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ABSTRACT (word count: 247)

Neuroimaging and neurophysiological studies have shown that nociceptive stimuli
elicit responses in an extensive cortical network including somatosensory, insular
and cingulate areas, as well as frontal and parietal areas. This network, often
referred to as the “pain matrix”, is viewed as representing the activity by which the
intensity and unpleasantness of the percept elicited by a nociceptive stimulus are
represented. However, recent experiments have reported (i) that pain intensity can
be dissociated from the magnitude of responses in the “pain matrix”, (ii) that the
responses in the “pain matrix” are strongly influenced by the context within which the
nociceptive stimuli appears, and (iii) that non-nociceptive stimuli can elicit cortical
responses with a spatial configuration similar to that of the “pain matrix”. For these
reasons, we propose an alternative view of the functional significance of this cortical
network, in which it reflects a system involved in detecting, orienting attention
towards, and reacting to the occurrence of salient sensory events. This cortical
network might represent a basic mechanism through which significant events for the
body’s integrity are detected, regardless of the sensory channel through which these
events are conveyed. This function would involve the construction of a multimodal
cortical representation of the body and nearby space. Under the assumption that this
network acts as a defensive system signaling potentially damaging threats for the
body, emphasis is no longer on the quality of the sensation elicited by noxious stimuli

but on the action prompted by the occurrence of potential threats.
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1. INTRODUCTION

Nociception, which is initiated by the activation of peripheral nociceptors, may
be defined as the activity in the peripheral and central nervous system elicited by
mechanical, thermal or chemical stimuli having the potential to inflict tissue damage
(Sherrington, 1906). However, nociception is not synonymous with pain, which is
experienced as a conscious percept. Indeed, nociception can trigger brain responses
without necessarily causing the feeling of pain (Baumgartner et al., 2006; Hofbauer et
al., 2004; Lee et al., 2009). On the other hand, pain can occur in the absence of
nociceptive input (Nikolajsen & Jensen, 2006).

In the last decades, a very large number of studies have aimed at better
understanding how the cortex processes nociceptive stimuli and how the experience
of pain may emerge from this processing. In humans, most of these studies have
relied on non-invasive functional neuroimaging techniques to sample, directly (e.g.,
electroencephalography [EEG], magnetoencephalography [MEG]) or indirectly (e.qg.,
positron emission tomography [PET], functional magnetic resonance imaging [fMRI])
the neural activity triggered by various kinds of nociceptive stimuli. These studies
have shown that nociceptive stimuli elicit responses within a very wide array of
subcortical and cortical brain structures (see Apkarian et al., 2005; Bushnell &
Apkarian, 2006; Garcia-Larrea et al., 2003; Ingvar, 1999; Peyron et al., 2000; Porro,
2003; Rainville, 2002; Tracey & Mantyh, 2007; Treede et al., 1999). Because
responses in some of these structures appear to be observed consistently across
studies, and seem to be correlated with the perceived intensity of pain, they have
been hypothesized to be preferentially involved in experiencing pain. Hence,
structures such as the primary (Sl) and secondary (Sll) somatosensory, the cingulate

and the insular cortices are often referred to as belonging to the so-called “pain
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matrix”, i.e. a network of cortical areas through which pain is generated from
nociception (Ingvar, 1999; Peyron et al., 2000; Porro, 2003; Rainville, 2002; Tracey &
Manthy, 2007)*. To support the idea that this network is specifically involved in the
perception of pain, investigators often put forward the following arguments: (i) that
the perceived intensity of pain correlates strongly with the magnitude of the neural
responses in the “pain matrix” (Bornhdvd et al., 2002; Blichel et al., 2002; Coghill et
al., 1999; Derbyshire et al., 1997; lannetti et al., 2005; Tolle et al., 1999), and (ii) that
factors modulating pain also modulate the magnitude of the neural responses in the
“pain matrix” (Hofbauer et al., 2001; Rainville et al., 1997). Therefore, the activity of
that network would constitute a “representation” (Treede et al., 1999) or a “signature”
(Tracey & Mantyh, 2007) of pain in the brain, and, thereby, would provide a “window”
to study the neural processes underlying pain function and dysfunction in humans
(Apkarian et al., 2005). In other words, according to many authors, nociceptive input
would generate a conscious percept of pain through the activity it elicits in the
network constituting the “pain matrix”, and, hence, measuring the activity within this
network would constitute a direct and objective measure of the actual experience of
pain (Borsook et al., 2010).

It is actually difficult to provide a unique and consensual definition of the “pain
matrix”. Some authors do not consider each area belonging to the “pain matrix” as

specifically and individually involved in the perception of pain. Instead, they propose

Y 1t should be emphasized that although SI, SllI, the insula and the cingulate cortex are often
considered to constitute the core of the so-called “pain matrix”, several studies have shown that other
brain structures can respond to nociceptive stimuli, such as the amygdala, the prefrontal and parietal
cortices, various parts of the brainstem, as well as the cerebellum. These are often not explicitly
included in the “pain matrix” either because they have not been consistently identified as responding
to nociceptive input across different studies (Peyron et al., 2000), or because of the a priori
assumption that they reflect brain processes that are unspecific for pain (Apkarian et al., 2005). For
example, the amygdala is thought to be involved in assigning emotional valence to any type of
stimulus (Tracey & Mantyh, 2007), whereas prefrontal and parietal cortices are thought to be involved
in the direction of attention towards any type of stimulus (Peyron et al., 2000). Finally, the rostral part
of the prefrontal cortex and the periaqueductal grey matter are thought to participate to descending
nociceptive control mechanisms, and, hence, to modulate but not contribute directly the emergence of
a painful percept (Tracey & Mantyh, 2007).
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The Pain Matrix Reloaded 6

that the different areas form an ensemble of interplaying parts, and that it is the
pattern of activation of this ensemble that contributes to the elaboration of the painful
percept (e.g. Tracey & Mantyh, 2007). Other investigators consider the “pain matrix”
as a collection of areas, each having specialized sub-functions, and, therefore,
encoding a specific aspect of the pain experience (e.g. Ingvar, 1999; Porro, 2003;
Rainville, 2002). Whatsoever, a great number of recent studies have relied on the
notion that observing a pattern of brain activity similar to the so-called “pain matrix”
can be considered as unequivocal and objective evidence that a given individual is
experiencing pain, including in clinical pain states (Bushnell & Apkarian, 2006;

Borsook et al., 2010; Ingvar, 1999).

Very recently, several studies have shown that this brain network cannot be
reduced to a mere cortical “representation” of pain. Indeed, these studies have
shown that the activity of the so-called “pain matrix” (i) can be clearly dissociated
from the perception of pain intensity (Clark et al., 2008; Dillmann et al., 2000; lannetti
et al., 2008; Kulkarni et al., 2005; Lee et al., 2009; Mouraux et al., 2004; Mouraux &
Plaghki, 2007; Seminowicz & Davis, 2007), (ii) is strongly influenced by factors
independent of the intensity of the nociceptive stimulus (Hatem et al., 2007; lannetti
et al., 2008; Legrain et al., 2009a; Mouraux et al., 2004), and (iii) can be evoked by
non-nociceptive and non-painful stimuli (Downar et al., 2000, 2003; Lui et al., 2008;
Mouraux et al., 2010; Mouraux and lannetti, 2009; Tanaka et al., 2008). Importantly,
these experimental observations do not question the involvement of the cortical
activity in the emergence of pain. Rather, they question the notion that the cortical
activity involved in the generation of pain is necessarily and specifically reflected in

the “pain matrix”.
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Here, we will review different studies that challenge the interpretation of the
‘pain matrix” as a specific cortical representation of pain, and propose a novel
interpretation in which the activity of this cortical network would reflect a system
involved in detecting, processing and reacting to the occurrence of salient sensory
events regardless of the sensory channel through which these events are conveyed.
Such a network could reflect some of the basic operations by which the brain detects

stimuli that can represent a potential threat for the integrity of the body.

2. RELATIONSHIP BETWEEN MAGNITUDE OF RESPONSES IN THE “PAIN
MATRIX” AND INTENSITY OF PAIN

The relationship between the perceived intensity of pain and the magnitude of
the brain responses evoked by nociceptive stimuli has been studied extensively,
mainly by comparing the magnitude of the brain responses elicited by nociceptive
stimuli of graded intensity. Studies using PET (Coghill et al., 1999; Derbyshire et al.,
1997; Tolle et al., 1999) and fMRI (Bornhévd et al., 2002; Buchel et al., 2002) have
thereby shown that the magnitude of the hemodynamic responses in Sl, Sll, the
insula and the anterior cingulate cortex can reliably predict the amount of pain
perceived. Indeed, these studies have shown that the amplitude of the hemodynamic
responses in these brain areas can correlate with the intensity of the nociceptive
stimuli and also with the subjective rating of pain. In addition, experimental
manipulations which modulate pain can also modulate the magnitude of the brain
responses triggered by nociceptive stimuli (Bingel et al., 2007; Hofbauer et al., 2001;
Rainville et al., 1997; Wager et al., 2004). For instance, distracting subjects’ attention
away from the nociceptive stimulus may result concomitantly in a decrease of pain

rating and a decrease of the magnitude of the elicited brain responses (Bushnell et
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al., 1999; Petrovic et al., 2000; Peyron et al., 1999; Valet et al., 2004; Seminowicz et
al., 2004). In addition, the specific manipulation of some aspects of the pain
experience (e.g. intensity vs. unpleasantness [Melzack & Casey, 1968]) has been
shown to modulate the responses in specific sub-regions of the network, suggesting
the existence of spatially-segregated sub-functions within the “pain matrix” (Rainville
et al.,, 1997; Hofbauer et al., 2001). Despite these suggested sub-functions, each
sub-region was postulated to produce a graded activity contributing to the intensity of
the percept, related either to the sensori-discriminative or to the affective aspect of
this percept (Rainville, 2002). Similarly, EEG and MEG studies have shown that the
magnitude of event-related potentials (ERPs) (Figure 1) and event-related magnetic
fields (ERFs) elicited by nociceptive stimuli, and originating from operculo-insular,
post-central and cingulate areas, i.e. from brain regions belonging to the “pain matrix”
(see Garcia-Larrea et al., 2003), may correlate with the physical intensity of the
stimuli, and, even more, with the perceived intensity of pain (Arendt-Nielsen, 1994;
Beydoun et al., 1993; Carmon et al., 1978; Frot et al.,, 2007; Garcia-Larrea et al.,
1997; lannetti et al., 2005; Ohara et al., 2004; Plaghki et al., 1994; Timmermann et
al., 2001). For these reasons, the evaluation of pain intensity has been suggested to
constitute one of the main functions reflected by the “pain matrix”.

However, recent studies have shown that, in a number of circumstances, the
magnitude of the responses in that network may be dissociated from the subjective
intensity of pain as well as from the physical intensity of the nociceptive stimulus
(Clark et al., 2008; Dillmann et al., 2000; lannetti et al., 2008; Mouraux et al., 2004;
Mouraux & Plaghki, 2007). For instance, lannetti et al. (2008) delivered trains of three
identical nociceptive laser pulses with a constant 1-second inter-stimulus interval,

using four different stimulus intensities. Following the first stimulus of the train, the
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magnitude of the elicited ERPs was strongly related to the perceived intensity of pain,
and both were related to the actual intensity of the nociceptive stimulus. In contrast,
following the second and third stimuli, the relationship between the magnitude of
ERPs and the magnitude of perceived pain intensity was markedly disrupted. Indeed,
stimulus repetition decreased significantly the magnitude of nociceptive ERPs, but
did not affect the perception of pain intensity (Figure 2). Additionally, Lee et al. (2009)
showed with pairs of nociceptive stimuli that when the time interval within a pair of
nociceptive stimuli is very short, the second stimulus elicits a distinct and
reproducible brain response, even though it does not elicit a distinct percept.
Conversely, when a nociceptive stimulus is applied such as to activate
simultaneously nociceptive Ad- and C-fibers, the afferent inputs carried by these two
distinct types of nociceptive fibers produce two separate sensations — a pinprick
sensation related to Ad-fibers followed by a diffuse warmth sensation related to C-
fibers — but elicits only one single ERP response related to Ad-fibers (see Plaghki et
Mouraux, 2005)?.

Other examples of dissociation between the magnitude of the brain responses
to nociceptive stimuli and the intensity of pain have been reported. In an EEG study,

Mouraux & Plaghki (2007) delivered nociceptive stimuli either alone or shortly after

% High-energy thermal stimuli applied to the skin activate concomitantly thin myelinated As-fibers and
unmyelinated C-fibers (Bromm & Treede, 1984). However, because of their different conduction
velocities, the Ad-fiber afferent volley reaches the cortex well before the C-fiber afferent volley.
Consequently, two sensations are often reported by the subjects: a sharp pinprick sensation evoked
by the first-arriving Aé-fiber, followed by a more diffuse and long lasting warmth sensation evoked by
the later-arriving C-fiber volley (see for a review Plaghki & Mouraux, 2003). Paradoxically, the latency
of the ERPs elicited by the concomitant activation of As- and C-nociceptors is only compatible with the
conduction velocity of the As-fibers, i.e., although the C-fiber volley elicits a clear percept, it does not
appear to elicit any measurable ERP. Only when the concomitant activation of Ad-fibers is avoided,
the C-fiber volley is able to elicit ERPs (Bromm et al., 1983; Bragard et al., 1996; Magerl et al., 1999).
Source-analysis studies have shown that the ERPs related to the selective activation of C-fibers reflect
activity originating from the same cortical sources as the ERPs related to the activation of As-fibers
(Opsommer et al., 2001; Cruccu et al., 2003). The explanation to this apparent suppression of C-fiber
brain responses by preceding As-fiber input remains a matter of debate (Arendt-Nielsen, 1990; Bromm
& Treede, 1987; Garcia-Larrea, 2004; Mouraux & lannetti, 2008).
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an innocuous somatosensory stimulus. The intensity of perception induced by the
nociceptive stimuli was not different between the two conditions. In contrast, the
nociceptive stimuli presented after a tactile stimulus elicited ERPs of reduced
magnitude relatively to the ERPs elicited by single nociceptive stimuli. Similarly, an
fMRI study also suggested that repetition of nociceptive stimuli may lead to
dissociation between the habituation of the blood oxygen level dependent (BOLD)
signal in brain areas activated by nociceptive stimuli and the persistence of pain
(Becerra et al., 1999).

Using a different approach, Clark et al. (2008) presented nociceptive laser
stimuli cued by a visual signal preceding the nociceptive stimulus with a variable time
delay. Duration of the delay could be predicted or not predicted by the participants.
They observed that the perceived intensity of pain and the magnitude of the elicited
ERPs were affected differently by the delay separating the visual cue and the
nociceptive stimulus. Longer-duration delays led to an increased intensity of
perception. In contrast, the magnitude of ERPs did not depend on the duration of the
delay, but on whether or not this delay was predictable, being larger when the delay
was unpredictable.

It is also noteworthy to mention other experiments having shown that the
attentional or emotional context may strongly modulate the hemodynamic or
electrophysiological activity evoked by nociceptive stimuli without necessarily
modifying the experience of pain (Dillman et al., 2000; Kulkarni et al., 2005;
Seminowicz and Davis, 2007). For example, Kulkarni et al. (2005) engaged
participants in tasks involving the evaluation of specific features of nociceptive
stimulation (e.g. evaluation of spatial location or unpleasantness) and showed that

these tasks significantly modulated the elicited brain responses without affecting the
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perception of pain. Recently, Tiede et al. (2010) showed that sleep deprivation
attenuates the magnitude of ERPs evoked by nociceptive stimuli but tends to amplify
the perception of pain. In this study, sleep deprivation suppressed the modulator
effect of attention on pain ratings, but did not suppress its effect on ERP amplitude.
Finally, other authors reported that nociceptive stimuli may elicit activity in the
“pain matrix” in reduced or altered states of consciousness. For example, Bastuji et
al. (2008) delivered short series of nociceptive stimuli to healthy sleeping subjects,
using an intensity that was clearly perceived and qualified as painful when awake.
When asleep, 70% of the stimuli did not produce any arousal reaction, and only 11%
of the stimuli triggered an electromyographic response. In contrast, nociceptive
stimuli elicited reproducible ERPs, albeit of reduced magnitude, both during stage 2
and paradoxical sleep. Similarly, activation in Sl, Sll, the insula and the anterior
cingulate cortex by high-intensity electrical stimuli has been reported in patients in a
minimally conscious state (Boly et al., 2008), and even, albeit residually, in patients in
a vegetative state (Kassubek et al., 2003), although these patients did not display
any strict behavioral evidence suggesting a conscious experience of pain. Indeed, in
minimally conscious state patients, the electrical stimulus sometimes triggered
responses such as flexion withdrawal and stereotyped posturing (Boly et al., 2008)
that do not require integration of the nociceptive input at cortical level (Schnakers &
Zasler, 2007). Furthermore, in humans exposed to a high-dose propofol sedation
producing loss of consciousness, the brain responses to nociceptive stimuli are
suppressed in the anterior cingulate cortex but maintained in Sll and in the insula
(Hofbauer et al., 2004). Likewise, in monkeys anesthetized using alphaxalone-
alphadolone, nociceptive stimuli still elicit intracortical ERPs in the operculo-insular

cortex (Baumgartner et al., 2006). These different examples all show that the neural
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activity recorded in the so-called “pain matrix” cannot be considered as a direct

correlate of the conscious perception of a somatosensory stimulus as painful.

3. THE EFFECT OF NOVELTY AND ORIENTING OF ATTENTION

Studies examining the effect of stimulus repetition on the magnitude of
nociceptive-evoked brain responses have shown that when nociceptive stimuli are
repeated at a short and regular inter-stimulus interval, they elicit brain responses of
reduced magnitude as compared to the responses elicited by nociceptive stimuli that
are presented for the first time (lannetti et al., 2008). The effect of repetition on
nociceptive-evoked brain responses is largely determined by the duration of the inter-
stimulus interval: the shorter the interval, the more pronounced the decrement of
response magnitude (Bromm & Treede, 1987; Raij et al., 2003; Truini et al., 2004,
2007). A number of investigators have proposed that this repetition suppression
results from refractoriness (Raij et al., 2003; Truini et al., 2007). Accordingly,
repetition suppression would result from the fact that the neural receivers of the
repeated stimulus enter a transient state of refractoriness following their prior
activation. However, other studies have shown that the effect of stimulus repetition is
strongly conditioned by the context within which the repetition occurs (Mouraux et al.,
2004; Wang et al., 2010). Indeed, the effect of stimulus repetition is found only when
pairs of nociceptive stimuli are presented using an interval that is constant from trial
to trial, thus making the time of occurrence of the repeated stimuli predictable (Wang
et al., 2010). In contrast, when the inter-stimulus interval varies randomly from trial to
trial and, consequently, when the time of occurrence of the repeated stimulus is
irregular and unpredictable, the magnitude of nociceptive ERPs is unaffected by

stimulus repetition, even at very short time intervals (e.g., 250 ms) (Mouraux et al.,
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2004). This indicates that refractoriness cannot be held responsible for the repetition
suppression of ERPs and most importantly, that contextual information is a crucial
determinant of the magnitude of the brain responses elicited by a nociceptive
stimulus.

The influence of contextual information on the magnitude of the brain
responses elicited by nociceptive stimuli was also investigated directly in experiments
examining the effect of novelty (Legrain et al.,, 2002, 2009a). These experiments
used long, regular and monotonous series of nociceptive stimuli during which a small
number of infrequent novel stimuli (< 20%) were randomly interspersed. The novel
stimulus differed from the regular standard stimulus by one or more physical features.
Results showed that novel nociceptive stimuli elicit ERPs of greater magnitude than
standard stimuli. This enhancement of the ERPs elicited by novel nociceptive stimuli
was observed whatever the physical feature making the novel stimuli different from
the standard stimuli. Indeed, increased ERP magnitudes have been observed for
novelty characterized by a change in the spatial location of the nociceptive stimulus
(Legrain et al., 2003b, 2009a) as well as a change in its intensity (Legrain et al.,
2002, 2003a, 2005). Spatial novelty included changes from one hand to the other
hand (Legrain et al., 2003b) and from one specific location to another location on the
same hand (Legrain et al., 2009a). Taken together, these findings indicate that the
effect of novelty on the magnitude of the ERPs elicited by nociceptive stimuli is not
related to the processing of a particular deviant physical feature per se, but instead is
related to the detection of novelty independently of the physical feature differentiating
the novel stimulus from the standard stimuli. The effect of novelty was also observed
when stimuli are not relevant for the subject’s current task (Hatem et al., 2007), or

when the subject’s attention is focused away from the nociceptive stimuli, e.g. when
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the focus of attention is selectively directed towards a different body location (Legrain
et al., 2002) or towards stimuli belonging to a different sensory modality (Legrain et
al., 2005, 2009a). Thus, the effect of novelty on the magnitude of nociceptive ERPs is
not driven directly by the subject’s explicit expectations or by his intention to direct
attention towards the nociceptive stimulus. Instead, it is driven by the ability of the
novel nociceptive stimulus to involuntarily capture attention from its current focus
(Legrain et al., 2009b). In agreement with this view, Legrain et al. (2009a) showed in
a recent experiment that the occurrence of a novel nociceptive stimulus can impair
the performance of the behavioral responses to a shortly-following visual stimulus
and alter the brain responses elicited by that visual stimulus (Figure 3). In this
experiment, nociceptive laser stimuli and visual stimuli were delivered in pairs. The
laser stimuli were delivered regularly on a specific region of the left hand dorsum
(standard nociceptive stimuli). Occasionally (i.e. in 17% of the trials) novel laser
stimuli were delivered to a different part of the same hand. Standard and novel
nociceptive stimuli were of the same intensity. Participants were instructed to
respond only to visual stimuli and were thus not attending the nociceptive stimuli.
Novel nociceptive stimuli elicited ERPs of greater amplitude than standard
nociceptive stimuli. In turn, the magnitude of ERPs elicited by the visual stimulus was
reduced when the preceding nociceptive stimulus was novel. Furthermore, the
latency of the motor responses to visual stimuli was delayed. This suggests that the
sensorimotor processing of visual stimuli was disrupted due to an involuntary shift of
attention towards the nociceptive input (Eccleston & Crombez, 1999). The
relationship between stimulus novelty, attention and magnitude of nociceptive ERPs
was further confirmed by experiments showing that fully engaging attention on a very

demanding visual task reduces the effect of novelty on the magnitude of ERPs
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evoked by nociceptive stimuli (Legrain et al., 2005). Conversely, the effect of novelty
on the magnitude of ERPs is increased when the novel stimulus is also relevant for
the task (Legrain et al., 2002).

Taken together, the different studies having examined the effect of novelty
(Legrain et al., 2002; 2003a, 2003b, 2005, 2009a) support the view that nociceptive
ERPs reflect mainly mechanisms by which the cortical processing of a particular
nociceptive stimulus receives attentional priority, and that the activity of these
mechanisms is largely determined by contextual information independently of the
intensity of the nociceptive stimulus. Therefore, the brain activity observed in
response to nociceptive stimuli appears to be at least partially related to mechanisms
underlying the stimulus-driven orientation of attention towards the nociceptive
stimulus (Legrain et al., 2009b).

The effects of stimulus novelty on the ERPs elicited by nociceptive stimuli
resemble closely the effects observed on the ERPs elicited by stimuli belonging to
other sensory modalities (Escera et al., 2000; Friedman et al., 2001). Furthermore,
the effect of novelty appears to involve all of the components of nociceptive ERPs
(lannetti et al., 2008; Legrain et al., 2009a), originating from operculo-insular and
cingulate areas (see Garcia-Larrea et al.,, 2003). In accordance with these
observations, fMRI studies have identified a network of different cortical regions
involved in the detection of change in a stream of sensory input, independently of the
sensory modality within which the change occurs (Downar et al., 2000, 2003). In
these experiments, subjects were passively confronted to a continuous flow of stimuli
belonging to different sensory modalities (visual, auditory, tactile and nociceptive).
Occasionally, a change occurred in one modality. Authors demonstrated that several

brain areas, including the cingulate and insular cortices, responded specifically to the
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occurrence of a change in the stream of sensory stimulation, regardless of the

sensory modality within which the change occurred.

4. ACTIVATION OF THE “PAIN MATRIX” BY NON-NOCICEPTIVE INPUTS
Because brain structures such as the operculo-insular and cingulate cortices
respond to novelty independently of the sensory modality carrying the novel
information, the activation of these brain areas by nociceptive stimuli, as classically
described in pain neuroimaging studies, could mainly reflect brain processes that are
not directly related to the emergence of pain and that can be engaged by sensory
inputs that do not originate from the activation of nociceptors. In support of this view,
two recent studies using EEG and fMRI respectively, demonstrated that nociceptive,
tactile, auditory and visual stimuli can elicit spatially indistinguishable responses in
the insula, the anterior cingulate cortex and the largest part of Sl (Figure 4), thus
indicating that the bulk of the brain responses to nociceptive stimuli reflects
multimodal neural activity (i.e. activity that can be triggered by any kind of stimulus
independently of sensory modality) (Mouraux & lannetti, 2009; Mouraux et al., 2010).
Furthermore, the only fraction of the brain responses elicited by nociceptive stimuli
that was not explained by multimodal neural activity, located in Sl and a small portion
of Sll, could be explained by somatosensory-specific activity that was not
nociceptive-specific (i.e. activity that can be triggered by both nociceptive and tactile
somatosensory stimuli). Interestingly, in both studies, the magnitude of the
multimodal responses correlated significantly with the subjects’ self-evaluation of how
much the eliciting stimuli were able to capture their attention. Using fMRI, another
group of investigators compared the pattern of brain responses triggered by

nociceptive vs. tactile somatosensory stimuli (Liu et al., 2008), and showed strikingly
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more similarities than differences. In fact, the reported differences could be largely
explained by differences in response magnitude, as the spatial distribution and
temporal dynamics of the elicited brain responses were almost identical between
tactile and nociceptive stimuli (see also Tanaka et al., 2008). Therefore, even if we
admit the existence of nociceptive-specific neurons contributing to the brain
responses sampled using neuroimaging and neurophysiological techniques — and
this hypothesis is certainly not rejected — this contribution cannot be isolated from
that of multimodal neurons.

In fact, it is well known that the different brain areas constituting the “pain
matrix”, such as SlI, the insula and the anterior cingulate cortex, can be activated by
various kinds of sensory stimuli and cognitive settings (Ackermann & Riecker, 2004;
Augustine, 1996; Bamiou et al., 2003; Botvinick et al., 2004; Bush et al., 2000;
Corbetta & Shulman, 2002; Macaluso & Driver, 2005; Uddin & Menon, 2009).
Considering the very low proportion of nociceptive-specific neurons in these brain
areas (Dong et al., 1989, 1994; Kenshalo et al., 2000; Koyama et al., 1998; Robinson
& Burton, 1980; Sikes & Vogt, 1992), as already stated by Wall in 1995, it would be
“an act of faith to continue searching the brain [...] for some still-undiscovered nest of
cells whose activity reliably triggers pain”. Actually, this is probably the reason why
the original concept of a “neuromatrix” was introduced by Melzack in 1989. Indeed,
Melzack’s “neuromatrix” was defined as a widespread ensemble of neurons whose
activity results in the feeling of the “body-self’, i.e. the feeling of “a whole body
possessing a sense of self” (Melzack, 2001). This network integrates different
sources of input in order to produce output patterns labelled “neurosignatures”.
Crucially, pain is considered as representing only one of many possible perceptual

outputs, i.e. only one of many “neurosignatures” that can be generated by the
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“‘neuromatrix”. Therefore, the activity of the “pain matrix” would not unequivocally
represent the emergence of pain in the brain. In turn, similar if not identical patterns
of activity (at least at the mesoscopic level of fMRI or scalp EEG), could be generated
independently of nociceptive input, and could give rise to a similar feeling of imminent
threat for the body (Melzack, 2001). In accordance with this view, Crombez et al.
(1998a) observed that, exactly as it was shown for painful stimuli (Crombez et al.,
1994), occasional innocuous electrocutaneous stimuli are able to disrupt the
performance of participants in an auditory discrimination task, but only when these
innocuous stimuli were believed to be potentially very painful. Then, it is reasonable
to suggest that in these studies a similar feeling of threat for the body was triggered

by innocuous somatosensory stimuli independently of the actual experience of pain.

5. A SALIENCE DETECTION SYSTEM

There is thus converging evidence to consider that the bulk of the brain
responses to nociceptive stimuli that have been commonly identified using fMRI and
EEG reflects a system involved in the extraction and the processing of particular
sensory information from the sensory environment independently of sensory
modality. The activity of the this network appears to be determined by parameters
that are not always related directly to the intensity of the stimulus, and that could be
characterized by the concept of salience (lannetti et al., 2008; Legrain et al., 2009a,
2009b). The salience of a given stimulus is defined as its ability to stand out relative
to neighboring stimuli (Yantis, 2008). This concept refers to the physical
distinctiveness or conspicuity of a stimulus, a relative property that depends on its
relationship to the other surrounding stimuli in the scene (Fecteau & Munoz, 2006).

Therefore, the salience of a stimulus is determined by how much it contrasts, along
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one or more physical dimensions, from its surrounding (Itti & Koch, 2001; Knudsen,
2007; Yantis, 2008). Salience is also determined according to the past context and
memories (Naatanen & Picton, 1987; Naatanen et al., 2007). In this case, novel
events are salient because they are completely new or because they deviate from
the expectations built from recent past experiences.

Prioritizing the processing of salient events in the sensory environment is an
important function to guarantee coherent and adaptive behavior: it contributes to
select in the stream of incoming sensory inputs the inputs that are likely to signal
changes in the environment, and thereby which of these inputs request priority
processing (Egeth & Yantis, 1997; Knudsen, 2007). Indeed, because sudden
changes in the sensory environment often signal the occurrence of an unknown
event, these changes must be promptly and reliably evaluated, in order to decide
whether or not they request a modification of behavior, such as, for example, to fight
against or to flee from a potential danger.

Different neural mechanisms have been proposed to be involved in the
detection of salience. Some of these mechanisms may involve the detection of local
contrasts along various physical dimensions (Itti & Koch, 2001; Kayser et al., 2005).
Other mechanisms may involve the detection of transient variations in the flow of
afferent energy (Naatanen & Picton, 1987), or the detection of a mismatch between
the afferent sensory input and a memory template of recent past events (Naatanen et
al., 2007). By reacting to the sensory inputs that are the most salient, all these
mechanisms provide a weighted and enhanced neural representation of these stimuli
(Desimone & Duncan, 1995), thereby biasing perceptive analysis (Serences &
Yantis, 2006) and the execution of motor responses (Castiello, 1999; Cisek &

Kalaska, 2010). Indeed, salience detectors represent neural mechanism by which
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selective attention is captured and oriented towards the most salient stimuli in order
to prioritize their processing over background stimuli, to improve their perception and
to prompt appropriate action (Corbetta & Schulman, 2002; Desimone & Duncan,
1995; Egeth & Yantis, 1997; Schroger, 1996)°.

The finding that stimulus novelty enhances the magnitude of nociceptive ERPs
(Legrain et al., 2002, 2003a, 2003b, 2005, 2009a) and disrupts consecutively
ongoing task performance (Legrain et al., 2009a, 2010) supports strongly the view
that these brain responses reflect, at least partially, mechanisms by which the
processing of salient sensory input is enhanced and receives more attention as
compared to less salient sensory input. In fact, differences in stimulus salience could
account for most of the previously-reported experimental modulations of the brain
responses elicited by nociceptive stimuli observed in electrophysiological and
functional neuroimaging studies. Indeed, the experiments reviewed in the previous
section have all shown that factors that contribute to increase stimulus salience also
enhance the magnitude of the brain responses elicited by nociceptive stimuli.
Furthermore, it could explain why innocuous sensory stimuli, provided that they are
salient, may elicit a pattern of brain activity virtually identical to the pattern elicited by
nociceptive stimuli (Mouraux & lannetti, 2009; Mouraux et al., submitted). Factors

contributing to the salience of the stimulus include stimulus novelty (lannetti et al.,

3 Competition model of selective attention consider attention as a competition between sensory inputs
to gain access to conscious perception. Competition is determined by the relative strengths of the
neuronal responses to the stimuli. The strengths of these signals are thought to be biased, i.e.
modulated, by two main mechanisms (Desimone & Duncan, 1995; Egeth & Yantis, 1997; Knudsen,
2007; Yantis, 2008). The first mechanism, described in the present section, allows attention being
captured by the stimulus itself based on its physical properties which define how much the stimulus
contrasts relative to other stimuli (bottom-up selection). The second mechanisms orient and focus
attention to the stimuli that are useful for current cognitive activities. This kind of attentional selection is
controlled by expectations and decision processes (top-down selection). Decisions are made in
working memory which holds active the features of the attended target stimulus in order to identify it
(Desimone & Duncan, 1995; Knudsen, 2007). Based on the distinction between bottom-up selection
and top-down selection, it is accepted that salience refers to the physical properties of the stimulus
that captures attention (bottom-up), whereas relevance refers to the characteristics of the stimulus that
make it pertinent for cognitive goals (top-down). Therefore, salience cannot be considered as a
synonym of relevance (Fecteau & Munoz, 2006).
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2008; Legrain et al., 2009a), sharpness of stimulus onset (lannetti et al., 2006),
stimulus deviance (Legrain et al., 2003a), and stimulus intensity.

The well-known relationship usually observed between the magnitude of the
brain responses evoked by nociceptive stimuli and stimulus intensity or perceived
intensity could also be related to the fact that when nociceptive stimuli are presented
using graded intensities, stimuli that are more intense are obviously also more
salient. An intense stimulus is the one that produces the largest response, and also
the one that is more contrasted relative to the surrounding and preceding sensory
input. Interestingly, it has been observed that when the amount of background
somatosensory noise is increased, for instance by brushing continuously the skin,
nociceptive stimuli is made more difficult to detect (Nahra & Plaghki, 2003) and elicit
ERPs of reduced magnitude (Kakigi & Watanabe, 1996). This observation indicates
that the magnitude of the elicited brain responses does not depend only on the
absolute intensity of the nociceptive stimulus, but also on the contrast between its
intensity and the intensity of the surrounding input, and, hence, its salience. Similarly,
novelty enhances the magnitude of nociceptive ERPs when the novel nociceptive
stimuli consist of high-intensity stimuli intermixed with frequent low-intensity stimuli,
but not when the novel nociceptive stimuli consist of low-intensity stimuli intermixed
with frequent high-intensity stimuli (Legrain et al., 2003a).

The proposed notion according to which the brain responses to nociceptive
stimuli reflect mainly neural activity involved in the detection of saliency does not
imply that these brain responses are not important for nociception and pain. Indeed,
it is well known that attention is determinant for how a stimulus is perceived as
painful (see Van Damme et al., 2010). In addition, novelty enhances responses in

brain regions responding to affective stimuli like the amygdala (Weierich et al., 2010)
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and attention contributes to modify the emotional valence of a stimulus (Fenske &
Raymond, 2006). Also, it is generally agreed that the purpose of pain is not merely to
induce and to associate the feeling of unpleasantness to a somatosensory sensation,
but it also to warn the body about potential physical threats. This functional role of
pain is completely taken into account by our alternative interpretation because it
outlines the final cause of salience detection in terms of attentional selection for
perception and for action. Indeed, a salience detection system would reflect
mechanisms by which the brain detect and orient attention to any event in the
sensory environment that may have a significant impact on the organism, such as an
event signaling a potential threat for the individual’s integrity. In that perspective, it is
important to highlight that information about potential threats is by no means uniquely
conveyed by the nociceptive system. For instance, viewing a potentially damaging
threat will be recognized by any individual as highly significant whatever the target of
the threat (Constantini et al., 2008; Singer et al., 2004). Therefore, the present
interpretation of the salience detection system suggests that its activity underlies a
crucial function for all sensory systems, including the nociceptive system, providing
the ability to detect and to orient selectively attention to significant sensory events, in
particular those that could represent a potential threat.

One could argue that, as compared to other sensory modalities, the
nociceptive system could be more predominantly involved in the detection of
salience. In fact, because of their high threshold (at least when not sensitized),
peripheral nociceptors may be viewed as cutaneous receptors which react selectively
to high-intensity somatosensory stimuli (Belmonte & Viana, 2008). Furthermore, in
the nociceptive system, the ability to promote the processing of salient

somatosensory inputs could already be implemented at the level of the spinal cord,
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through the mechanism of a spino-bulbo-spinal loop called diffuse noxious inhibitory
control (DNIC) (Le Bars et al.,, 1979). Indeed, studies have shown that if a
nociceptive stimulus is applied at a specific body location, it enhances the responses
of wide dynamic range (WDR) neurons at the segmental level of the dorsal horn
receiving inputs from that body location and concurrently inhibits the responses of
WDR neurons originating from all other body locations. It has been proposed that
DNIC could constitute a mean by which the spinal transmission of somatosensory
signals is modulated in order to enhance the contrast of potentially dangerous
somatosensory inputs relative to the “basic somesthesic activity” (Le Bars, 2002). In
that perspective, nociceptors enhance the ability of the individual to detect potential
threats to the body’s integrity. However, there is no reason to consider that the
cortical processing of the inherently highly salient content of nociceptive input should
involve different mechanisms or structures than those involved in the cortical

processing of the salience content of non-nociceptive input.

6. A SALIENCE DETECTION SYSTEM FOR THE BODY

In the previous section, we have provided an alternative interpretation of the
functional significance of the cortical network described in pain studies by proposing
that it mainly reflects a multimodal network involved in the detection of salience.
However, its contribution to the experience pain was not dismissed as salience
detection would constitute a fundamental mechanism by which the brain detects
events that are significant for the integrity of the body in order to prompt appropriate
action. In that perspective, we can suggest the possibility that the detection of

salience could be used as a mechanism to assist attentional systems in localizing the



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

The Pain Matrix Reloaded 24

stimuli that are the most susceptible to signal an important change, such as a threat,
occurring in the proximal space surrounding the body.

Electrophysiological studies have identified neurons in the frontal and parietal
areas of non-human primates that respond specifically to multimodal threats
occurring in the space proximal to the body and that participate to defensive
behaviors (Cooke et al., 2003; Cooke & Graziano, 2002). Frontal and posterior
parietal areas are also frequently reported as contributing to the brain responses
triggered by nociceptive stimuli (Ingvar, 1999; Peyron et al., 2000; Porro, 2003;
Treede et al., 1999). The role of these cortical areas in cognitive functions,
particularly in attention, is well recognized: they are involved in selectively biasing the
cortical processing of incoming sensory inputs according to their salience and their
relevance (Corbetta & Shulman, 2002; Yantis, 2008). Frontal and posterior parietal
areas are also involved in coordinating perception and action. More specifically,
specific parieto-frontal networks have been shown to map sensory information
according to specific representation frames for the purpose of particular actions (e.g.,
retinal space for saccades, peripersonal space for grasping, extrapersonal space for
reaching) (Rizzolatti et al., 1997; Colby & Goldberg, 1999; Gottlieb, 2007). For
example, neurons in the anterior intraparietal (AlP) area respond to local visuospatial
dimensions of the stimuli such as shape and orientation (Sakata et al., 1995; Shikata
et al. 1996), and are intimately connected to neurons in the premotor F5 area which
execute hand movements (Rizzolatti et al., 1988). In other words, this AIP-F5 cortical
network appears to construct an internal representation of the space surrounding the
hand that is relevant for grasping objects. Regarding threats, responding adequately
to events that threaten the body’s integrity constitutes an action whose achievement

requires close interaction with systems that are able to localize threatening
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information in the proximal space of the body. In monkeys, such an interaction
between perceptual processing and motor output was suggested between the ventral
parts of intraparietal (VIP) and premotor (F4) areas. Direct stimulation of neurons
within these areas has been shown to produce defensive behaviors, such as eye
blinks or arm withdrawals (Cooke et al., 2003; Cooke & Graziano, 2004), similar to
the behaviors observed when threats are directly applied on the surface of the body
(Cooke & Graziano, 2003). In addition, these neurons also respond to visual objects
when they are approaching the body but not when they move away from the body
(Graziano et al., 1997). Indeed, neurons in premotor and parietal areas have
multimodal receptive fields: they can be activated by somatosensory stimuli as well
as by visual stimuli appearing in the proximity of their somatosensory receptive field
(Duhamel et al., 1998; Graziano & Gross, 1998). This implies that the visual receptive
field of these multimodal neurons is circumscribed to the space surrounding the
tactile receptive field. One important property of such neurons with multimodal
receptive fields is that their visual receptive fields remain anchored to the part of the
body they code regardless of the position of the stimulus on the retina and regardless
of the position of the body part in external space (Avillac et al., 2005; Colby et al.,
1993; Duhamel et al., 1998; Fogassi et al., 1996; Graziano et al., 1994, 1997). As a
consequence, even when the gaze is shifted, these neurons continue to respond to
visual objects presented close to the tactile receptive fields to which they are
anchored. In turns, the visual receptive fields will move with movements of the body
part to which they are anchored. The activity of such neurons is likely to contribute to
the construction of a multimodal map of the body extended to the nearby space
(Graziano & Gross, 1994) in order to guide defensive action against threats (Cooke

et al., 2003; Cooke & Graziano, 2003; 2004; Graziano et al., 1997). Note that similar
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multimodal threat-detection neurons were found in area 7b close to Sl (Dong et al.,
1994).

In humans, the existence of a mental representation of the space around the
body was already suggested (e.g. the “body schema” of Head & Homes [1911]).
More recently, the existence of different frames of reference for spatial perception
have been more precisely investigated by cognitive psychology and neuropsychology
studies (Driver & Spence, 1998; Ladavas, 2002; Landis, 2000). The frame that maps
multimodal events in the space surrounding the body is conceptualized by the notion
of peripersonal space, i.e. a representation of the body and environment within
grasp. Such a frame of reference was evidenced by studies having shown a close
relationship between visual, proprioceptive and tactile processing (e.g. Kennet et al.,
2001; Ladavas et al., 1998; Lloyd et al., 2003; Pavani et al., 2000; Shore et al., 2005;
Spence et al.,, 2001). Regarding pain, cross-modal influences were reported from
behavioral studies on spatial attention suggesting a multimodal integration between
pain and vision (Honoré et al., 1995; Van Damme et al., 2007; Van Ryckeghem et al.,
2010). Compatible with the view according to which nociceptive inputs are also
integrated in a multimodal representation of the body extended to the surrounding
space, a recent study demonstrated that the magnitude of the ERPs evoked by
nociceptive stimuli are modulated by the act of viewing the stimulated hand (Longo et
al., 2009). In addition, viewing a noxious stimulus applied to the hand has been
shown to activate the mid-cingulate cortex and parietal areas extending from the
superior parietal gyrus to the parietal operculum, even in the absence of concomitant
nociceptive input (Lloyd et al., 2006). This visually-induced noxious illusion was
obtained by applying the noxious stimulus to a fake rubber hand experienced by the

subject as belonging to his own body. Interestingly, cortical responses faded when
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the illusion was disrupted, thus showing that the effect appeared only when the
noxious stimulus was perceived as occurring close to the body. Therefore, at least
some components of the system previously referred to as the “pain matrix” may be
hypothesized to reflect a brain network devoted to processing sensory information
that is the most susceptible to signal potential danger in the proximal space and to
prompt appropriate actions. Therefore, we hypothesize that the salience detection
system represents mechanisms by which attentional systems are informed about
changes in the representations of the body. Obviously, the somatosensory system is
particularly involved in such a function because it encodes the portion of space
delimiting the boundaries of the body, and, therefore, mainly conveys input generated
by external objects that have an immediate impact on the surface of the body, i.e. the
somatic space (Miller & Giabbiconi, 2008). However, there is no reason to exclude
the involvement of auditory and visual systems as they may also convey sensory
information originating from the peripersonal space (Kennet et al., 2001; Ladavas,
1998; Lloyd et al., 2003; Pavani et al., 2000; Spence et al., 2001).

In fact, our proposal shares some similarities with the hypothesis proposed by
Le Bars (2002), in which WDR spinal neurons are considered to participate to a
general representation of the state of the body. Accordingly, the role of DNIC would
be to inform the brain when the basic state of the body is modified by changing the
weight of the sensory inputs that are transmitted to the cortex. Here, we propose that
similar mechanisms may exist at the cortical level, which would be involved in the
detection of important changes in the peripersonal representation of the body. In that
perspective, what has been previously labeled as the “pain matrix” would no longer

constitute a sensory-specific cortical network, but, instead, it would constitute an
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action-specific cortical network (Dum et al., 2009) representing the activity by which

the individual is able to identify and responds adequately to an immediate threat.

7. TOWARS A NEUROPSYCHOLOGY OF THREAT DETECTION

Our hypothesis relative to the existence of a body-centered salience detection
system is supported by several neuropsychological observations. For instance,
Berthier et al. (1988) reported cases of pain asymbolia consecutive to operculo-
insular lesions. Although the patients were able to recognize nociceptive stimuli as
painful, the stimuli did not elicit a feeling of unpleasantness, nor did they elicit
withdrawal motor reactions or emotional facial expressions. Moreover, in accordance
with our proposal, the patients also failed to react to viewing approaching objects
such as threatening gestures against their body. Interestingly, some patients
expressed also neglect-like behaviors to visual, auditory and tactile stimuli. Liu et al.
(2010) described two neglect patients presenting a nociceptive extinction in the
absence of sensory loss. These patients were able to correctly report the occurrence
of a nociceptive stimulus applied to the hand contralateral to the side of the lesion,
when it was delivered alone, but not when it was delivered concurrently to a
nociceptive stimulus applied on the ipsilesional hand. Liu et al. (2010) described
other neglect patients in whom detection of the stimulation applied the contralesional
hand was transferred to the ipsilesional hand. These results show that in neglect
syndromes, nociceptive inputs can lose their attentional weight, similarly to what has
been extensively described in the other sensory modalities (Brozzoli et al., 2006).
Similarly, it has been reported that patients suffering from complex regional pain
syndrome (CRPS) tend to neglect their affected limb (Galer & Jensen, 1999;

Moseley, 2004; Lewis et al., 2007). Although the data remain controversial, neglect-
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like symptoms in CRPS could also affect the perception of visual stimuli (Sumitani et
al., 2007). Most interestingly, Moseley et al. (2009) have shown that neglect-like
behaviors in CRPS are not tied to the side of affected limb, but to the space where
the affected limb normally resides. Indeed, the authors demonstrated that during
concurrent tactile stimulation of both the affected and the unaffected limb, when the
limbs were in a normal posture, the perception of stimuli applied to the affected limb
was biased in favor of the perception of stimuli applied to the unaffected limb. In
contrast, when the limbs were crossed, the pattern of perception was reversed: the
perception of stimuli applied to the unaffected limb was biased in favor of the
perception of stimuli applied to the affected limb. These observations show clearly
that the deficits observed in CRPS patients are based on a spatial representation of

the body that is independent of the somatotopic localization of the symptoms.

These neuropsychological investigations provide further support to our
hypothesis. In turn, our hypothesis could incite a reinterpretation of some aspects of
the pathophysiology of chronic pain syndromes. Indeed, our hypothesis suggests that
the weight that is given to somatic sensory input is dependent on different attentional
mechanisms that could be more or less selectively altered in certain chronic pain
syndromes. An impairment of these mechanisms could contribute to bias or amplify
the perception of somatic or nociceptive input (Pincus & Morley, 2001). For example,
some chronic pain syndromes, such as fiboromyalgia, are thought to be characterized
by a kind of over-responsiveness to sensory stimuli, especially those conveying pain
and body-related information (Crombez et al., 2005). Our proposal prompts to
interpret this over-responsiveness as resulting from a modification of the attentional

sensitivity to stimuli entering the peripersonal space. In the previous sections, we
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have focused exclusively on the attentional mechanisms that allow the detection and
the selection of sensory information based on the physical properties defining its
salience (bottom-up filter). However, the selection of sensory information is also
determined by its relevance relatively to cognitive goals (top-down bias) (Corbetta &
Schulman, 2002; Knudsen, 2007; Yantis, 2008) (see footnote 3). This top-down
attentional selection is thought to be under the control of working memory, because
working memory transiently stores and rehearses information that is relevant for the
achievement of cognitive and behavioral activities, i.e. current goals (Desimone &
Duncan, 1995; Knudsen, 2007). Decision about which information is relevant and,
therefore about which information is transiently maintained in working memory to
guide attention, is driven by ongoing cognitive goals but also by motivation and
personally traits such as catastrophizing, i.e. a tendency to consider any experience
of pain as awful and unbearable (Legrain et al., 2009b). in accordance with this view,
when performing a visual task, subjects with strong catastrophizing traits are more
disrupted by the occurrence of novel electrocutaneous stimuli (Crombez et al.,
1998b), suggesting that, in these subjects, bodily sensations have acquired a
stronger attentional weight, facilitating selection and perception of body-related
information. Conversely, it was recently shown that controlling the content of working
memory with pain-unrelated information can inhibit the ability of nociceptive stimuli to
capture attention (Legrain et al., 2010). Interestingly, the magnitude of the responses
to nociceptive stimuli in cingulate, insular, prefrontal and posterior parietal cortices
has been shown to be related to catastrophizing in healthy volunteers (Seminowicz &
Davis, 2006), as well in fibromyalgia patients (Gracely et al., 2004). It is likely that
these observations result from increased attention to nociceptive stimuli. Therefore, it

reasonable to hypothesize that these effects are due to the fact that these patients
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are unable to keep body-associated information out of working memory, making them

over-attentive to threat sensations.

8. CONCLUSION

In summary, we propose that the activity of the cortical areas classically
observed in response to nociceptive stimuli constitutes a network involved in
detecting salient sensory events in order to prioritize their access to attentional and
executive functions. Through biasing operations, the main function of the proposed
salience detection system would be thus to facilitate the processing of behaviorally
significant (e.g., potentially threatening) sensory input and to select the appropriate
response, regardless of whether this input is conveyed through nociceptive
pathways. This view does not imply that the cortical processing underlying the
salience detection system does not contribute to the experience of pain. On the
contrary, it highlights the fact that such a system subtends one of the most important
functions of the nociceptive system, namely the ability to detect salient changes and,
possibly, to integrate them into a peripersonal representation of our body. In order
words, the salience detection system would represent a network by which we react to
a wasp when viewing the wasp approaching the hand, but even before being stung

by it.
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Figure 1. Nociceptive laser-evoked brain potentials.

Nociceptive event-related potentials (ERPs) correspond to time-locked
electroencephalographic (EEG) responses elicited by the phasic activation of
peripheral skin nociceptors. Most often, nociceptive ERPs are obtained by applying
brief pulses of radiant heat to the skin using an infrared laser (Arendt-Nielsen &
Chen, 2003). Laser pulses allow activating selectively the heat-sensitive Ad- and C-
fiber nociceptive free nerve endings located in the superficial layers of the skin,
without concomitantly activating low-threshold mechano-receptors (Plaghki &
Mouraux, 2003). The high energy density of laser stimulator allows producing very
steep profiles of skin heating, and thereby activates skin nociceptors in a highly-
synchronized fashion making it possible to record phasic, time-locked events such as
reaction times and ERPs. Nociceptive ERPs reflect the sequential activation of an
extensive cortical network, which is mainly expressed on the scalp by the occurrence
of three successive waves: N1, N2 and P2 (Plaghki & Mouraux, 2005). The figure
illustrates nociceptive ERPs recorded at the scalp vertex electrode (red waveform)

and at the contralateral temporoparietal electrode (blue waveform) and evoked by
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brief nociceptive laser heat stimuli directed to the left hand dorsum. The three
successive ERP components are shown in their respective time windows outlined by
colored boxes: N1 (blue box), N2 (pink box), and P2 (green box). The time t=0
corresponds to the onset of the laser stimulus. The upper right part of the figure
represents the scalp distribution maps (top view) of nociceptive ERP magnitude at
the latency of the N1, N2 and P2 waves respectively. The lower right part of the
figure Iillustrates the localization of the different sources contributing to ERPs
obtained from dipole modeling studies and confirmed by direct subdural or deep
intracortical recordings (see Garcia-Larrea et al., 2003). Most of these studies have
located sources in the secondary somatosensory (Sll) and insular cortex bilaterally,
as well in the anterior cingulate cortex (ACC). A smaller number of studies, most of
them relying on MEG, have located an additional source in the contralateral primary

somatosensory cortex (Sl) (Kakigi et al., 2005).
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Figure 2. Dissociation between the magnitude of nociceptive ERPs and the

intensity of pain by stimulus repetition.

A. Experimental design. Laser pulses were delivered in trains of three identical

stimuli (S1, S2 and S3) using a constant interstimulus time interval of 1 s. After each

train, participants were asked to rate the intensity of the painful percept elicited by

each of the three stimuli of the train. Across trials, four different energy intensities
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were used (E1 to E4). B. Pain ratings according to the energy of the laser pulses (E1
to E4) and the position of the stimulus in the train (S1 to S3). While the intensity of
perception was graded with the physical energy of the laser pulses, the repetition of
the stimulus did not affect the intensity of perception. C. Group-level average event-
related potentials elicited by the laser stimuli according their position in the trains (S1
to S3 from left to right), and according to the intensity of perception (P1 to P4). EEG
epochs were classified in four categories according to the participants’ pain ratings,
from the lowest ratings (P1) to the largest ones (P4). The magnitude of the ERPs
evoked by the second and third stimuli of the train was markedly reduced, as
compared to the magnitude of ERPs evoked by the first stimulus of the train. In
addition, while the magnitude of ERPs evoked by the first stimulus of the train was
strongly related to the subjective intensity of perception, the magnitude of ERPs
evoked by the second and third stimuli was less related to perception. D.
Relationship between pain rating and magnitude of the N1, N2 and P2 components
of nociceptive ERPs according to stimulus order. The magnitude of ERP components
evoked by the first stimulus (in purple) was significantly and positively correlated to
the subjective intensity of perception. The correlation between ERP magnitude and
pain rating disappeared when stimuli were repeated a second and a third time,
showing that stimulus repetition disrupted the relationship between perception and

ERP magnitude. Adapted from lannetti et al. (2008).
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Figure 3. Effects of stimulus novelty on nociceptive ERPs and attention.

In this experiment, nociceptive laser stimuli and visual stimuli were delivered in pairs.
The laser stimuli were regularly delivered on a specific area of the left hand dorsum.
Occasionally (17% of the trials), the location of the laser stimuli was shifted to
another area of the same hand. Nociceptive stimuli were followed 400 milliseconds
later by a visual stimulus. The participants were instructed to report as quick as
possible the number of displayed symbols on each visual stimulus (choice reaction-
time task), while ignoring the nociceptive stimuli. The figure contrasts the results
obtained in trials where the laser stimulus was applied to the standard area (in blue)
to those obtained in trials where the laser stimulus was applied to the novel location
(in red). As compared to standard trials, novel nociceptive stimuli elicited ERPs of
larger magnitude (orange box). In contrast, the occurrence of novel nociceptive

stimuli led to a decreased magnitude of ERPs evoked by the subsequent visual
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stimuli (green box) and delayed the behavioral responses to those visual targets
(illustrated by the difference between the red and the blue arrows respectively).
These observations indicate that novel nociceptive stimuli distracted the subjects
from their ongoing task by disrupting the cortical processing of visual targets.

Adapted from Legrain et al. (2009).
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Figure 4. The multimodal activation of the “pain matrix”.

A. EEG study. Multimodal and modality-specific contributions to ERPs elicited by a
random sequence of nociceptive, tactile, visual and auditory stimuli were separated
using a Probalistic Independent Component Analysis. The analysis showed that the
greater part of nociceptive ERPs can be explained by multimodal activities (i.e.
activities elicited by all stimuli) (in yellow). The time course of multimodal activities,

expressed as global field power, shows that these activities contributed to the greater
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part of the N1 and N2 waves and to the almost entire P2 wave of nociceptive ERPs.
The remaining fraction of nociceptive ERPs that was not explained by multimodal
activities could be explained by somatosensory-specific but not nociceptive-specific
activities (i.e. elicited by both tactile and nociceptive stimuli) (in blue). The time
course of somatosensory-specific activities, expressed as global field power, shows
that these activities contributed mainly to the N1 and N2 waves. No contribution to
laser-evoked potentials of nociceptive-specific activities (i.e. elicited uniquely by
nociceptive stimuli) (in red) was found. Adapted from Mouraux & lannetti (2009). B.
fMRI study. A conjunction analyses of the BOLD signal observed in the same
experimental design yielded similar results. Multimodal activities (voxels shown in
yellow) were found in parietal operculum, insula, posterior parietal cortex, anterior
cingulate cortex. These voxels represent the largest part of the BOLD response to
nociceptive stimulation. The fraction of the BOLD response to nociceptive stimulation
that was not explained by multimodal activities was again largely explained by
somatosensory-specific activities located in the contralateral post-central gyrus (SI)
(voxels shown in light blue). Voxels responding uniquely to nociceptive stimuli (in red)

were extremely sparse. Adapted from Mouraux et al. (2010).



