: 418 +43 ms, 4.5+ 2.5 1V; P2 right
foot: 418 +£51 ms, 4.24-2.2 uV. Scalp maps of the N2 and P2 peaks
were remarkably similar across the four stimulation conditions. As pre-
viously described (Kunde and Treede, 1993; Mouraux and lannetti,
2008), the N2 extended bilaterally towards temporal regions, whereas
the P2 was more centrally distributed.

Fig. 2 shows the grand average LEP waveforms in all channels,
with the scalp distribution of the earliest cortical activity, correspond-
ing to the latency of the N1 wave. Such ‘N1 activity’ encompasses the
40 ms preceding the N2 peak (hand LEP: 140-180 ms; foot LEP: 180-
220 ms). The scalp topography of such early activity elicited by hand
stimulation displayed a clear maximum on the central-parietal elec-
trodes overlying the hemisphere contralateral to the stimulated side
(Fig. 2, left panel). In contrast, the scalp topography of the N1 activity
elicited by foot stimulation was centrally-distributed, with a maxi-
mum between Cz and Pz (Fig. 2, right panel). Thus, whereas the
scalp topographies of the N1 responses elicited by the stimulation of
the left and right hand were clearly different (Fig. 2, left panel), the
scalp topographies of the N1 responses elicited by the stimulation of
the left and right foot were not (Fig. 2, right panel).

Because of the contralateral scalp distribution of the early LEP ac-
tivity elicited by hand stimulation, a bipolar montage using the con-
tralateral temporal electrode (Tc) referenced to Fz (Tc-Fz) is
recommended to detect and measure the amplitude of the N1 wave
(Treede et al., 2003) (Fig. 3, left panel). However, because of the
lack of a contralateral response in the scalp distribution of the early
LEP activity elicited by foot stimulation, the same montage is not suit-
able to detect such activity as a separate wave in the LEP response
(Fig. 3, right panel).

Group-level distributed source analysis

Fig. 4 shows the regional sources of the early N1 LEP activity.
When the stimulus was delivered to the left hand, the N1 source
was located in the hand area of the contralateral S1 (Talairach coordi-
nates: 37, —33, 50 mm) and had a maximal intensity of 3.3 nAm/cm?.
When the stimulus was delivered to the right hand, the N1 source
was also located in the hand area of the contralateral S1 (Talairach co-
ordinates: —35, —33, 51 mm) and had a maximal intensity of
3.1 nAm/cm®. In contrast, when the stimulus was delivered to the
left and to the right foot, the N1 sources were both located in the
foot area of S1 (Talairach coordinates: —3, —46, 58 mm and —3,
—40, 58 mm) and had a maximal intensity of 2.7 and 2.3 nAm/cm?,
respectively.

Group-level discrete source analysis

Fig. 5 shows the time courses and locations of the estimated dipolar
sources of the LEPs. Location and orientation of fitted dipoles in all four
conditions are summarized in Table 1. Peak latency and strength of
each dipole are summarized in Table 2. In all four conditions, the
peak latencies of S1 sources were shorter than the peak latencies of
the other three sources (contralateral S2, ipsilateral S2 and ACC), and
the earliest part of the LEP waveform was largely explained by the S1
source. While in the LEPs elicited by hand stimulation the S1 source
was localized in the hand area of the contralateral S1 (Fig. 5, top
panel), in the LEPs elicited by foot stimulation the S1 source was local-
ized in the deep hemispheric midline (foot area of SI) (Fig. 5, bottom
panel). In contrast, the sources explaining the remaining parts of the
LEP waveforms were remarkably similar across the four conditions.
The sources explaining the time window of the N2 wave were located
in the contralateral and ipsilateral S2, and in the anterior part of the
cingulate cortex (ACC). Finally, the source explaining the time window
of the P2 wave was located in the ACC. Note that the time course of ac-
tivity of the ACC source shows two clear peaks, corresponding to the
peaks of the N2 and P2 waves of the LEP waveform.

Group-level distributed source analysis on independent components

In each subject the N1-related activity was clearly captured by one
IC in each of the four conditions (Fig. 6). N1-related ICs contributed to
the earliest part of the LEP waveform and, across the group,
accounted for 5.5 4 1.3% of the variance of the entire LEP waveform.
In LEPs elicited by left and right hand stimulation N1-related ICs
showed a clear contralateral scalp distribution, with a maximum
around the contralateral central electrode (Cc), and a peak latency
of 160425 and 166+ 16 ms, respectively. In LEPs elicited by left
and right foot stimulation, N1-related ICs showed a central scalp dis-
tribution, with a maximum between Cz and Pz, and a peak latency of
215426 and 213 £ 23 ms, respectively.

The estimated source of N1-related ICs explaining the LEP elicited
by left and right hand stimulation was located in the hand area of the
contralateral somatosensory cortex (Talairach coordinates: 24, —47,
58 mm and — 20, —33, 58 mm, respectively). In contrast, the estimat-
ed source of N1-related ICs explaining the LEP elicited by left and
right foot stimulation was located in the foot area of the contralateral
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Fig. 3. Detection of the N1 wave of laser-evoked potentials (LEPs). Group averages and scalp topographies of the N1 wave of LEPs elicited by the stimulation of the hand dorsum (left
panel) and the foot dorsum (right panel), on the left (red waveforms) and the right sides (blue waveforms). Data are obtained from 64 channels, in 35 subjects. The N1 wave is
displayed from the contralateral temporal electrode (Tc vs Fz, as recommended in Treede et al., 2003). The N2 and P2 waves, displayed from the vertex (Cz vs average reference),
are shown in pale colors for comparison. Note that, using the Tc-Fz montage, a clear N1 peak can be detected only when the stimulus is delivered on the hand dorsum, but not on
the foot dorsum, as the early LEP response shows a contralateral maximum only when the hand is stimulated.

somatosensory cortex (Talairach coordinates: 4, —38, 59 mm and 4,
—25, 64 mm, respectively). This finding confirms what was obtained
when estimating the sources of the early part of the LEP waveforms
using both distributed (regional sources) and discrete (dipoles)
source analyses on raw data.

Single-subject discrete source analysis

Location and orientation of dipolar sources estimated in single-
subject LEP waveforms in all four conditions are summarized in
Table 1. While the locations (x, y, z) of the dipolar sources in the con-
tralateral S2, ipsilateral S2, and ACC were not significantly different
between left and right stimulation sides, for both hand and foot
(P>0.05 in all comparisons, two-tailed paired ¢ test), the locations
of the dipolar sources in S1 were significantly different along the x

axis for hand stimulation (P<0.001 [left hand vs right hand]) but
not foot stimulation (P>0.05 [left foot vs right foot]). The locations
of the dipolar sources in S1 were not significantly different along
the y and z axes (P>0.05 in all comparisons, two tailed paired t test).

Peak latency and strength of these single-subject sources are sum-
marized in Table 2. Importantly, the peak latencies of S1 sources (left
hand: 154 419 ms; right hand: 152 419 ms; left foot: 203 421 ms;
right foot: 197 423 ms) were significantly shorter than the peak laten-
cies of contralateral S2 (left hand: 200434 ms; right hand: 195+
24 ms; left foot: 245 + 36 ms; right foot: 239+ 26 ms), ipsilateral S2
(left hand: 212438 ms; right hand: 208 427 ms; left foot: 263 4+
42 ms; right foot: 254+29ms) and ACC (left hand: 217426 ms
and 339 + 29 ms; right hand: 216 421 ms and 340 £ 32 ms; left foot:
262440 ms and 404447 ms; right foot: 260439 ms and 405+
48 ms) (P<0.001 in all comparisons, two-tailed paired t test).
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Fig. 4. Distributed source analysis of the early activity of laser-evoked potentials (LEPs). Sources of the earliest part of the group average LEP waveforms elicited by hand stimulation
(140-160 ms, left column) and foot stimulation (180-200 ms, right column). Distributed sources estimated using CLARA (Hoechstetter et al., 2010) are superimposed on standard
MR image template and color coded according to their intensity, expressed in nAm/cm?>. Note that the locations of the sources of the earliest part of the LEP waveform elicited by the
stimulation of the hand and of the foot are only compatible with the corresponding hand and foot areas in the primary somatosensory cortex (S1).
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Fig. 5. Spatiotemporal dipolar source analysis of laser-evoked potentials (LEPs). Dipolar sources of the group average LEP waveforms elicited by hand stimulation (upper panel) and
foot stimulation (lower panel). Dipolar sources were estimated using BESA (Cosandier-Rimele et al., 2006; Scherg and Berg, 1996), using a four-dipole model. Source locations were
the primary somatosensory cortex (S1), the bilateral secondary somatosensory cortex (S2) and the anterior cingulate cortex (ACC). The time courses of dipole sources are displayed
in the lateral part of each panel, and the locations and orientations of dipole sources are displayed using glass brain views in the medial part of each panel. Note that the spatial
locations of contralateral S2, ipsilateral S2, and ACC dipoles are similar across the four conditions, whereas the spatial locations of the S1 dipoles vary according to the stimulated
body territory (hand vs. foot). Note also that the peak in the S1 source time course displays the earliest latency (left hand: 156 ms; right hand: 157 ms; left foot: 212 ms; right foot:

201 ms) than all other time courses (Table 1).

Finally, Fig. 7 summarizes the locations of the sources explaining
the earliest part of the LEP response, estimated using all the four dif-
ferent analyses employed: distributed source analysis on raw data,
group and single-subject dipolar source analysis on raw data and dis-
tributed source analysis on the N1-related ICs.

Table 1
Latencies and strength of LEP dipolar activities.

Discussion

Our results show that the scalp distributions of the earliest part of
the brain response elicited by nociceptive stimulation of the right and
left hand are significantly different, as they present a clear maximum

Stimulated Dipole 1 (S1) Dipole 2 (S2c) Dipole 3 (S2i) Dipole 4 (ACC)
district 1st peak 2nd peak
Latency Strength Latency Strength Latency Strength Latency Strength Latency Strength
(ms) (nAm) (ms) (nAm) (ms) (nAm) (ms) (nAm) (ms) (nAm)
Group level LH 156 37.2 196 75.1 205 55.5 212 127 338 —94
RH 157 279 195 56.6 210 52.6 214 128 345 —87
LF 212 25.0 239 31.9 255 33.8 244 87 413 —63
RF 201 185 235 23.8 248 322 250 69 401 —49
Single subject level LH (mean 4 SD) 154419  46+43 200+34 106+74  212+38 82+68 217+£26 1414+£97 339429 —127485
RH (mean + SD) 152+19 36427 195+24 79454 208427 63 +44 216+21 1114+94 340432 —117483
LF (mean £ SD) 203421 42435 245436 71434 263442 56+ 42 2624+40 77458 404 447 —874+49
RF (mean + SD) 197 £23 35442 239426 58451 254429 61465 260439 72461 405448 —974+59

S1: primary somatosensory cortex; S2c: contralateral secondary somatosensory cortex; S2i: ipsilateral secondary somatosensory cortex; ACC: anterior cingulate cortex; LH: left
hand; RH: right hand; LF: left foot; RF: right foot; ms: millisecond; nAm: nanoAmpere x meter.
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Table 2
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Estimated locations of the sources of the earliest part of the LEP waveform, in Talairach coordinates (mm).

Left hand Right hand Left foot Right foot

X y z X y z X y z X y z
Approach 1 37 —33 50 —35 —33 51 -3 —46 58 -3 —40 58
Approach 2 23 —19 51 —25 —20 51 —4 —44 65 7 —42 66
Approach 3 24 —47 58 —20 —33 58 4 —38 59 4 —25 64
Approach 4 (mean 4 SD) 23+6 —16+9 50+11 —25+£5 —22+15 52+6 1+£8 —39+14 60+7 —5+6 —41+£10 6246
Average 27 —29 52 —26 —27 53 —1 —42 61 1 —37 63

Approach 1: distributed source analysis (group level); Approach 2: dipolar source analysis (group level); Approach 3:

level); Approach 4: dipolar source analysis (single-subject level).

over the central-parietal electrodes contralateral to the stimulated
side (Fig. 1). In contrast, the scalp distributions of the earliest part
of the response elicited by nociceptive stimulation of the right and
left foot are similar, as they present a clear maximum over the cen-
tral-parietal midline electrodes, without any sign of lateralization

distributed source analysis on early (‘N1-related’) ICs (group

(Fig. 2). These findings are compatible with the somatotopic repre-
sentation of the body in the primary somatosensory cortex.
Furthermore, by using three different source analysis approaches,
we provide compelling evidence that the cortical sources of the earli-
est part of the LEP response are located in the postcentral gyrus, in
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Fig. 6. ICA decomposition of laser-evoked potentials (LEPs). Waveform, topography and sources of early (‘N1-related’) ICs. LEP waveforms in each of the four conditions were decom-
posed using a probabilistic ICA approach (Beckmann and Smith, 2004). Time course, scalp topography and distributed sources of ICs reflecting the early LEP activity in each of the four
conditions. All time courses show a peak with a latency corresponding to the latency of the N1 LEP peak. Note also that the scalp topography of these ICs is clearly different between the
right and the left hand stimulation, with a clear maximum on the contralateral central and temporal electrodes. In contrast, the scalp distribution of N1-related ICs in both the right and
left foot stimulation shows a maximum on the central-parietal electrodes (between Cz and Pz). Note that the source analysis results show a clearly contralateral source for the early
‘hand’ ICs (in a location compatible with the hand area of S1), and a midline source for the early ‘foot’ ICs (in a location compatible with the foot area of S1).
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Fig. 7. Summary of all estimated locations of the sources of the earliest part of the LEP
waveform. The locations of the sources of the earliest part of the LEP responses esti-
mated both at single-subject and group level using different approaches (distributed
source analysis, dipole source analysis, and distributed source analysis on the N1-related
ICs). The white asterisks represent the average of the locations obtained using those ap-
proaches. The Talairach coordinates (x, y, z) of these average locations, corresponding to
the hand and foot areas of the primary somatosensory cortex (S1), are as follows. Left
hand stimulation (top left panel): 27, —29, 52 mm. Right hand stimulation (top right
panel): —26, —27, 53 mm. Left foot stimulation (bottom left panel): — 1, —42, 61 mm.
Right foot stimulation (bottom right panel): 1, —37, 63 mm.

positions compatible with the corresponding representations of the
stimulated body district in the primary somatosensory cortex (S1)
(Figs. 4-6). Altogether, these two findings provide strong evidence
that the earliest part of the scalp response elicited by a selectively no-
ciceptive stimulus is largely explained by neural activity in S1.

Finally, both the scalp distribution and the estimated sources of the
late part of the LEP response were not different across stimulated districts
(Figs. 1 and 4). This finding indicates a negligible contribution of S1 to the
later cortical processing elicited by transient nociceptive stimuli.

S1 responses to nociceptive stimulation

Whereas there is a general agreement that functional neuroimag-
ing techniques (like EEG, MEG, fMRI, and positron emission tomogra-
phy [PET]) reliably detect increased neural activity in S1 in response
to the simulation of non-nociceptive AR fibers in humans, the pres-
ence of S1 responses to the stimulation of nociceptive Ad fibers is
more debated (Bushnell et al., 1999). As a matter of fact, in compari-
son with the constantly described responses in the thalamus, in the
operculo-insular cortex, and in the cingulate cortex, responses to no-
ciceptive stimulation in S1 are reported in approximately 75% of func-
tional neuroimaging studies (Apkarian et al., 2005).

To ascertain whether S1 responds to nociceptive stimuli, it is cru-
cial to employ somatosensory stimuli that activate Ad skin nocicep-
tors selectively, i.e. without the coactivation of non-nociceptive Ap
fibers. Indeed, when both populations of primary somatosensory

afferents are activated (by high-intensity electrical or mechanical
stimuli, for example) it is not possible to exclude that the responses
in S1 are entirely explained by the tactile input concomitant to the
nociceptive input. For this reason the discussion that follows con-
siders only studies performed using nociceptive specific stimuli.

Significant S1 activations are reported in approximately 60% of the
studies (published up to 2010) using PET and fMRI to record brain ac-
tivity in response to selective nociceptive stimulation. Thus, there is
robust evidence that S1 responses to Ad input can be detected using
PET and fMR], although they cannot be conclusively distinguished in
terms of intensity and spatial extent (Mouraux et al., 2011). Further-
more, fMRI and PET cannot discriminate if these Ad-related S1 re-
sponses correspond to the early or the late phases of the cortical
processing elicited by nociceptive events.

The higher ability of electrophysiological techniques like EEG and
MEG to resolve neural events in time allows identifying the sequence
of activation of different cortical areas (Wendel et al., 2009). Howev-
er, these techniques need some prior assumptions to localize the cor-
tical areas generating the response recorded on the scalp, and, to
achieve robust results, large cohorts of subjects are needed (Babiloni
et al.,, 2004; Whittingstall et al., 2003).

Importantly, most of the studies estimating the LEP and laser-
evoked field (LEF) sources have been conducted on small populations
of volunteers (commonly less than 12, e.g., Valeriani et al., 1996), and
using a relatively low number of scalp channels (e.g., Tarkka and
Treede, 1993; Valeriani et al., 2000). In addition to the studies using
scalp EEG and MEG, a certain number of investigations employed sub-
dural and intracranial EEG in patients to define the cortical sources of
the responses evoked by nociceptive stimuli (Frot et al., 1999, 2007,
2008; Frot and Mauguiere, 2003; Kanda et al., 2000; Lenz et al.,
1998a, 1998b; Ohara et al., 2004; Valeriani et al., 2004, 2009; Vogel
et al., 2003). These subdural and intracranial EEG studies have the ad-
vantage of a higher spatial resolution, but at the cost of a limited spa-
tial coverage. In addition, they record from some cortical regions
more frequently than others (e.g., parasilvian more often than post-
central region), due to the clinical condition of the patient examined.
Crucially, in the few patients where activity in the postcentral region
was directly recorded, both the presence (Ohara et al., 2004) and the
absence (Valeriani et al., 2004) of responses to laser nociceptive stim-
uli have been reported.

In the present study we collected data from one of the largest
sample of subjects ever used in a single experiment employing se-
lective nociceptive stimuli. This resulted in improved accuracy of
the topographical LEP maps (Figs. 1 and 2) and of the estimated neu-
ral sources (Figs. 4, 5 and 6). The S1 source explained virtually the
entirety of the earliest 20 ms of the cortical response elicited by
laser stimuli (i.e. 140-160 ms for the LEP elicited by hand stimula-
tion and 180-200 ms for the LEP elicited by foot stimulation)
(Figs. 4-6). This finding was obtained using different source analysis
approaches, based on very different assumptions, either hypothesis-
driven (equivalent current dipoles; Fig. 5) or data-driven (distribut-
ed sources [CLARA] and spatial independency of source responses
[PICA 4 CLARAJ; Figs. 4 and 6). The combination of such different ap-
proaches minimizes the intrinsically limited trustworthiness of each
of them, giving confidence that the estimated sources reflect the ac-
tual neural generators of the recorded LEPs (Fig. 7). Notably, many of
the studies that failed to detect S1 activity relied solely on the hy-
pothesis-driven, equivalent dipolar modeling approach (e.g.
Bromm and Chen, 1995; Valeriani et al., 1996, 2000).

Early cortical responses to nociceptive stimulation: S1 vs S2

Accumulating and convincing experimental evidence, obtained by
scalp, epidural and intracranial EEG recordings, has led to the general
agreement that the operculoinsular region (i.e. S2 and the posterior
area of the insular cortex) generates early responses to incoming
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nociceptive input (Frot et al., 2007, 2008; Frot and Mauguiere, 2003;
Kakigi et al., 1995; Kanda et al., 2000; Perchet et al., 2008; Valeriani
et al, 1996, 2000; Vogel et al., 2003). In contrast, as discussed
above, whether S1 contributes to the early part of the LEP response
has been largely debated since the pioneer study of Tarkka and
Treede (1993). Our results indicate not only that S1 responds at the
earliest stages of the LEP response (Figs. 2 and 3), but also that such
S1 response contributes almost entirely to the earliest LEP response
(in a time window corresponding to the latency of the N1 wave eli-
cited by hand stimulation: 140-160 ms). These findings have impor-
tant implications, as most experimental results in the LEP literature,
including those from our own group, have been discussed considering
the N1 wave as being largely generated in S2, with, possibly, some
contribution from S1 (e.g. Garcia-Larrea et al. 2003; lannetti et al.,
2005; Valeriani et al., 2008; Valentini et al., 2011). Our results do
not exclude a contribution of S2 and insular cortex to the early LEP re-
sponse, but undoubtedly indicate that a possible S2/insular contribu-
tion to its earliest part (i.e. up to 160 ms following hand stimulation
and up to 200 ms following foot stimulation) is, if any, minimal.

The robust evidence that S2 shows early responses to nociceptive
input (Frot et al., 2001; Frot and Mauguiere, 2003) is not in contradic-
tion with what we observed. Indeed, the main response recorded
invasively in S2 peaks at 170 ms (see, for example, Fig. 1 of Frot
et al., 2001, and Fig. 1 of Frot and Mauguiere, 2003), i.e. a latency at
which the scalp lateralization effect we observed has already van-
ished, and the S1 source (140-160 ms) has already finished to con-
tribute to the LEP waveform (Figs. 1-3). Whether the early
responses we observed in S1 and those recorded invasively in S2
are consequent to a thalamus-to-S1 input that is then relayed from
S1 to S2/insula in a serial fashion (Allison et al., 1989; Hari et al.,
1993), or to a parallel processing from the thalamus (Ploner et al.,
1999; Pons et al., 1992) remains an open question. Recent evidence
from functional connectivity analysis of fMRI data using Dynamic
Causal Modeling (DCM) indicates that both tactile and nociceptive in-
puts are, at least partly, processed serially from S1 to S2 (Liang et al.,
2011). The present results might provide the temporal dimension of
this effect, suggesting that the S1 activity represents the first arrival
of the thalamo-cortical input, which is, in turn, relayed to the opercu-
loinsular area.

The N1 wave: practical implications in LEP studies

In recent years, there has been a growing interest in understanding
the experimental modulations of the latency and amplitude of the N1
LEP wave, and to characterize its functional significance (Ellrich et al.,
2007; lannetti et al., 2008; Lee et al., 2009; Legrain et al., 2002; Mouraux
and lannetti, 2009; Schmahl et al., 2004). As the N1 wave represents an
early stage of sensory processing more directly related to the ascending
nociceptive input (Lee et al., 2009), a more systematical examination of
N1 has been recommended to enhance the sensitivity of LEPs in clinical
applications (Cruccu et al., 2008; Treede et al., 2003), and methods to
enhance its signal-to-noise ratio and estimate automatically its latency
and amplitude have been developed (Hu et al., 2010).

Our result that the largest part of the neural activity underlying the
N1 wave time window arises from S1 (Fig. 3) has practical implications
in the detection of this LEP wave. Indeed, to optimally detect and mea-
sure the N1 wave, a montage using the temporal or the central electrode
contralateral to the stimulated hand (Tc or Cc) referenced to Fz is com-
monly recommended (Cruccu et al., 2008; Hu et al., 2010), as its scalp to-
pography displays a positive maximum contralateral to the stimulated
side (Kunde and Treede, 1993; Tarkka and Treede, 1993). Crucially,
these studies used hand stimulation to elicit the LEPs. Our data show
that such recommended montage is optimal only when examining the
LEP elicited by hand stimulation, but it does not allow detecting an N1
wave when the LEP is elicited by foot stimulation (Fig. 3). This observa-
tion, consequent to the midline location of the foot area in the S1

somatotopical map (Jasper and Penfield, 1954), clearly indicates that
the EEG montages to isolate and measure the earliest activity in the
LEP waveform should be defined as a function of the somatotopical rep-
resentation of the stimulated body district in S1. Indeed, the Tc-Fz or Cc-
Fz montages would be optimal for identifying the N1 wave elicited by
hand stimulation, while more lateral and anterior electrodes (e.g. C5-
Fz, Fc5-Fz and C6-Fz, Fc6-Fz) along the postcentral sulcus are probably
more suitable to identify the N1 wave elicited by trigeminal stimulation
(Cruccu et al., 1999). Importantly, the early cortical activity evoked by
laser stimulation of the foot is not appropriately captured with the Tc-
Fz montage. Because of its midline generators, such cortical activity is
difficult to be isolated as a separate deflection on the LEP waveform.
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