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Abstract 46 
Event-related potentials (ERPs) elicited by transient nociceptive stimuli in humans are 47 
largely sensitive to bottom-up novelty, induced, for example by changes in stimulus 48 
attributes (e.g. modality or spatial location) within a stream of repeated stimuli. Here 49 
we aimed (1) to test the contribution of a selective change of the intensity of a 50 
repeated stimulus in determining the magnitude of nociceptive ERPs and (2) to 51 
dissect the effect of this change of intensity in terms of ‘novelty’ and ‘saliency’ (an 52 
increase of stimulus intensity is more salient than a decrease of stimulus intensity). 53 
Nociceptive ERPs were elicited by trains of three consecutive laser stimuli (S1-S2-54 
S3) delivered to the hand dorsum at a constant 1-second inter-stimulus interval. 55 
Three, equally-spaced intensities were used: low (L), medium (M) and high (H). 56 
While the intensities of S1 and S2 were always identical (L, M or H), the intensity of 57 
S3 was either identical (e.g. HHH) or different (e.g. MMH) from the intensity of S1 58 
and S2. Introducing a selective change in stimulus intensity elicited significantly 59 
larger N1 and N2 waves of the S3-ERP, but only when the change consisted in an 60 
increase in stimulus intensity. This observation indicates that nociceptive ERPs do not 61 
simply reflect processes involved in the detection of novelty but, instead, are mainly 62 
determined by stimulus saliency. 63 
 64 
 65 
Keywords: Habituation, pain, electroencephalography (EEG), stimulus intensity.66 67 
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Introduction 68 
 69 
Brief infrared laser heat pulses selectively activate Aδ and C fibre skin nociceptors in 70 
the superficial skin layers (Bromm and Treede 1984). Such stimuli elicit transient 71 
event-related potentials (laser-evoked potentials, LEPs), related to the activation of 72 
Aδ nociceptors. The largest LEP wave is a negative-positive complex maximal at the 73 
scalp vertex (N2–P2). This complex is preceded by a smaller negative wave (N1) 74 
maximal over the central-temporal region contralateral to the stimulated hand 75 
(Bromm and Treede 1984; Hu et al. 2010; Valentini et al. 2012). These waves reflect 76 
a combination of cortical activities originating from primary and secondary 77 
somatosensory cortices, the insula, and the anterior cingulate cortex (Garcia-Larrea et 78 
al. 2003; Valentini et al. 2012). 79 
 80 
Although widely used to investigate the function of nociceptive pathways in health 81 
and disease (Haanpaa et al. 2011), the physiological meaning of LEPs is still debated. 82 
Indeed, recent experimental evidence indicates that LEPs may reflect stimulus-83 
triggered brain processes largely unspecific for nociception. Indeed, similar brain 84 
responses can be elicited by non-nociceptive sensory stimuli that are never perceived 85 
as painful, provided that they are salient (Legrain et al. 2011; Mouraux and Iannetti 86 
2009). Furthermore, the well-known positive correlation between the intensity of 87 
perceived pain and the magnitude of LEPs can be disrupted in several experimental 88 
conditions, such as stimulus repetition at a short and constant interval (Iannetti et al. 89 
2008; Treede et al. 2003; Wang et al. 2010). 90 
 91 
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Finally, there is a large amount of evidence that the main LEP waves can be 92 
modulated by contextual factors such as temporal predictability (Brown et al. 2008; 93 
Wang et al. 2010). However, by exploring the LEP dishabituation triggered by 94 
introducing selective changes of stimulus location or modality (i.e. two of the four 95 
basic attributes defining a sensory stimulus) we showed that LEPs are highly sensitive 96 
to bottom-up, stimulus-driven factors such as novelty (Torta et al. 2012; Valentini et 97 
al. 2011). Importantly, the design of these previous experiments did not allow 98 
differentiating between the respective effects of novelty and saliency in determining 99 
LEP dishabituation. Here, we define novelty as the occurrence of any change in a 100 
stream of sensory stimuli (Chen et al. 2010; Grimm and Escera 2011; Legrain et al. 101 
2009; Wacongne et al. 2011) and saliency as the ability of a stimulus to stand out 102 
relative to the sensory background or in respect to preceding stimuli (Itti and Koch 103 
2001; Yantis 2008). 104 
 105 
Here, we examined the respective contributions of ‘novelty’ and ‘saliency’ on the 106 
magnitude of LEPs by comparing, in two different experiments, the effect of 107 
introducing a change consisting of a reduction vs. an increase of stimulus intensity. In 108 
Experiment 1 we explored whether the dishabituation of LEPs is strictly determined 109 
by absolute novelty (the occurrence of an increase or a decrease of stimulus intensity 110 
are similarly novel) or by stimulus saliency (the occurrence of an increase of stimulus 111 
intensity is more salient than the occurrence of a decrease of stimulus intensity). In 112 
Experiment 2, we tested whether the dishabituation of LEPs was dependent on the 113 
size of the increase or decrease of stimulus intensity. 114 
 115 
 116 
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Materials and methods 117 
 118 
Subjects 119 
Ten healthy subjects (4 women) aged 22-36 years (29.7 ±4.6; mean ±SD) participated 120 
in Experiment 1. Six healthy subjects (5 women) aged 22-37 years (29.3 ±5.0; mean 121 
±SD) participated in Experiment 2. All participants gave their written informed 122 
consent. The study conformed to the standards required by the Declaration of Helsinki 123 
and was approved by the local ethics committee. 124 
 125 
Nociceptive stimulation 126 
Noxious radiant heat stimuli were generated by an infrared neodymium yttrium 127 
aluminium perovskite (Nd:YAP) laser with a wavelength of 1.34 µm (Electronical 128 
Engineering, Florence, Italy). The laser beam was transmitted through an optic fiber 129 
and its diameter was set at approximately 7 mm (38 mm2) by focusing lenses. All 130 
laser pulses were directed to a square area of approximately 5 x 5 cm on the dorsum 131 
of the right hand. A He-Ne laser indicated the area to be stimulated. The duration of 132 
the laser pulses was 4 ms. Three different and equally-spaced stimulus intensities 133 
were used (Experiment 1: ‘low’ (L) 3.5 ±0.7 J; ‘medium’ (M) 4 ±0.8 J; ‘high’ (H) 4.5 134 
±0.7 J; mean ±SD; Experiment 2: ‘low’ (L) 3.25 ±0.3 J; ‘medium’ (M) 3.75 ±0.3 J; 135 
‘high’ (H) 4.25 ±0.3 J; mean ±SD). Stimulus intensities were individually adjusted to 136 
elicit the three following pain ratings targets: 25/100 for intensity ‘low’, 45/100 for 137 
intensity ‘medium’, and 65/100 for intensity ‘high’. In a preliminary experiment we 138 
had found that stimuli with these characteristics always produce painful pinprick 139 
sensations. 140 
 141 
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Experimental design and psychophysics 142 
Experiment 1. Before starting the recording, we delivered a small number of low-143 
energy laser pulses to the dorsum of the right hand, to familiarize the subjects with the 144 
stimuli. The experiment consisted in a single session divided into five recording 145 
blocks. In each block, we delivered 20 trains of three laser stimuli (S1, S2, S3 – a 146 
triplet) at a constant inter-stimulus interval (ISI) of 1 s. The time interval between 147 
each triplet ranged between 20 and 25 s (rectangular distribution). Between each 148 
pulses of a given triplet, the laser beam was manually displaced by about 1 cm along a 149 
proximal-distal line on the hand dorsum (Iannetti et al. 2008). The direction of this 150 
displacement was balanced in each block (10 triplets in the proximal direction and 10 151 
triplets in the distal direction). A proximal-distal spatial displacement was used to 152 
minimize the variations in thickness and innervation of the irradiated skin (Schlereth 153 
et al. 2001), aiming to minimize variations in the strength of the nociceptive afferent 154 
volley not directly related to the change of stimulus intensity. The order of recording 155 
blocks was balanced across subjects. 156 
In two blocks, triplets were composed of stimuli of the same intensity. In one of these 157 
two blocks, stimuli were all of low intensity (LLL). In the other block, stimuli were 158 
all of high intensity (HHH). Before the beginning of each of these two blocks subjects 159 
were verbally informed of the stimulus intensity (either L or H). In the remaining 160 
three blocks, S1 and S2 were always of medium intensity (M), while S3 was either of 161 
the same intensity as S1 and S2 (MMM), or of a different intensity (MML or MMH). 162 
The occurrence of each type of triplet (MMM, MML, MMH) was balanced and 163 
pseudo-randomized within each block. The maximum number of consecutive triplets 164 
of the same type was three. Approximately 5 s before the onset of the triplet, 165 
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participants were verbally informed of the intensity of the stimuli composing the 166 
triplet.  167 
Between 3 and 6 s after the end of each triplet, subjects were asked to rate verbally 168 
the intensity of the Aδ-related pricking sensation elicited by each of the three laser 169 
stimuli composing each triplet, using a numerical rating scale ranging from 0 to 100, 170 
where 0 was defined as “no pain”, and 100 as “pain as bad as it could be”. This 171 
procedure provided ratings for each individual percept elicited by each individual 172 
laser pulse of the triplet. Previous experiments have demonstrated that subjects are 173 
able to remember and rate reliably and independently the intensity of the sensation 174 
elicited by each of the three stimuli constituting a triplet (Iannetti et al. 2008). 175 
Since variations in baseline skin temperature may modulate pain perception (Tjolsen 176 
et al. 1988), an infrared thermometer was employed to ensure that hand temperature 177 
remained constant across blocks. 178 
 179 
Experiment 2. The experimental design of Experiment 2 was identical to Experiment 180 
1 except for what follows. In each of the five blocks we delivered 24 triplets. In two 181 
blocks, triplets were composed of stimuli of the same intensity. In one of these two 182 
blocks, stimuli were all of low intensity (LLL). In the other block, stimuli were all of 183 
high intensity (HHH). The remaining three blocks were composed of four different 184 
types of triplet: MMH, LLH, MML, and HHL. The occurrence of each type of triplet 185 
was balanced and pseudo-randomized within each block. 186 
 187 
EEG recording 188 
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Participants were seated in a comfortable chair in a silent, temperature-controlled 189 
room. They were asked to focus on the stimuli, keep their eyes open and look at a 190 
fixation point. A screen blocked the view of the hand.  191 
The electroencephalogram (EEG) was recorded using 32 Ag-AgCl electrodes placed 192 
on the scalp according to the International 10-20 system and referenced to the nose. 193 
Electrode impedances were kept below 5 kΩ. In addition, the electro-oculogram 194 
(EOG) was recorded from two surface electrodes, one placed over the right lower 195 
eyelid and the other placed lateral to the outer canthus of the right eye. Signals were 196 
amplified and digitized at a sampling rate of 1,024 Hz (SD32; Micromed, Treviso, 197 
Italy). 198 
 199 
EEG analysis 200 
EEG data were pre-processed and analyzed using Letswave 201 
(http://nocions.webnode.com/letswave) (Mouraux and Iannetti 2008) and EEGLAB 202 
(Delorme and Makeig 2004). Continuous EEG data were segmented into epochs 203 
using a time window ranging from 0.5 s before S1 to 1.5 s after S3 of each triplet 204 
(total epoch duration: 4 s), and band-pass filtered (1-30 Hz) using a fast Fourier 205 
transform filter. Each epoch was baseline corrected using the interval from -0.2 to 0 s 206 
as reference. Artifacts due to eye blinks or eye movements were subtracted using a 207 
validated method based on an Independent Component Analysis (ICA – Jung et al. 208 
2000). In all datasets, independent components related to eye movements had a large 209 
EOG channel contribution and a frontal scalp distribution. Finally, epochs with 210 
amplitude values exceeding ±100 µV (i.e. epochs likely contaminated by artifacts) 211 
were excluded. 212 
Epochs belonging to the same experimental condition were averaged time-locked to 213 



9  
 

 

the onset of S1. Thus, five average waveforms (LLL, HHH, MMM, MMH and MML) 214 
were obtained for each subject in Experiment 1, and six average waveforms (LLL, 215 
HHH, MMH, LLH, MML and HHL) for each subject in Experiment 2. To explore 216 
experimental effects on the N1 wave, average waveforms were rereferenced to Fz (Hu 217 
et al. 2010; Treede et al. 2003). 218 
 219 
Statistical analysis of intensity of perception 220 
A two-way, repeated-measures ANOVA was performed to explore the effect of the 221 
factors ‘stimulus intensity’ (two levels: low, high) and ‘intensity change’ (two levels: 222 
change, no change), as well as their possible interaction, on the pain ratings elicited 223 
by S3. 224 
 225 
Statistical analysis of LEPs 226 
In Experiment 1, a point-by-point, two-way, repeated measures ANOVA was 227 
performed to explore the effect of the factors ‘stimulus intensity’ (two levels: low, 228 
high) and ‘intensity change’ (two levels: change, no change) on the S3-LEP. This 229 
analysis allowed testing the contribution of the direction of the change in intensity 230 
(increase vs. decrease) in dishabituating the LEP response. Specifically, the finding of 231 
a significant interaction between the factors ‘stimulus intensity’ and ‘intensity 232 
change’ would indicate that the direction of the change in intensity is important to 233 
determine the response dishabituation induced by the novel stimulus. The point-by-234 
point analysis yielded three distinct waveforms, representing the significance of the 235 
main effect of each of the two factors across time, as well as their interaction 236 
(Mouraux and Iannetti 2008). A point-by-point, paired t test was used as post-hoc 237 
analysis to explore the difference between the S3-LEP in triplets MMH and HHH, 238 
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and between the S3-LEP in triplets MML and LLL. The threshold for statistical 239 
significance was set at p=0.05. 240 
In Experiment 2, a point-by-point, paired t test was used to explore the difference 241 
between the S3-LEPs in triplets MMH vs. LLH, MMH vs. HHH, and LLH vs. HHH, 242 
as well as between the S3-LEPs in triplets MML vs. HHL, MML vs. LLL, and HHL 243 
vs. LLL. The threshold for statistical significance (p=0.05) was corrected for the 244 
number of t tests, giving a final statistical threshold of p=0.0083. 245 
To account for multiple comparisons in the point-by-point statistical analysis of the 246 
ERP waveform, intervals were considered as significant only when lasting more than 247 
50 ms. F, T and p values are given at the maximum peak of each significant interval. 248 
 249 
Results 250 
 251 
Experiment 1 252 
Quality and intensity of perception  253 
At each of the three intensities used (L, M, H) laser stimuli elicited a clear sensation 254 
of pinprick pain in all subjects, related to the activation of Aδ fibers (Bromm and 255 
Treede 1984). All subjects were able to clearly distinguish between the three stimulus 256 
intensities. The pain ratings elicited by stimuli of each intensity in each type of triplet 257 
are shown in Figure 1. When considering the sensations elicited by S3, the absolute 258 
difference between the intensity ratings of L and M (22.6 ±6.9) was similar to the 259 
absolute difference between the intensity ratings of H and M (19.2 ±10.5). 260 
Notwithstanding the possibly non linear nature of the rating scale, this suggests that 261 
the absolute change introduced by decreasing stimulus intensity (MML) was similar 262 
to the absolute change introduced by increasing stimulus intensity (MMH). 263 
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As expected, there was a significant main effect of the factor ‘stimulus intensity’ on 264 
the ratings of the painful sensation elicited by S3 (F1,9=224.94, p<0.0001) with a 265 
positive correlation between the energy of the laser stimulus and the intensity of pain 266 
perception. There was no main effect of the factor ‘intensity change’ (F1,9=1.20, 267 
p=0.301), and no interaction between the two factors (F1,9=0.30, p=0.866). Hence, 268 
intensity of perception was determined by the energy of the stimulus, independently 269 
of its absolute novelty. 270 
 271 
Laser-evoked brain potentials 272 
Grand average waveforms of the LEPs obtained in each of the five different 273 
experimental conditions are shown in Figures 2 and 3. In all conditions, the scalp 274 
topographies of the N2 and P2 waves were remarkably similar: the N2 wave was 275 
maximal at the scalp vertex (electrode Cz) and extended bilaterally toward temporal 276 
regions, whereas the P2 wave was more centrally distributed (Figure 2). 277 
 278 
The effects of ‘stimulus intensity’ and ‘intensity change’ on the magnitude of LEPs 279 
are reported below.  280 
 281 
Main effect of ‘stimulus intensity’. There was a significant main effect of the factor 282 
‘stimulus intensity’ on the amplitude of the LEP elicited by S3, with larger amplitudes 283 
at higher intensity levels (Figure 4). At Cz, this factor was a significant source of 284 
variance within three different time intervals: 141-247 ms (coinciding with the latency 285 
of both the N1 and the N2 waves; F1,9=35.19, p=0.0002), 274-386 ms (coinciding 286 
with the latency of the P2 wave; F1,9=17.51, p=0.0024), and 538-730 ms (coinciding 287 
with the latency of the negative shoulder following the P2 wave; F1,9=23.28, 288 
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p=0.0009). 289 
 290 
Main effect of ‘intensity change’. There was a significant main effect of the factor 291 
‘intensity change’ on the amplitude of the LEP elicited by S3. At Cz, this factor was a 292 
significant source of variance within the time interval 168-227 ms (coinciding with 293 
the latency of both the N1 and the N2 waves; F1,9=8.35, p=0.0179), with higher 294 
amplitudes in triplets entailing a change of stimulus intensity (Figure 4). The scalp 295 
topography of this effect revealed a maximum at C3 (the electrode contralateral to the 296 
stimulated side) and extended towards temporal regions especially on the side 297 
contralateral to the stimulated hand (Figure 4). 298 
 299 
Interaction between ‘stimulus intensity’ and ‘intensity change’. Importantly, there was 300 
a significant interaction between the factors ‘stimulus intensity’ and ‘intensity change’ 301 
(Figure 4) within the time interval 161-221 ms (coinciding with the latency of both 302 
the N1 and N2 waves; F1,9=22.28, p=0.0011), thus indicating that the direction of the 303 
intensity change is important in determining LEP dishabituation. The post-hoc paired 304 
t tests revealed that in the time interval coinciding with the latency of both the N1 and 305 
N2 waves the amplitude of the S3-LEP was significantly larger in triplets MMH than 306 
in triplets HHH (T9=19.11, p<0.0001), but not significantly different in triplets MML 307 
and LLL (T9<0.4, p>0.1). This indicates that only increases in stimulus intensity are 308 
effective in determining response dishabituation. The scalp topography of the 309 
‘stimulus intensity’ x ‘intensity change’ interaction was similar to that of the factor 310 
‘intensity change’, maximal at C3 and extending bilaterally towards the temporal 311 
regions. 312 
Importantly, when comparing the LEP waveforms using the montage to display the 313 
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N1 wave (i.e. C3 referenced to Fz; Hu et al. 2010), there was also a significant 314 
interaction between the factors ‘stimulus intensity’ and ‘intensity change’ (F1,9=14.24, 315 
p=0.0044), thus confirming that, such as the N2 wave, the amplitude enhancement of 316 
the N1 wave was present when the change consisted in an increase of stimulus 317 
intensity but not when it consisted in a decrease of stimulus intensity (Figures 3 and 318 
5). 319 
 320 
Experiment 2 321 
Laser-evoked brain potentials 322 
Grand average waveforms of the LEPs obtained in each of the six different 323 
experimental conditions are shown in Figure 6. 324 
 325 
Experiment 2 yielded three main results (Figure 7).  326 
First, the amplitude of the LEP elicited by S3 was significantly larger in triplets MMH 327 
than in triplets HHH (T5=31.18, p=0.0001). This effect was observed in the 154-214 328 
ms time interval (coinciding with the latency of both the N1 and the N2 waves). In 329 
contrast, the amplitude of the LEP elicited by S3 was similar in triplets LLL and 330 
MML (T5<0.2, p>0.8). These observations confirm the findings of Experiment 1. 331 
Second, the amplitude of the LEP elicited by S3 in triplets LLH and MMH was not 332 
different (T5<0.7, p>0.5), thus indicating that the magnitude of LEP dishabituation 333 
was not dependent on the size of the intensity increase.  334 
Third, the amplitude of the LEP elicited by S3 in triplets HHL and MML was not 335 
significantly different (T5<2.5, p>0.05), thus indicating that the lack of dishabituation 336 
observed in Experiment 1 between the S3-LEP of triplets MML and LLL was not due 337 
to the fact that the change in stimulus intensity was too small. 338 
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 339 
 340 
Discussion 341 
Our results show that introducing a selective change in the intensity of a 342 
monotonously repeated laser stimulus produces a significant dishabituation of both 343 
the N1 and the N2 waves of the LEP elicited by S3, but only when the change entails 344 
an increase of the stimulus intensity (Experiment 1: significant interaction between 345 
the factors ‘stimulus intensity’ x ‘intensity change’; Figures 4 and 5). The lack of 346 
dishabituation when there is a decrease of stimulus intensity is not explained by the 347 
size of such intensity reduction (Experiment 2; Figures 6 and 7). The finding that the 348 
dishabituation of LEPs is sensitive to the direction of the change in intensity indicates 349 
that stimulus saliency, and not merely novelty, plays an important role in determining 350 
the magnitude of LEPs. 351 
Importantly, the amount of dishabituation did not appear to be dependent on the size 352 
of the increase of stimulus intensity (Experiment 2, Figures 6 and 7). Indeed, a similar 353 
dishabituation was observed when the intensity was increased from low to high 354 
(triplets LLH) and from medium to high (triplets MMH). This finding indicates that 355 
the dishabituation of LEPs reflects the detection of an increase of saliency above a 356 
certain threshold, in an “all or nothing” fashion. 357 
 358 
Dissecting novelty from probability of occurrence  359 
In the present study we define novelty as the occurrence of a change of intensity in a 360 
stream of otherwise identical laser stimuli. This definition is important, because, when 361 
referred to a sensory stimulus, the term novel is used with different meanings. Some 362 
researchers label as novelty-related the effects observed in response to stimuli that 363 
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have not been previously experienced before (Stoppel et al. 2009). In contrast, several 364 
studies (e.g. Grimm and Escera 2011; Legrain et al. 2009) use the term novel to 365 
describe stimuli having a low probability of occurrence as compared to standard 366 
repeated stimuli having a high probability of occurrence. Importantly, stimuli with 367 
low probability of occurrence are also novel in the sense that they are different 368 
relative to the preceding stimuli (i.e. novelty is also determined by changes in their 369 
attributes). Electrophysiological correlates of the neural activity involved in the 370 
processing of novelty due to low probability of occurrence consist in a characteristic 371 
ERP pattern comprised sequentially of the mismatch negativity (MMN; Naatanen and 372 
Picton 1987) and the “novelty P3” or P3a wave (Friedman et al. 2001). The MMN is a 373 
negative wave obtained by subtracting the ERPs elicited by standard stimuli from the 374 
ERPs elicited by novel stimuli with low probability of occurrence. Importantly, the 375 
neural processes underlying the MMN do not appear to be strictly related to the 376 
occurrence of a physical change in the attributes of the stimulus relative to the 377 
preceding stimuli. Instead, they appear to be mainly determined by the detection of 378 
high-order, infrequent changes in a stimulation pattern. Indeed, it has been shown that 379 
when presenting few trials composed of five identical auditory tones (e.g. xxxxx) 380 
within a block of many trials composed of four identical auditory tones followed by a 381 
different tone (e.g. xxxxy), an MMN is elicited by the fifth identical ‘x’ stimulus 382 
(Wacongne et al. 2011 – note that this particular kind of MMN is also referred to as 383 
“repetition negativity”, e.g. Nordby et al. 1988; Horváth and Winkler 2004). In other 384 
words, although all stimuli in trials xxxxx are identical, the fifth ‘x’ stimulus elicits an 385 
MMN since it represents an infrequent violation to the standard pattern xxxxy. 386 
 387 
In the present study, we explored the novelty effect due to the occurrence of a change 388 
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in a specific stimulus attribute (i.e. intensity), without the confound represented by the 389 
probability of stimulus occurrence. To isolate such novelty effects we matched the 390 
probability of occurrence of the increases and decreases of stimulus intensity. 391 
Importantly, only intensity increases produced a significant dishabituation of the 392 
corresponding LEP, whereas intensity decreases did not (Figure 4). 393 
 394 
LEPs: saliency vs. novelty 395 
When we described the habituation of the ERPs elicited by three repeated laser 396 
pulses, each identical in terms of the four main attributes defining a sensory stimulus 397 
(modality, location, intensity and timing; Iannetti et al. 2008) we showed that these 398 
responses habituate strongly to stimulus repetition. However, we were unable to 399 
determine which of these stimulus attributes are determinant in causing response 400 
habituation. In two subsequent experiments we showed that introducing a selective 401 
change in the sensory modality of the stimulus produced a significant dishabituation 402 
of the ERPs (Valentini et al. 2011), whereas introducing a selective change in its 403 
spatial location did not (Torta et al. 2012). These findings suggest that different 404 
attributes defining a stimulus are not equally effective in inducing a dishabituation of 405 
the ERP response. Importantly, the observation of similar dishabituation patterns in 406 
the ERPs elicited by auditory stimuli (Valentini et al. 2011) indicates that such 407 
dishabituation mechanisms, triggered by bottom-up stimulus changes, are not 408 
modality specific (Fruhstorfer 1971). This gives further support to the notion that the 409 
largest part of the ERPs elicited by transient sensory stimuli presented at long inter-410 
stimulus intervals (e.g. > 4 seconds) reflect non-modality-specific neural activities 411 
(Mouraux and Iannetti 2009). Therefore, it is likely that the response dishabituation 412 
observed in the current study in response to increases of stimulus intensity (Figures 2 413 
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and 4) is not pain-specific, but reflects a general mechanism related to the detection of 414 
salient sensory events regardless of the sensory modality through which these events 415 
are conveyed.  416 
 417 
Importantly, the design of our previous experiments exploring the effects of 418 
introducing a change in stimulus modality or spatial location (Torta et al. 2012; 419 
Valentini et al. 2011) did not allow differentiating between the respective effects of 420 
novelty and saliency in determining response dishabituation. In contrast, the design of 421 
the present experiment, entailing changes in the intensity of the applied stimuli, 422 
allowed us to explore the effect of the direction of change. This is important, as it 423 
permits dissecting the effects of absolute novelty compared to increased saliency in 424 
determining the response dishabituation. Indeed, the occurrence of a change within a 425 
stream of identical stimuli necessarily introduces novelty, but not all changes are 426 
equally salient. In triplets MML and MMH (Figure 2), the introduction of a low 427 
intensity stimulus was as novel as the introduction of a high intensity stimulus. 428 
Furthermore, the absolute physical change in stimulus intensity, as well as the 429 
absolute change in intensity of perception between S2 and S3 was identical in triplets 430 
MML and MMH. However, the introduction of a high intensity stimulus (representing 431 
a change characterized by an increase of energy compared to the preceding stimuli) is 432 
more salient than the introduction of a low intensity stimulus (representing a change 433 
characterized by a decrease of energy compared to the preceding stimuli). In the 434 
context of the current paradigm, in which we uniquely employed transient nociceptive 435 
stimuli embedded in a silent background, low-intensity stimuli were unavoidably less 436 
salient than the preceding medium-intensity stimuli. This is in accordance with the 437 
definition of saliency as “the ability of a stimulus to stand out in respect to preceding 438 
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stimuli” (Itti and Koch 2001).  439 
Thus, if LEP dishabituation is solely determined by novelty caused by absolute 440 
changes in stimulus intensity in a stream of otherwise identical stimuli, a similar 441 
enhancement of LEP magnitude should be observed when comparing MMH and 442 
HHH triplets, and when comparing MML and LLL triplets (i.e. following an increase 443 
or a decrease of stimulus intensity). Conversely, if LEP dishabituation is more 444 
generally determined by stimulus saliency, a greater enhancement of LEP magnitude 445 
should be observed in MMH than in MML triplets. 446 
 447 
Our results, showing that the direction of the change in stimulus intensity is an 448 
important determinant of LEP dishabituation, indicate that saliency, and not simply 449 
novelty, is important in determining LEP magnitude (Figure 4). Importantly, the lack 450 
of LEP dishabituation following a decrease of stimulus intensity could not be 451 
explained by the size of the reduction in stimulus intensity, as no dishabituation was 452 
observed in the S3-LEP of both MML and HHL triplets, corresponding to a reduction 453 
of stimulus intensity from medium to low and from high to low, respectively 454 
(Experiment 2; Figures 6 and 7). 455 
 456 
In support to the conclusion that the observed LEP dishabituation is determined by the 457 
saliency of the stimulus rather than by its novelty, there is the observation that the S3-458 
LEPs in triplets MMH and HHH only show differences in the N1-N2 time window, 459 
and not later in the waveforms, specifically when the novelty-related P3a component 460 
(sometimes labeled as “novelty P3”) occurs (Friedman et al. 2001). 461 
 462 
The observation of a direction-specific effect of stimulus intensity on the magnitude 463 
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of laser-evoked N1 and N2 waves is similar to the finding that only increasing the 464 
intensity of rare auditory stimuli enhances the magnitude of the auditory N1 wave 465 
(Jacobsen et al. 2003). This observation supports the view that the N1 wave of 466 
auditory ERPs and the N1 and N2 waves of laser ERPs reflect functionally-similar 467 
brain processes (Mouraux and Iannetti 2009). Interestingly, a recent study 468 
investigating the EEG responses elicited by transient heating or transient cooling of 469 
the skin (heat- and cool-evoked potentials) showed that temperature increases are 470 
reflected in a larger amplitude of the N2 wave, whereas temperature decreases of the 471 
same magnitude are not (Greffrath et al. 2010). Consistent with these findings, we 472 
observed that the ‘intensity change’ effect was only present when intensity was 473 
increased, and consisted in an enhancement of the N2 wave (Figure 4). 474 
 475 
Interestingly, the significant interaction between the factors ‘intensity change’ and 476 
‘stimulus intensity’ started already 150 ms after the onset of the stimulus, i.e. during 477 
the time interval corresponding to the laser-evoked N1 wave, which represents an 478 
early cortical response to nociceptive input, largely generated in S1 (Valentini et al. 479 
2012). This indicates that novelty resulting from increasing stimulus intensity 480 
modulates the processing of nociceptive input already at its early stages, and confirms 481 
the notion that these early stages of nociceptive cortical processing are already 482 
sensitive to the context in which the stimuli are delivered (Iannetti et al. 2008; 483 
Valentini et al. 2011).  484 
 485 
LEP dishabituation to intensity increases: an “all or nothing” response? 486 
Experiment 2 showed that LEP dishabituation caused by the increase of stimulus 487 
intensity was not dependent on the size of the increase (Figures 6 and 7). – that is, the 488 
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magnitude of LEP dishabituation was similar, regardless of whether it was triggered 489 
by a 0.5 J increase in stimulus intensity (i.e. from medium to high), or by a 1.0 J 490 
increase in stimulus intensity (i.e. from low to high). This observation suggests that 491 
the neural system whose activity is captured by the LEP dishabituation is tuned to 492 
detect any increase of stimulus intensity within a stream of repeated stimuli. In other 493 
words the neural system generating the LEPs does not seem to be able to finely 494 
discriminate the size of the intensity increase within the stream of repeated stimuli. 495 
Instead, it produces a response of the same magnitude following any increase of 496 
stimulus intensity. This observation agrees with the notion that the largest part of 497 
LEPs and other “vertex potentials” (Mouraux and Iannetti 2009) reflects the activity 498 
of a system important for the effective detection of salient and potentially threatening 499 
events happening in the sensory environment (Iannetti and Mouraux 2010; Legrain et 500 
al. 2011). It has been recently suggested that the detection of salient information is 501 
mediated at least in part by direct thalamocortical projections through which salient 502 
sensory information reaches multimodal cortical areas responsible for its detection 503 
directly from the thalamus, i.e. without being first processed in primary and secondary 504 
unisensory areas. Such saliency-detection system is parallel to the processing of finer 505 
stimulus attributes, which are transmitted in a modality-specific fashion from the 506 
thalamus to the relevant primary sensory areas (Liang et al. 2012). The lack of fine 507 
stimulus discrimination in the observed LEP dishabituation (Figure 7) might represent 508 
additional evidence that the cortical system generating such dishabituation coincides 509 
with the “saliency network” (Corbetta and Shulman 2002; Iannetti and Mouraux 510 
2010; Mouraux et al. 2011) that, by receiving direct thalamic input, provides an 511 
effective but crude way to rapidly detect salient sensory events and guide appropriate 512 
defensive behaviours (Liang et al. 2012).  513 
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 514 
Conclusion 515 
The present study contributes to characterize the stimulus features determining the 516 
magnitude of the different components of the ERP response elicited by nociceptive 517 
stimuli. By comparing the effect of a change consisting of a reduction vs. an increase 518 
of stimulus intensity, we show that increases but not decreases of stimulus intensity 519 
are able to induce LEP dishabituation. This indicates that saliency, rather than novelty 520 
per se, is a major determinant of LEP magnitude. Furthermore, the amount of LEP 521 
dishabituation was similar for small and large increases of stimulus intensity, 522 
suggesting that it reflects the activity of a system responding to salient sensory input 523 
in an “all or nothing” fashion.  524 
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Figure captions 636 
 637 
Figure 1. Relationship between stimulus intensity, stimulus repetition and pain 638 
ratings (Experiment 1). Trains of Nd:YAP laser stimuli were delivered on the hand 639 
dorsum. Each train consisted of three stimuli (S1-S2-S3, a triplet) delivered at a 640 
constant ISI of 1 second. Three equally-spaced stimulus intensities (low, L; medium, 641 
M; high, H) were used. While the intensity of S1 and S2 was always identical, the 642 
intensity of S3 was either identical to S1 and S2 (e.g. LLL, MMM, HHH) or different 643 
(e.g. MML, MMH). x-axis, stimulus number; y-axis, rescaled intensity of pain 644 
perception. Error bars represent the SE. Note that the intensity of perception was 645 
significantly and positively correlated with the intensity of the laser stimulus, with 646 
stronger stimuli leading to higher intensities of perception. Note also that stimulus 647 
repetition (S1–S3) did not affect the intensity of pain perception. 648 
 649 
Figure 2. Effect of stimulus intensity and intensity change on laser-evoked brain 650 
potentials (LEPs) (Experiment 1). Group-level average LEPs elicited by S1, S2 and 651 
S3. Displayed signals are recorded from the vertex (Cz). Three equally-spaced 652 
stimulus intensities (low, L; medium, M; high, H) were used. While the intensity of 653 
S1 and S2 was always identical, the intensity of S3 was either identical to S1 and S2 654 
(e.g. LLL, MMM, HHH) or different (e.g. MML, MMH). x-axis, time (seconds); y-655 
axis, amplitude (µV). Scalp maps obtained at peak latency of the N2 and P2 waves of 656 
the S3-LEP. Note the significant amplitude reduction between S1 and S2, and the 657 
larger amplitude of the S3-LEP in triplets MMH compared to triplets HHH. 658 
 659 
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Figure 3. Effect of stimulus intensity and intensity changes on the N1 waveform of 660 
LEPs (Experiment 1). Group-level average LEPs elicited by S1, S2 and S3. Displayed 661 
signals are recorded from the central electrode contralateral to the stimulated hand 662 
(C3), referenced to Fz (Hu et al. 2010). x-axis, time (seconds); y-axis, amplitude (µV). 663 
Note the larger amplitude of the S3-LEP in triplets MMH compared to triplets HHH. 664 
 665 
Figure 4. Effect of the direction of a change in stimulus intensity on LEPs 666 
(Experiment 1). The time-course of the effect of the factors ‘stimulus intensity’ (two 667 
levels: low, high) and ‘intensity change’ (two levels: change, no change), as well as 668 
their possible interaction on the S3-LEP was assessed using a repeated measures 669 
ANOVA performed on each time point of each subject’s averaged waveforms at Cz 670 
(nose reference). The F values at each time point are represented below the LEP 671 
waveforms. The time intervals where the difference between conditions was 672 
significant are highlighted in gray (consecutivity threshold = 50 ms), and the 673 
corresponding scalp topographies are shown. Note the significant interaction in the 674 
time interval corresponding to both the N1 and the N2 waves (161-221 ms; right 675 
graph), indicating that the effect of intensity change is significant only when the 676 
intensity of S3 is increased. 677 
 678 
Figure 5. Effect of the direction of a change in stimulus intensity on the N1 679 
waveform of LEPs (Experiment 1). The time-course of the effect of the factors 680 
‘stimulus intensity’ (two levels: low, high) and ‘intensity change’ (two levels: change, 681 
no change), as well as their possible interaction on the S3-LEP was assessed using a 682 
repeated measures ANOVA performed on each time point of each subject’s averaged 683 
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waveforms at C3 referenced to Fz. The time intervals where the difference between 684 
conditions was significant are highlighted in gray (consecutivity threshold = 50 ms). 685 
 686 
Figure 6. Effect of the size of intensity change on LEPs (Experiment 2). Group-level 687 
average LEPs elicited by S1, S2 and S3. Displayed signals are recorded from the 688 
vertex (Cz). Three equally-spaced stimulus intensities (low, L; medium, M; high, H) 689 
were used. x-axis, time (seconds); y-axis, amplitude (µV). Note the similarity between 690 
the amplitudes of the S3-LEP in triplets MMH and LLH. Note also the similarity 691 
between the amplitudes of the S3-LEP in triplets MML and HHL, indicating that the 692 
lack of dishabituation observed in Experiment 1 in response to intensity decreases 693 
was not due to the fact that the decrease in stimulus intensity was too small. 694 
 695 
Figure 7. Effect of the size of intensity change on LEPs (Experiment 2). Time-696 
courses of the effect of size of intensity changes were assessed using paired t-tests 697 
performed on each time point of each subject’s averaged waveforms at Cz (nose 698 
reference). The time intervals where the difference between conditions was significant 699 
are highlighted in gray (consecutivity threshold = 50 ms). 700 
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