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Abstract
The cerebral integration of somatosensory inputs from multiple sources is essential to produce adapted behaviors. Previous 
studies suggest that bilateral somatosensory inputs interact differently depending on stimulus characteristics, including their 
noxious nature. The aim of this study was to clarify how bilateral inputs evoked by noxious laser stimuli, noxious shocks, 
and innocuous shocks interact in terms of perception and brain responses. The experiment comprised two conditions (right-
hand stimulation and concurrent stimulation of both hands) in which painful laser stimuli, painful shocks and non-painful 
shocks were delivered. Perception, somatosensory-evoked potentials (P45, N100, P260), laser-evoked potentials (N1, N2 
and P2) and event-related spectral perturbations (delta to gamma oscillation power) were compared between conditions 
and stimulus modalities. The amplitude of negative vertex potentials (N2 or N100) and the power of delta/theta oscillations 
were increased in the bilateral compared with unilateral condition, regardless of the stimulus type (P < 0.01). However, 
gamma oscillation power increased for painful and non-painful shocks (P < 0.01), but not for painful laser stimuli (P = 0.08). 
Despite the similarities in terms of brain activity, bilateral inputs interacted differently for painful stimuli, for which percep-
tion remained unchanged, and non-painful stimuli, for which perception increased. This may reflect a ceiling effect for the 
attentional capture by noxious stimuli and warrants further investigations to examine the regulation of such interactions by 
bottom–up and top–down processes.
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Introduction

Nociception is the encoding of noxious stimuli by nocicep-
tors (Sherrington 1906; Woolf and Ma 2007). These nocic-
eptive inputs are then processed in the spinal cord and may 
produce nociceptive reflexes that are independent of volition 
(Sandrini et al. 2005; Willer 1977). Nociceptive inputs are 
then processed in the brain, which may result in pain and 
defensive responses that prevent tissue damage (Sandrini 
et al. 2005; Sherrington 1910; Willer 1977). Further cor-
tical processing and integration of nociceptive inputs lead 
to elaborated behaviors that are adapted to the context and 
environment (Tabor et al. 2017), which may be particularly 
needed when noxious stimuli are complex or occur in a 
dynamic environment.

Sensory integration of concurrent stimuli has been 
explored for visual (Beume et al. 2015; Girard et al. 2013; 
Liu et al. 2009; Saija et al. 2017), auditory (Bidet-Caulet 
et al. 2007a, b), tactile (Girard et al. 2013; Hoechstetter et al. 
2001; Kakigi and Jones 1986; Ragert et al. 2011; Simões 
et al. 2002) and vibrotactile (D’Amour and Harris 2014, 
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2016; Harris et al. 2006; Kuroki et al. 2017; Tame et al. 
2015) modalities. For example, integration of different 
vibration signals from distinct locations leads to assimila-
tion or averaging effects, indicating that tactile perception 
can be global although information arises from different 
sensory channels (Kuroki et al. 2017). Accordingly, tac-
tile stimulation on two locations produced suppression of 
cortical responses in the somatosensory cortex, which was 
proposed to contribute to better coordination of manipula-
tive actions (Tame et al. 2015). Recent studies also indicate 
that concurrent bilateral noxious inputs lead to modulation 
of pain and electroencephalographic (EEG) responses com-
pared with unilateral inputs, although these effects seem to 
vary depending on stimulus properties (Northon et al. 2019; 
Rustamov et al. 2019).

Noxious stimuli are intrinsically salient and threatening 
and thus capture attention (Legrain et al. 2011). But what 
happens when more than one noxious stimulus occurs? Con-
current noxious stimuli may be more salient and their infor-
mation may interact and lead to the perception of greater 
threat compared with a single stimulus. Such interaction of 
noxious inputs from different locations also implies coor-
dination to produce an adapted behavior. In a recent EEG 
study, a sub-additive increase of N100 amplitude and gamma 
oscillation power was reported for bilateral painful shocks 
applied to sural nerves compared with a unilateral shock 
(Rustamov et al. 2019). In contrast, a reduction of vertex 
potentials and gamma oscillation power was reported for 
bilateral laser stimuli applied to the hands compared with 
unilateral stimulation (Northon et al. 2019). Thus, bilateral 
noxious inputs may lead to different responses, but it remains 
unclear whether the direction of these effects (increase vs. 
decrease) are due to stimulus properties (laser heat pain vs. 
shock pain), stimulus location (hand vs. ankle) or other fac-
tors such as individual differences, which may vary between 
studies.

The objective of this study was to examine the cortical 
integration of noxious and innocuous inputs. In a first exper-
iment, event-related potentials (ERPs) and event-related 
spectral perturbations (ERSPs) were compared between uni-
lateral and bilateral hand stimulation (painful laser stimuli, 
noxious shocks and innocuous shocks). In a second experi-
ment, which was a replication of a previous study (Northon 
et al. 2019), ERPs and ERSPs were compared between uni-
lateral and bilateral stimulation for painful laser stimuli and 
noxious shocks. A within-subjects design was used to pre-
vent the influence of individual differences between stimu-
lus modalities. Based on previous reports (Northon et al. 
2019; Rustamov et al. 2019), we expected that the inter-
actions resulting from bilateral stimulation would produce 
opposite effects for painful shocks and painful laser stimuli 
(increase and decrease, respectively). Considering that these 
differences may be due to individual differences between 

studies and that painful shocks and laser stimuli may activate 
different brain regions (Dowman 2004), this may result in 
different cortical responses between stimulus modalities. In 
addition, considering that the behavioral responses related 
to painful and non-painful stimuli are different (e.g., with-
drawal reflex for painful, but not non-painful stimuli), we 
examined whether bilateral non-painful shocks would pro-
duce an increase in cortical responses, similarly to what is 
observed for painful shocks.

Methods

Experiment 1

Participants

Twenty-five participants were recruited on the campus of 
Université du Québec à Trois-Rivières. Participants gave 
their written informed consent and acknowledged their right 
to withdraw at any time without prejudice. Procedures were 
accepted by the institutional ethical committee and were 
in accordance with the declaration of the revised version 
of Helsinki. Participants were included if they were right-
handed and aged between 18 and 45 years old. They were 
excluded if they had chronic pain, a diagnosed neurologic 
or psychiatric disorder, or if they were taking medication 
two weeks prior to the experiment. Three participants were 
excluded because of technical issues leaving a total of 22 
participants (11 females, 11 males; age range 20–38 years; 
mean ± SD: 25 ± 5.3).

Experimental procedures

Room temperature was kept constant at 23 °C. Participants 
were seated comfortably in a chair, with both arms on an 
armrest with hands in pronation. The inter-limb distance was 
70 cm and the viewing distance from the computer monitor 
was approximately 100 cm. Both participants and experi-
menters wore safety glasses designed for a 1340 nm wave-
length laser, during the entire experiment.

The experimental paradigm is illustrated in Fig. 1. Before 
the experiment, participants were instructed to refrain from 
excessive head and body movement and were instructed to 
look at a fixation cross. The experiment included three coun-
terbalanced conditions containing one modality each: pain-
ful laser stimulation, painful transcutaneous electrical stimu-
lation and non-painful transcutaneous electrical stimulation. 
Each condition included a total of 66 stimuli with a 9–11 s 
inter-stimulus interval. The fixation cross appeared 4–6 s 
before a stimulus was delivered. Following the stimulus, a 
visual numerical rating scale appeared on the screen 1.5 s 
later. After 3.5 s, the fixation cross reappeared. A rest period 
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of up to 120 s was allowed every 21–23 stimuli. Participants 
were informed that stimuli would be delivered unilaterally 
on the right hand or bilaterally on both hands with a 50:50 
ratio. There were no more than two identical stimuli in a row.

Pain and tactile intensity ratings

Participants were instructed to pay attention to the right 
hand and to rate tactile intensity (for non-painful shock) or 
pain intensity (for painful shocks and laser) perceived on 
the right hand, following each stimulus. This rating ensured 
that participants attended the right hand prior to each stim-
ulation. They were prompted to report pain verbally on a 
0–100 numerical rating scale that appeared on the screen 
1.5 s after each stimulus. The scale anchors were “no pain” 
and “most intense pain imaginable”, respectively. For non-
painful electrical stimuli, participants were asked to report 
the intensity of the stimulation between 0 (no sensation) 
and 100 (intense enough to be painful). This ensured that 
the stimulation was always perceived, but not painful. Dur-
ing each rest period, participants also provided an average 
rating for the unattended left-hand stimuli to ensure that the 

stimuli were perceived. Following each rest period, partici-
pants were reminded to attend and rate the right hand.

Noxious and innocuous transcutaneous electrical 
stimulation

Noxious and innocuous transcutaneous electrical stimulation 
was delivered as train pulses (10 × 1 ms pulses at 333 Hz) 
from an isolated DS7A constant current stimulator (Digi-
timer Ltd., Welwyn Garden City, Hertfordshire, UK). The 
device was triggered by a Grass S88 train generator (Grass 
Medical Instruments, Quincy, MA, USA) and controlled by 
a computer with a stimulus presentation program (E-Prime2, 
Psychology Software Tools, Sharpsburg, PA, USA). The 
skin in the innervation territory of the left and right dorsal 
ulnar nerve was stimulated using a pair of custom-made sur-
face electrodes (1  cm2) separated by 2 cm.

Pain thresholds were determined for the left and right 
hands using the staircase method beginning from a low 
stimulus intensity and increasing progressively. Thresh-
olds were defined as the lowest stimulus intensity evoking 
pain. To confirm the reliability of the pain threshold, the 

Fig. 1  Experimental paradigm. The three modalities are presented. 
Condition order was counterbalanced. The pictograms in the first row 
represent the unilateral conditions (one input) for each modality, and 
in the second row, the bilateral conditions (two inputs). The red circle 
overlying the hand is the side on which attention had to be deployed. 
Top-right: temporal depiction of a single trial. Participants were 

informed that stimuli would be delivered unilaterally on the right 
hand or bilaterally on both hands with a 50:50 ratio. Pain (for laser 
and painful shocks) or tactile intensity (for non-painful shocks) were 
rated 1.5 s after each stimulus. EEG electroencephalography. Figure 
was created using Microsoft PowerPoint 2013
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intensity that first produced pain was applied 5 times. 
Stimulus intensity was then adjusted individually to 120% 
or 70% of pain threshold for noxious and innocuous elec-
trical stimuli, respectively. A series of five stimuli were 
then delivered to ensure that the selected intensity pro-
duced a stable and tolerable sensation. Perception was 
matched between hands by slightly increasing or decreas-
ing one of the two stimulus intensities. Innocuous shocks 
were rated using a non-painful scale, and all participants 
confirmed that the stimuli produced a tactile sensation 
and did not evoke pain.

Painful laser stimulation

Painful radiant heat stimuli were produced by laser pulses 
using two infrared neodymium yttrium aluminum per-
ovskite lasers (Nd:YAP, DEKA 1340; Electronical Engi-
neering, Florence, Italy) each held by one experimenter. 
Nd:YAP laser pulses have been shown to activate Aδ and 
C fiber nociceptors selectively (Plaghki and Mouraux 
2003). Laser beams were transmitted through a 10  m 
fiber-optic cable. The pulse duration was set at 4 ms and 
the diameter at 5 mm (≈ 20  mm2 area). Following safety 
recommendations for repeated laser stimuli to a 0.4 mm 
ink-marked skin, a maximal output was fixed at 3.75 J 
(maximal fluence < 20 J/cm2) (Madden et al. 2016). The 
lasers were controlled by a computer with a stimulus pres-
entation program (E-Prime2, Psychology Software Tools, 
Sharpsburg, PA, USA). Ink markers were drawn on the 
superficial radial nerve territory of each hand dorsum to 
avoid stimulating the same area more than once before 
each pause. The in-built helium neon laser was used for 
aiming purposes and the mounting guides allowed a con-
stant stimulating distance.

Pain thresholds were determined for each hand sepa-
rately using the staircase method. Participants were 
instructed to focus on the pinprick sensation and to report 
pain intensity on the 0–100 scale. Laser energy output was 
set at 0.5 J and was increased by 0.25 J increments until 
pain was reported, or up to the 3.75 J upper limit. To con-
firm the reliability of the pain threshold, stimulation at the 
energy that first elicited a painful pinprick was repeated 5 
times. To obtain a sharp and painful pinprick sensation for 
the experiment, stimulation was adjusted individually by 
increasing the output by one or two increments. For each 
hand, a sequence of 5 consecutive stimuli at the selected 
intensity was delivered to familiarize participants. Pain 
intensity was then compared between hands and laser 
intensity was adjusted to match perception between hands. 
Hand temperature was monitored for both hands using an 
infrared thermometer before and after the threshold and 
was within a range of 27–34 °C.

Electroencephalographic recordings

Brain activity was measured with electroencephalography 
(EEG). EEG was recorded with 64 active electrodes posi-
tioned on the scalp in accordance with the international 
10–20 system (Brain Products, Gilching, Germany). The 
ground electrode was set at FPz and all electrodes were 
nose-referenced. The signals were digitized at 2000 Hz with 
a hardware band-pass filter set from 0.01 to 500 Hz. Eye 
blinks and movements were monitored using electrooculog-
raphy (EOG) with electrodes placed on the right suborbital 
ridge and region lateral to the outer canthus.

Event‑related potentials

EEG data were exported to Matlab and processed in 
EEGLab v14.1.0 to examine event-related potentials (ERPs) 
and event-related spectral perturbations (ERSPs). For ERPs, 
data were processed with a finite impulse response band-
pass filter (0.5–30 Hz), down sampled to 500 Hz, and re-
referenced to the common average. Prior to re-referencing, 
noisy channels were interpolated using the spherical interpo-
lation method available in EEGLab. Data were time-locked 
to the stimulus and segmented in epochs from − 100 to 
700 ms. The − 100-to-0 window was used for baseline cor-
rection. Epochs were screened for non-stereotyped artifacts 
and removed if necessary. An Infomax independent com-
ponent analysis (Runica function) was used to identify and 
remove components that were associated with noise based 
on their spectral, temporal and topographical characteris-
tics (eye blinks or movements, muscle and cardiac artifacts). 
Epochs were averaged separately for bilateral and unilateral 
stimuli and for each modality.

ERP components were examined for each modality, by 
extracting their peak amplitude (laser stimulation) or mean 
amplitude within a fixed time window (electrical stimula-
tion) as in previous studies (Dowman 1994a, b; Perchet et al. 
2008; Rustamov et al. 2019). The peak and mean ampli-
tude were calculated for both modalities and lead to similar 
results. Thus, only the peak amplitude is reported, consistent 
with the current literature. For laser ERPs, this included the 
N2 peak (first major negative deflection maximum at Cz 
between 160 and 280 ms) and P2 peak (first major posi-
tive deflection maximum at Cz between 250 and 400 ms) 
(Perchet et al. 2008). Following re-referencing to the Fz 
electrode, the N1 peak (first negative deflection at contralat-
eral central electrodes between 140 and 200 ms) was also 
extracted. Only participants that felt a clear pricking pain at 
or before the maximal laser fluence were retained. Due to a 
technical issue with the lasers, the first three participants had 
to be excluded (n = 19; 8 women; range 18–35 years; mean: 
25.2, SD: 1.9). From these 19 subjects, 5 did not have clear 
N2 and P2 deflections from their average waveforms. Thus, 
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N2 and P2 components were computed with data from the 
remaining 14 subjects.

For noxious and innocuous electrical stimulation, ERP 
components included the P45 (first positive deflection at 
contralateral centro-parietal electrodes from 45 to 55 ms), 
the N100 (first major negative deflection maximum at Cz 
between 90 and 120 ms), and the P260 (second positive 
deflection maximum at Cz between 240 and 300 ms) (Dow-
man 1994a, b). All 22 subjects had a clear N100 and P260 
potential.

Event‑related spectral perturbations

For ERSPs, data were processed with a finite impulse 
response band-pass filter (1–100 Hz, down sampled to 
500 Hz and re-referenced to the common average. Noisy 
channels were interpolated using the spherical interpolation 
method available in EEGLab. Data were time-locked to the 
stimulus and segmented in epochs from − 2000 to 2000 ms. 
The − 700 to − 200 window was used for baseline correc-
tion. The baseline period was different from that of ERPs to 
avoid edge artifacts that occur at lower frequencies. Epochs 
were screened for non-stereotyped artifacts and removed 
if necessary. An Infomax independent component analysis 
(Runica function) was used to identify and remove noisy 
components. Time–frequency analysis was computed using 
a Morlet wavelet convolution with variable cycles for low 
and high frequencies (from 3 to 15 cycles). This flexibility 
allows a better frequency resolution at low frequencies and 
better temporal resolution at higher frequencies (Delorme 
and Makeig 2004). ERSPs were computed in decibels (dB) 
relative to the − 700 to − 200 ms baseline period. The ERSP 
values were first computed for all electrodes separately and 
for each trial. For each subject, all trials were averaged sepa-
rately for unilateral and bilateral trials and for each modality, 
resulting in 6 time–frequency maps for each electrode.

From these time–frequency maps, values were extracted 
from predetermined time × frequency regions of interests 
based on previous EEG studies (Gross et al. 2007; Schulz 
et al. 2012; Tiemann et al. 2015, 2010; Zhang et al. 2012) 
[also see (Ploner et al. 2017) for a general overview]. The 
timing for these regions was adapted to the expected latency 
differences between responses to laser and electrical stimuli 
(Dowman 1994a, b; Perchet et al. 2008). For laser stimula-
tion, this included the frequency content of evoked potentials 
(delta and theta oscillations at 2–10 Hz from 150 to 400 ms), 
alpha–beta oscillations (8–29 Hz from 300 to 1000 ms), low-
gamma oscillations (30–60 Hz from 100 to 350 ms) and 
high-gamma oscillations (61–100 Hz from 150 to 350 ms). 
For electrical stimulation, this included oscillations in the 
range of 2–10 Hz (50–400 ms), 8–29 Hz (250–1000 ms), 
30–60 Hz (50–350 ms) and 61–100 Hz (100–350 ms). The 
low-frequency (delta and theta) and gamma responses were 

maximal at the Cz electrode. As the 8–29 Hz response 
likely originates from the sensorimotor cortices bilaterally 
(Ploner et al. 2017), a cluster of four electrodes was created 
for both hemispheres (left: C3, C5, CP3 and CP5; right: 
C4, C6, CP4 and CP6) and the values were averaged across 
the four electrodes. For each subject and region of interest, 
the values were extracted, sorted from lowest to highest, 
and a mean value was obtained by taking the top 20% (for 
increases relative to baseline) or lowest 20% (for decreases 
relative to baseline). This approach allows selecting a wide 
time–frequency region, thus accounting for between-subject 
variability while minimizing the problem associated with 
near-zero values (Mouraux and Iannetti 2008).

Experiment 2

The similar sub-additive integration between modalities 
obtained in Experiment 1 was divergent from a previous 
study, where bilateral laser stimuli lead to a decrease in EEG 
responses (Northon et al. 2019). To address this issue, a 
separate experiment was conducted to replicate previous 
findings (Northon et al. 2019) and to examine if discrepan-
cies may be explained by methodological differences. The 
main methodological differences were the design of the 
conditions (separate unilateral and bilateral conditions vs 
blocks with 50% unilateral 50% bilateral stimuli) and the 
inter-stimulus interval (fixed vs variable inter-stimulus inter-
val), which may lead to predictability and habituation. For 
brevity, only the main results are presented in the manuscript 
and all Figures and Tables for this experiment are available 
in the Online Resource document.

Participants

Twenty participants were recruited at the campus of Uni-
versité du Québec à Trois-Rivières. Selection criteria were 
the same as Experiment 1. One participant was excluded 
because of technical issues leaving a total of 19 participants 
(9 female, 10 male; age range 20–37 years; mean ± SD: 
26 ± 8.3).

Experimental paradigm

The experimental paradigm of Experiment 2 is illustrated in 
the Online Resource (Fig. 5). Two stimulus modalities were 
used for this experiment: painful laser stimulation and pain-
ful electrical stimulation. Participants underwent a total of 8 
conditions, including four conditions per modality. The four 
conditions were counterbalanced between participants and 
included (1) unilateral left hand, (2) unilateral right hand, 
(3) bilateral with attention to the left and (4) bilateral with 
attention to the right hand. The conditions were counterbal-
anced similarly between modalities. Each condition included 
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a total of 20 stimuli with a fixed inter-stimulus interval of 
6 s. Prior to each condition, participants received instruc-
tions for stimulus location, and for which hand they should 
direct their attention to. Participants were instructed to rate 
pain intensity following each stimulus. At the end of each 
bilateral condition, participants also provided an average 
rating for the unattended hand. Before each condition, par-
ticipants were reminded of the hand that had to be attended.

Pain ratings and stimulus intensities

Participants fixated a cross presented on a computer moni-
tor. They were prompted to report pain verbally on a 0–100 
numerical rating scale that appeared on the screen after 
each stimulus. The scale anchors were “no pain” and “most 
intense pain imaginable”, respectively.

Painful electrical stimulation

Painful transcutaneous electrical stimulations were deliv-
ered using the same material and threshold methods as for 
Experiment 1.

Painful laser stimulation

Painful radiant heat stimuli were produced by the same 
lasers as in Experiment 1. The laser spot size was adjusted 
to 4 mm to replicate the methodology used in our previous 
study (Northon et al. 2019). As such, the maximal intensity 
in Joules was set at 2.25 for a maximum fluence of 20 J/cm2.

Electroencephalographic recordings

As in Experiment 1, brain activity was measured with a 
BrainVision EEG system comprising 64 active electrodes.

Event‑related potentials

EEG data were preprocessed as described in Experiment 
1. For ERPs, the epochs were averaged separately for the 
four conditions and for the two modalities (laser stimuli and 
painful electrical shocks). For laser stimuli, the 19 partici-
pants reported a clear pricking pain at or before the maxi-
mal fluence. Three did not have clear N2 and P2 deflections 
from their average waveforms. Thus, these components were 
computed on the 16 remaining participants. For painful elec-
trical stimuli, two participants did not show clear N100 and 
P260 potentials, so the two components were examined in 
17 participants.

Event‑related spectral perturbations

Data were analyzed as described in Experiment 1, with the 
only difference being a shorter time window used for time–fre-
quency transformation (from − 1500 to 1500 ms) to take into 
account the shorter inter-stimulus interval.

Statistical analysis

Statistical analyses were performed using Statistica v12 
(Dell Inc, Tulsa, OK, USA). All results are presented as 
mean ± standard deviation (SD). Statistical threshold was set 
at P ≤ 0.05 (two-tailed). All effect sizes are expressed as partial 
eta-squared (η2

p).
Experiment 1: Paired t tests were used to compare variables 

between unilateral and bilateral stimulation for each modality: 
ratings (pain and tactile intensity), ERPs (laser: N1, N2 and 
P2; electrical shocks: P45, N100, P260) and ERSPs (2–10 Hz, 
8–29 Hz, 30–60 Hz, 61–100 Hz). The 8–29 Hz response was 
examined with an ANOVA with stimulation and hemisphere 
as within-subject factors, since it is observed bilaterally.

Experiment 2: Repeated-measures ANOVAs were com-
puted with two within-subject factors: stimulation (unilateral 
vs bilateral conditions) and attention (attention to left-hand vs 
right hand). This approach was used to compare pain ratings, 
ERPs (laser: N1, N2 and P2; electrical shocks: P45, N100, 
P260) and ERSPs (2–10 Hz, 8–29 Hz, 30–60 Hz, 61–100 Hz). 
The hemisphere (left vs. right) factor was also included in the 
model for the 8–29 Hz response, since it is observed bilaterally.

It should be noted that a systematic approach was used to 
include participants in EEG analyses as described above; only 
participants with clear deflections were included. For consist-
ency, the ERSPs were calculated using the same participants. 
However, since the inclusion/exclusion of participants is still 
a debated issue, and that it is also possible to include all par-
ticipants regardless of the deflections’ observation, we also 
examined another possibility. For participants with no clear 
deflections, the most positive or negative value (depending 
on the deflection polarity) within a time window spanning, 
one standard deviation before and after the grand average 
peak latency was attributed as peak amplitude. Although this 
increased the sample size, all statistical values were lower, 
including the effect size. Therefore, we only report the results 
from the systematic approach that excludes participants from 
EEG analyses when no clear deflections are observable.
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Results

Experiment 1

Perception and stimulus intensity

The mean ratings for unilateral and bilateral stimuli and 
the mean stimulus intensity for all modalities are pre-
sented in Table  1. On average, unilateral and bilateral 
laser stimuli evoked similar pain, with no significant dif-
ference (t(13) = 0.96, P = 0.35, η2

p = 0.07). Laser intensity 
was not significantly different between right and left hands 
(t(13) = 0.71, P = 0.49, η2

p = 0.04). Painful electrical stim-
uli evoked moderate pain, with a trend towards a signifi-
cant difference between unilateral and bilateral conditions 
(t(21) = 2.0, P = 0.059, η2

p = 0.16), while stimulus inten-
sity was higher for the right compared with the left hand 
(t(21) = 2.2, P = 0.037, η2

p = 0.19). Lastly, non-painful elec-
trical stimuli evoked moderate tactile sensation and ratings 
were higher for the bilateral condition compared with the 
unilateral condition (t(21) = 4.0, P < 0.001, η2

p = 0.43) while 
stimulus intensity was not significantly different between 
right and left hands (t(21) = 2.0, P = 0.064, η2

p = 0.15).
These results indicate that bilateral painful stimulation 

(laser or electrical) did not evoke more pain compared with 
unilateral stimulation while tactile sensation was greater in 
the bilateral compared with unilateral condition. Stimulus 
intensity is unlikely to explain these results.

Vertex evoked potentials

Group-average ERPs and topoplots are presented in Fig. 2 
and mean values are reported in Online Resource (Table 2).

For N2 and P2 components of laser-evoked potentials 
(LEPs), the scalp distribution was centered at Cz and they 

occurred at expected latencies (N2: 197.9 ± 14.0 ms, P2: 
319.5 ± 40.1 ms). N2 and P2 peak amplitude was greater in 
the bilateral compared with unilateral condition (t(13) = 4.3, 
P < 0.001, η2

p = 0.59 and t(13) = 2.28, P = 0.04, η2
p = 0.29, 

respectively).
For N100 and P260 components of potentials evoked by 

painful shocks, the scalp distribution was centered at Cz as 
expected. N100 amplitude was greater in the bilateral com-
pared with the unilateral condition (t(21) = 6.39, P < 0.0001, 
η2

p = 0.66) while P260 amplitude was not modulated signifi-
cantly between conditions (t(21) = 0.53, P = 0.60, η2

p = 0.01).
For N100 and P260 components of potentials evoked by 

non-painful shocks, the scalp distribution was centered at 
Cz as expected. N100 amplitude was greater in the bilateral 
compared with unilateral condition (t(21) = 5.42, P < 0.0001, 
η2

p = 0.58), while P260 amplitude was not modulated signifi-
cantly (t(21) = 1.84, P = 0.08, η2

p = 0.14).
These results indicate that bilateral stimulation increased 

late ERPs for laser stimuli, while only the negative compo-
nent of the late ERPs was modulated for electrical stimuli, 
whether they were painful or non-painful.

Lateralized evoked potentials

For laser stimuli, the lateralized N1 component was observed 
after re-referencing the signal to Fz. The measured temporo-
central scalp distribution and latency (170.5 ± 16.0 ms) cor-
respond to its usual characteristics (see Fig. 3, and Online 
Resource Table 2). The N1 was maximal at central elec-
trodes contralateral to the stimulation (C3 for measurements) 
for the unilateral condition and its amplitude was not signifi-
cantly different between unilateral and bilateral conditions 
(t(13) = 1.67, P = 0.12, η2

p = 0.18).
The lateralized P45 component was observed for painful 

and non-painful electrical shocks (see Fig. 3). The temporo-
parietal scalp distribution of the earliest observable positive 

Table 1  Perceptual ratings and stimulus intensity (Experiment 1)

Unilateral Bilateral

a. Perceptual ratings
 Average ratings (0–100) (mean ± SD)
  Laser (pain) 12.4 ± 10.7 13.0 ± 9.7
  Painful shock (pain) 31.0 ± 13.1 33.2 ± 14.9
  Non-painful shock (tactile sensation) 28.5 ± 16.3 33.0 ± 18.5

Left hand Right hand

b. Stimulus intensity
 Stimulus intensity (mean ± SD)
  Laser (Joules) 3.0 ± 0.5 3.1 ± 0.5
  Painful shock (mA) 9.4 ± 4.2 11.1 ± 6.5
  Non-painful shock (mA) 3.8 ± 2.4 4.5 ± 3.1
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Fig. 2  Event-related potentials for unilateral and bilateral conditions 
for each modality. A Time course of the event-related potentials for 
laser (left), painful shocks (middle), and non-painful shocks (right) 
for unilateral and bilateral stimuli. Unilateral stimuli are depicted 
as dashed lines and bilateral as full lines. The lightly colored areas 
above and below the event-related potentials time course represent 
the standard deviation. The black arrows (for Noxious laser) depict 
the peaks used for the analysis. The gray rectangles overlying the 
event-related potentials for noxious and innocuous shocks depict the 
time windows used to calculate the mean. The conditions are identi-
fied by the pictogram in the legend. The red circle overlying the hand 

is the side on which attention had to be deployed. B Mean N2 and P2 
(left) and N100 and P260 mean values (middle: painful shock; right: 
non-painful shocks) extracted for unilateral and bilateral conditions. 
The negative potentials are shown reversed (negative: up) for easier 
comparison with the positive potentials. Unilateral (Uni) are depicted 
as dotted bars and bilateral (Bi) as full bars. The dots represent indi-
vidual data points. *, ***P < 0.05 and < 0.001 for the t test between 
unilateral and bilateral conditions, respectively. C Scalp topoplots for 
the vertex potentials (laser: N2, P2; painful and non-painful shocks: 
N100 and P260) for unilateral and bilateral conditions. Figure was 
created using Microsoft PowerPoint 2013
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deflection corresponds to its characteristics. It was maximal 
over contralateral parietal electrodes (P3 for measurements) 
for the unilateral condition and was not significantly differ-
ent between unilateral and bilateral conditions (t(21) = 0.37, 
P = 0.72, η2

p = 0.01 and t(21) = 0.67, P = 0.51, η2
p = 0.02 for 

painful and non-painful stimulation, respectively).
These results indicate that early lateralized components 

were not modulated by inputs arising from the ipsilateral 

hand, whether the stimulus was painful or not and whether 
it was evoked by lasers or electric shocks.

Event‑related spectral perturbations

Group-average ERSPs are presented in Fig. 4A, topoplots 
along with mean and individual data points in Fig. 4B, and 
mean values are reported in Online Resource (Table 3).

Fig. 3  Lateralized event-related potentials for unilateral and bilat-
eral conditions for each modality. A Scalp topoplots for the N1 (top: 
laser) and P45 (middle: painful shocks; bottom: non-painful shocks) 
for unilateral and bilateral conditions. The condition is identified by 
the pictogram. The red circle overlying the hand is the side on which 
attention had to be deployed. The contralateral (left hemisphere, C3) 
and ipsilateral (right hemisphere, C4) electrodes are depicted by dots. 
B Time course of the lateralized evoked potentials at the contralat-
eral and ipsilateral electrodes between unilateral and bilateral condi-
tions for each modality (top: laser; middle: painful shocks; bottom: 
non-painful shocks). Unilateral condition is shown as dashed lines 

and bilateral as full lines. The lightly colored areas above and below 
the event-related potentials time course represent the standard devia-
tion. The black arrows (for Noxious laser) depict the peak used for the 
analysis. The gray rectangles overlying the event-related potentials for 
noxious and innocuous shocks depict the time window used to calcu-
late the mean. C Mean values for the N1 (top: laser) and P45 (mid-
dle: painful shocks, bottom: non-painful shocks) extracted from the 
left hemisphere electrode for unilateral and bilateral conditions. Uni-
lateral is depicted as dotted bars and bilateral as full bars. The dots 
represent individual data points. Figure was created using Microsoft 
PowerPoint 2013
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For laser stimuli, power was significantly greater in 
the bilateral compared with the unilateral condition for 
2–10 Hz oscillations (t(13) = 4.4, P = 0.0007, η2

p = 0.60) 

and 61–100  Hz oscillations (t(13) = 2.7, P = 0.02, 
η2

p = 0.35), but not for 30–60 Hz oscillations (t(13) = 1.03, 
P = 0.32, ηp

2 = 0.07). For the 8–29 Hz electrode clusters, 
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oscillation power was significantly greater in the bilat-
eral compared with unilateral condition (main effect: 
F1,13 = 4.62, P = 0.05, η2

p = 0.26) and this effect was sig-
nificantly different between hemispheres (interaction: 
F1,13 = 6.49, P = 0.02, η2

p = 0.33). Planned comparisons 
revealed greater power for the bilateral compared with 
unilateral condition for the right (P = 0.026) but not the 
left (P = 0.30) electrode cluster.

For painful electrical stimuli, power was significantly 
greater in the bilateral compared with the unilateral con-
dition for 2–10 Hz oscillations (t(21) = 9.66, P < 0.0001, 
η2

p = 0.82), 30–60 Hz oscillations (t(21) = 3.42, P = 0.0025, 
η2

p = 0.36) and 61–100  Hz oscillations (t(21) = 3.7, 
P = 0.0013, η2

p = 0.39). The cluster analysis for 8–29 Hz 
power showed that oscillation power was greater in the 
bilateral compared with unilateral condition (main effect: 
F1,21 = 6.5, P = 0.019, η2

p = 0.24), but this effect was not 
significantly different between hemispheres (interaction: 
F1,21 = 0.72, P = 0.41, η2

p = 0.03).
Lastly, for non-painful electrical stimuli, power was 

significantly greater in the bilateral condition compared 
with the unilateral condition for 2–10  Hz oscillations 
(t(21) = 7.1, P < 0.0001, ηp2 = 0.71), 30–60 Hz oscillations 
(t(21) = 3.76, P = 0.0013, η2

p = 0.40) and 61–100 Hz oscil-
lations (t(21) = 2.2, P = 0.036, η2

p = 0.19). For the 8–29 Hz 
cluster analysis, oscillation power was significantly greater 
in the bilateral compared with unilateral condition (main 
effect: F1,21 = 18.78, P = 0.0003, η2

p = 0.47) and this effect 
was significantly different between hemispheres (interaction: 
F1,21 = 9.94, P = 0.005, η2

p = 0.32). Planned comparisons 
revealed a stronger response (more negative) for the bilat-
eral compared with unilateral condition for both the right 
(P = 0.0002) and the left (P = 0.006) electrode cluster.

These results indicate that bilateral stimulation increased 
the power for 2–10 Hz oscillations and 8–29 Hz oscilla-
tions, whether the stimulus was painful or not, and whether 
it was evoked by lasers or electric shocks. Bilateral stimula-
tion also increased the power for 30–60 Hz and 61–100 Hz 

oscillations for painful and non-painful electrical shocks, but 
not for laser stimulation.

Experiment 2

Pain ratings and stimulus intensities

Mean pain ratings and mean stimulus intensities are reported 
in Online Resources (Table 4). On average, laser stimuli 
evoked light pain, with no difference between unilateral 
and bilateral conditions (main effect: F1,14 = 0.98, P = 0.34, 
η2

p = 0.07) and this was not affected by attention (interaction 
F1,14 = 2.82, P = 0.11, η2

p = 0.16). Laser intensity was higher 
for the right compared with the left hand (t(15) = 2.23, 
P = 0.041, η2

p = 0.25). Painful electrical stimuli evoked mod-
erate pain with a significant difference between unilateral 
and bilateral conditions depending on attention direction 
(interaction: F1,17 = 9.51, P = 0.007, η2

p < 0.36). Planned 
comparisons revealed that pain was greater in the bilateral 
condition when attention was focused on the left hand com-
pared with the unilateral left-hand stimulation (P = 0.013), 
but not when attention was focused on the right hand com-
pared with the unilateral right-hand stimulation (P = 0.60). 
For stimulus intensity, no difference was observed between 
right and left hands (t(17) = 0.13, P = 0.89, η2

p < 0.01).
These results indicate that bilateral laser stimulation did 

not evoke more pain compared with unilateral stimulation. 
For electrical stimulation, the effects of bilateral stimulation 
were not consistent between hands.

Vertex evoked potentials

Group-average ERPs and topoplots are presented in Online 
Resource (Fig. 6) and mean values are reported in Online 
Resource (Table 5).

For N2 and P2 LEPs, the scalp distribution was cen-
tered at Cz and occurred at the expected latencies (N2: 
201.6 ± 25.6 ms, P2: 310.6 ± 27.8 ms).

N2 amplitude was significantly different between bilateral 
and unilateral conditions depending on attention direction 
(interaction: F1,14 = 4.76, P = 0.046, η2

p = 0.25). Planned 
comparisons revealed an increase in N2 amplitude in the 
bilateral condition when attention was focused on the right 
hand compared with the unilateral right-hand stimulation 
(P = 0.002), but not when attention was focused on the left 
hand compared with the unilateral left-hand stimulation 
(P = 0.67).

P2 amplitude was significantly different between bilateral 
and unilateral conditions depending on attention direction 
(interaction: F1,14 = 14.17, P = 0.002, η2

p = 0.50). Planned 
comparisons revealed a decrease in P2 amplitude for the 
bilateral condition when attention was focused on the left 
hand compared with the unilateral left-hand stimulation 

Fig. 4  Event-related spectral perturbations for unilateral and bilateral 
conditions for each modality. A Average event-related spectral pertur-
bation analysis for unilateral and bilateral conditions for each modal-
ity (top: laser, middle: painful shocks, bottom: non-painful shocks). 
The condition is identified by the pictogram. The red circle overlying 
the hand is the side on which attention had to be deployed. Units are 
in decibels (dB) relative to the baseline. Dashed areas represent the 
four regions of interests. B Mean values extracted for unilateral and 
bilateral conditions for each modality. The dots represent individual 
data points. Below each graph: scalp topoplot of the time–frequency 
peak for each region of interest. For the 8–29  Hz region of interest 
the dashed area linking the bars to the topoplots represents the left 
and right electrode clusters. *P < 0.05; **P < 0.01, ***P < 0.001 for 
the t test between unilateral and bilateral conditions. ‡‡, ‡‡‡P < 0.01 
and P < 0.001 for planned contrasts. ††P < 0.01 for the main effect of 
unilateral vs bilateral. Figure was created using Microsoft PowerPoint 
2013

◂
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(P = 0.005). In contrast, P2 amplitude was increased in the 
bilateral condition when attention was focused on the right 
hand compared with the unilateral right-hand stimulation 
(P = 0.013).

For N100 and P260 components of potentials evoked by 
painful shocks, the scalp distribution was centered at Cz, 
as expected. N100 amplitude was greater in bilateral com-
pared to unilateral condition (main effect: F1,16 = 77.66, 
P < 0.0001, η2

p = 0.83), but this effect was not modulated by 
attention (interaction: F1,16 = 1.69, P = 0.21, η2

p = 0.10). No 
significant effect was observed for the P260 (all P > 0.59).

These results indicate that bilateral stimulation increased 
the negative vertex potential for painful shocks. For laser 
stimuli, the effects of bilateral stimulation were not consist-
ent between hands.

Lateralized evoked potentials

Group-average lateralized ERPs and topoplots are presented 
in Online Resource (Fig. 7) and mean values are reported in 
Online Resource (Table 5).

For LEPs, the temporo-central scalp distribution and 
latency (166.0 ± 19.0 ms) correspond to usual characteristics 
of the N1. N1 amplitude was maximal at central electrodes 
contralateral to the stimulation for the unilateral stimulation 
(right hand: C3 for measurements, left hand: C4 for meas-
urements). N1 amplitude was significantly different between 
unilateral and bilateral conditions depending on attention 
direction (interaction: F1,14 = 7.91, P = 0.014, η2

p = 0.36). 
Planned comparisons revealed that N1 amplitude decreased 
for the bilateral condition with attention to the left hand 
compared with unilateral left-hand stimulation (measured 
at C4) (P = 0.0013), but not for the bilateral condition with 
attention to the right hand compared with unilateral right-
hand stimulation (measured at C3).

The P45 evoked by painful electrical stimuli was not con-
sistently measurable between conditions, so it is shown but 
not further analyzed.

These results indicate that the effects of bilateral stimula-
tion on early lateralized potentials are not consistent either 
for laser or for electrical stimulation.

Event‑related spectral perturbations

Group-average ERSPs and topoplots are presented in Online 
Resource (Fig. 8) and mean values are reported in Online 
Resource (Table 6).

For laser stimuli, 2–10 Hz oscillation power was signifi-
cantly different between bilateral and unilateral conditions 
depending on attention direction (interaction: F1,14 = 11.75, 
P = 0.004, η2

p = 0.46). Planned comparisons revealed a 
power increase for the bilateral condition when attention 
was focused on to the right hand compared with unilateral 

right-hand stimulation (P = 0.005), but not for the bilateral 
condition when attention was focused on to the left hand 
compared with unilateral left-hand stimulation (P = 0.20). 
No power modulation was observed for 30–60 Hz oscilla-
tions (all P > 0.43), 61–100 Hz oscillations (all P > 0.08) 
or for the cluster analysis for 8–29 Hz oscillations (all 
P > 0.08).

For painful electrical stimulation, power was significantly 
increased in the bilateral compared with unilateral condi-
tion for 2–10 Hz oscillations (main effect: F1,17 = 45.25, 
P < 0.0001, η2

p = 0.73), 30–60 Hz (main effect: F1,17 = 13.51, 
P = 0.002, η2

p = 0.44) and 61–100  Hz (main effect: 
F1,17 = 36.40, P < 0.0001, η2

p = 0.68), but these effects were 
not significantly modulated by attention (all P > 0.11). No 
significant modulation was observed for the 8–29 Hz cluster 
analysis (all P > 0.09).

These results indicate that bilateral stimulation increased 
power for 2–10 Hz, 30–60 Hz and 61–100 Hz oscillations 
evoked by painful shocks. For laser stimulation, the effects 
of bilateral stimulation were not consistent between hands.

Discussion

Previous work has shown that bilateral noxious inputs inter-
act in the brain, as shown by a modulation of pain-related 
brain activity, although the limited number of studies led 
to divergent results (Northon et al. 2019; Rustamov et al. 
2019). This could be explained by differences in stimulation 
procedures, since the two available studies used either laser 
or electrical stimuli. Indeed, laser stimuli activate nocicep-
tive fibers selectively while transcutaneous electrical stimuli 
activate nociceptive and other sensory fibers (Garcia-Larrea 
2006). Differences may also be due to stimulus location. The 
feet are closer to each other compared with the hands, both 
in space (in normal anatomical position) and in the corti-
cal somatosensory map. In addition, the hands are closer 
to the face, the center of the defensive peri-personal space 
(Sambo et al. 2012), which may increase the modulation of 
defensive reflexes (Moayedi et al. 2015) and the behavioral 
relevance or threat (Moayedi et al. 2016), especially when 
bilateral stimuli are applied. In experimental settings where 
participants are seated, participants may not see their feet 
and hands in the same way, a factor that modulates the per-
ception and cortical responses of noxious and innocuous 
stimuli (Kennett et al. 2001; Torta et al. 2015). In the present 
study, vertex LEP and SEP data indicate that the interactions 
following bilateral inputs are generally not affected by the 
type of afferents activated by the stimuli. These results are 
consistent with those from a previous study showing that the 
amplitude of the N100 was greater for bilateral compared to 
unilateral electrical stimulation at the ankle (Rustamov et al. 
2019). However, the results contrast with those of another 
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study showing that LEP amplitude is decreased for bilateral 
compared with unilateral stimulation (Northon et al. 2019). 
To clarify this discrepancy, a second experiment was con-
ducted with the same experimental design as in the previous 
study (Northon et al. 2019). Results from this second experi-
ment confirm that the most common effect for bilateral laser 
stimulation is an increase in LEP amplitude. Nevertheless, it 
should be noted that some participants showed the opposite 
effect. Response suppression, as reported previously (Kuroki 
et al. 2017), may contribute to this effect. Notwithstanding, 
the present study clarifies that bilateral noxious inputs inter-
act in the brain, and that this interaction is generally reflected 
in increased amplitude of vertex ERPs and is not affected 
by stimulus properties (shock vs laser) or stimulus location 
(hands in the present study and feet in a previous study Rus-
tamov et al. 2019). Also, since the shock and laser stimuli 
were grouped in separate blocks, the results confirm that this 
observation is not affected by differences in the anticipated 
perception or threat of the stimulus (shock vs laser).

In contrast to the vertex ERPs, lateralized ERPs were gen-
erally comparable between unilateral and bilateral stimula-
tion. Lateralized ERPs measured in the present study mostly 
represent activity in the somatosensory cortex (Allison et al. 
1996). The P45 is usually similar between painful and non-
painful stimuli, as observed here. Likewise, the N1 is not 
different between perceived and unperceived laser stimuli 
(Lee et al. 2009). However, the N1 can be dissociated from 
pain ratings (Iannetti et al. 2008) and is sensitive to nov-
elty and saliency (Ronga et al. 2013). Thus, the selective 
effects on vertex potentials cannot be fully explained by 
increased saliency, in which case N1 amplitude should also 
be increased. However, the signal-to-noise ratio of these lat-
eralized responses is lower than that of vertex potentials and 
may preclude the detection of small effects.

ERSPs are other measures of interest from brain activity 
that were examined in the present study. Brain oscillations 
and how they synchronize or desynchronize are known to 
allow integration (Fries 2015; Mejias et al. 2016; Schnitzler 
and Gross 2005). Thus, they extend ERP findings and are 
especially well suited to study how noxious inputs interact 
in the brain.

Gamma oscillations are ubiquitous in the neocortex and 
are thought to reflect local cortical processing and long-
range synchronization (Fries 2009). An increase in gamma 
oscillation power evoked by phasic painful stimuli was 
reported in several studies (Chien et al. 2014; Hauck et al. 
2015; Heid et al. 2020; Northon et al. 2019; Ploner et al. 
2017; Rossiter et al. 2013; Rustamov et al. 2019; Tan et al. 
2019; Tiemann et al. 2010; Valentini et al. 2013; Yue et al. 
2020; Zhang et al. 2012). Recent studies have shown that 
SI is an important contributor to the pain-related gamma 
oscillations evoked by laser stimuli (Heid et al. 2020; Tan 
et al. 2019; Yue et al. 2020). The present results show that 

bilateral laser stimuli did not increase pain or N1 amplitude, 
but increased high-gamma power, which may suggest that 
the interactions of concurrent bilateral inputs may be detect-
able at an early processing stage (SI) using ERSPs.

The degree to which gamma oscillations induced by pain-
ful laser and electrical stimuli can be compared remains 
unclear. It was reported that pain-related gamma oscilla-
tions in SI may reflect cortical activity that is specific to 
the processing of nociceptive information (Heid et al. 2020; 
Tan et al. 2019; Yue et al. 2020). However, SI gamma oscil-
lations evoked by transcutaneous electrical stimuli exhibit 
a monotonic relationship for intensities that evoke sensa-
tions ranging from light non-painful up to strongly painful 
(Rossiter et al. 2013), which argues against this idea and 
is consistent with the present findings showing gamma 
ERSPs with both non-painful and painful shocks. The power 
increase of gamma oscillations in the bilateral condition is 
reproducible and consistent with our previous study (Rus-
tamov et al. 2019). In that previous study, the increase in 
gamma power in the bilateral condition was accompanied by 
an increase in pain ratings. The dissociation between gamma 
power and pain in Experiment 1 suggest that the gamma 
power increase is independent of changes in pain perception 
and thus reflects more than pain perception, at least in the 
present experimental conditions.

Previous studies have shown that homo-segmental 
bilateral electrical stimulation, but not laser stimulation, 
increases pain compared with unilateral stimulation (Nor-
thon et al. 2019; Rustamov et al. 2019). The present results 
indicate that homo-segmental bilateral electrical stimula-
tion does not necessarily increase pain perception com-
pared with unilateral stimulation, although a trend was 
observed. Other reports also showed that integration can 
occur between dermatomes from the ipsi- and contralateral 
limbs when concurrent tonic heat pain is used (Defrin et al. 
2010; Nielsen and Arendt-Nielsen 1997). In these studies, 
spatial attention modulated perception: attention focusing on 
one of the two stimuli decreased spatial summation of pain, 
whereas dividing attention between both stimuli decreased 
pain compared with a single stimulus. Similarly, global 
rating of two painful stimuli modulates pain compared to 
the rating of a single stimulus (Lautenbacher et al. 2007; 
Quevedo and Coghill 2007). However, these studies used 
tonic stimuli or a combination of tonic and phasic stimuli. 
Tonic painful stimuli activate a spino-bulbo-spinal loop 
that produce widespread inhibition of nociceptive activ-
ity in other body areas, a “pain-inhibits-pain” mechanism 
termed diffuse noxious inhibitory control (DNIC) (Le Bars 
et al. 1979) or conditioned pain modulation (CPM) (Yar-
nitsky 2010). In the present study, since two short-duration 
concurrent stimuli were used, this mechanism is unlikely to 
be involved. Indeed, nociceptive inputs are already ascend-
ing when inhibitory feedback reaches their spinal origin. 
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Besides, dividing attention between concurrent painful 
and non-painful tonic stimuli also reduces pain perception 
(Quevedo and Coghill 2007) suggesting that spatial atten-
tion is important in modulating the perception of concurrent 
stimuli. In the present study, participants always rated the 
right hand to control spatial attention and examine the effect 
of a concurrent contralateral input on perception and brain 
responses across different modalities. It should be noted that 
since participants rated average pain on the left hand (unat-
tended) during each rest period, this may have prevented 
a complete attentional focus on the right hand. However, 
participants were reminded to attend and rate the right hand 
before the beginning of each stimulation block to limit this 
potential interference. Future studies should examine if dif-
ferent spatial attention sets (e.g. global, divided attention) 
can modulate the integration of concurrent phasic inputs.

For non-painful stimuli, we observed a significant 
increase in tactile sensation in the bilateral condition. One 
possibility to explain the discrepancy between painful and 
non-painful stimuli is a ceiling effect for the attentional cap-
ture by painful stimuli. Accordingly, the summation effects 
may not be linear and applying a concurrent stimulus to a 
non-painful or to a painful stimulus may not lead to propor-
tional increases in perception. This could be examined in 
future studies with non-painful and painful stimuli of vari-
ous intensities.

While perception and event-related brain activity tend 
to co-vary, dissociations are common (Iannetti et al. 2008; 
Legrain et al. 2011). An example is the stable pain percep-
tion but strong decrease in event-related potentials when 
a triplet of painful stimuli is presented with a 1-s interval 
(Iannetti et al. 2008). This and other investigations have led 
to the prevailing view that vertex potentials likely reflect a 
multimodal detection of salient stimuli (Legrain et al. 2011). 
Yet, both the N1 and N2 of the laser-evoked potentials tend 
to retain some somatosensory specificity whereas the late, 
multimodal P2 potential shares striking similarities with late 
potentials evoked by visual, tactile and auditory stimuli.

By changing stimulus-driven parameters of the 3rd stimu-
lus in the triplet paradigm, N2 habituation was shown to be 
sensitive to changes in novelty and saliency (Ronga et al. 
2013). Behaviorally relevant changes in stimulus location 
from the foot to the hand for the 3rd stimuli can also revert 
N2 habituation specifically (Moayedi et al. 2016) and the 
trial-by-trial variability of the N2 predicts the reaction time 
of a defensive motor response to noxious stimuli (Moayedi 
et al. 2015). Thus, it was suggested that the N2 also reflects 
the detection of potential threats and initiation of defen-
sive motor responses (Moayedi et al. 2016, 2015). This 
spatial-change effect is not observed when 3rd stimulus is 
displaced from one hand to the other (Torta et al. 2012). 
Thus, the effect observed in the present study is unlikely 
to be explained by the introduction of a spatial change (or 

addition of a spatial location) in the sensory stream. Based 
on these accounts, the selective effects on negative vertex 
potentials may be interpreted as an integration of bilateral 
inputs from individual stimuli into a more salient, threat-
ening event. This may explain the similarity of results for 
painful and non-painful stimuli. These results would benefit 
from a multimodal approach combining methods that com-
plement the high temporal but low spatial resolution of EEG 
such as functional magnetic resonance imagery (fMRI), to 
explore the brain areas in which such interactions may occur. 
Lastly, methodological studies on the selection of partici-
pants on the basis of the presence or absence of a physi-
ological response are needed to clarify which approach is 
preferable in which context, and to standardize the methods 
between studies.

Conclusion

In summary, the present study clarifies that bilateral inputs 
lead to similar cortical interactions for noxious and innocu-
ous stimuli, resulting in a sub-additive increase of brain 
responses, but lead to different perceptual effects.
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