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ABSTRACT
Sustained periodic stimuli are known to elicit a periodic neural response (i.e., steady-state evoked potential) in the EEG fre-
quency spectrum. These responses can easily be traced at their frequency of stimulation and corresponding harmonics using a 
frequency-tagging approach. To date, sustained periodic thermonociceptive stimuli have only been used on one extremity (e.g., 
right volar forearm) at a time. Extending this procedure to sustained stimulation applied concomitantly to distinct limbs would 
allow us to study the mechanisms of integration or competition between sensory signals from these different body locations. This 
study demonstrates that slow, sustained, sinusoidal thermonociceptive stimuli, bilaterally applied using two different stimulation 
frequencies (i.e., f1, f2, one on each forearm), elicit two distinct neural periodic responses at the respective frequency of stimu-
lation and their harmonics. Additionally, we showed preliminary evidence for an interaction between the neural populations 
involved in the response to these stimuli, marked by neural activity at intermodulation frequencies (n* f1 ± m* f2). While encour-
aging, further studies designed specifically to tease out these intermodulation responses are needed to corroborate our findings.

1   |   Introduction

Sustained periodic stimuli are known to elicit a periodic neu-
ral response at the frequency of stimulation and its harmonics 
(Regan 1989). This frequency-tagging paradigm has been used 
for years to explore neural mechanisms underlying sensory per-
ception domains such as auditory (e.g., (Geisler  1960; Pantev 
et al. 1996)), vision (see Rossion et al. (2020) for a comprehen-
sive review), or rhythm perception (Nozaradan et  al.  2018; 
Nozaradan et  al.  2011), but has also been extended to tac-
tile (Moungou et  al.  2016) and crucially, thermo-nociceptive 

stimuli (Colon, Legrain, and Mouraux 2012; Colon, Nozaradan, 
et al. 2012; Mouraux et al. 2011).

Subsequent investigations demonstrated that an ultra-slow sus-
tained periodic sinusoidal thermo-nociceptive stimulation ap-
plied at 0.2 Hz leads to improved signal-to-noise ratio (SNR) of 
the response to the nociceptive stimulation. Moreover, these slow 
steady-state evoked potentials (SSEPs) reflect predominantly the 
activation of slowly adapting C-fibers (Colon et  al.  2017). Being 
thus related to the secondary burning and lasting sensation of pain 
as well as being implicated in tissue inflammation (Campbell and 
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Meyer 1983), these SSEPs could potentially aid in the understand-
ing of the role of C-fibers in pain perception (Iannetti et al. 2008). 
While this ultra-slow frequency-tagging paradigm has subse-
quently been used in a number of scalp EEG investigations (Leu 
et al. 2023; Leu et al. 2025; Leu et al. 2024; Mulders et al. 2020), 
which further deepened the understanding of these periodic brain 
responses, they have always been applied to one single body limb 
at a time (although sometimes concomitant with a stimulus of an-
other sensory modality, e.g., Colon et al. (2014)). However, these 
applications do not tap into the full potential of this paradigm; 
given its high SNR generated, this type of slow sustained stimulus 
is highly suited to tease out otherwise relatively small differences 
in neural processing and integration of nociceptive stimuli. In 
particular, the concomitant application of these stimuli at differ-
ent body sites, for instance bilaterally on both arms, would also 
allow us to assess characteristics of cognitive processing induced 
by, for example, spatial attention tasks (as demonstrated in other 
sensory modalities (Colon et al. 2015; Giabbiconi et al. 2007; Porcu 
et al. 2013; Saupe et al. 2009; Toffanin et al. 2009)).

Concomitantly applied sensory periodic stimuli can elicit phe-
nomena known as intermodulation (within the same sensory 
modality) or cross-modulation (between sensory modalities). 
Intermodulation refers to a specific frequency-domain manifes-
tation of nonlinear integration, which is defined as a combined 
neural response to multiple inputs that cannot be accounted for 
by a linear superposition of the responses to each input presented 
in isolation. This phenomenon can be observed in the EEG fre-
quency spectrum as neural responses at frequencies correspond-
ing to linear combinations of the stimulation frequencies (i.e., n* 
f1 ± m*f2) (Regan and Regan 1988a; Regan and Regan 1988b; Yang 
et al. 2016). While audiovisual cross-modulation at these specific 
frequencies was initially reported (Regan et al. 1995), subsequent 
studies have failed to replicate this effect using concomitant au-
diovisual (Giani et  al.  2012), visual-tactile (Colon et  al.  2015), 
or nociceptive-visual and nociceptive-tactile stimuli (Colon 
et al. 2014). Conversely, intermodulation by integration of different 
streams of visual input has been frequently achieved (reviewed in 
Chen et al.  (2024); Gordon et al.  (2019); Xu et al.  (2022)). Using 
vibrotactile stimulation, intermodulation has also been found for 
concomitant stimulation on the same hand, but not when both 
hands were stimulated (Pang and Mueller 2015). However, to the 
best of our knowledge, intermodulation has never been evidenced 
following concomitant sustained periodic nociceptive stimulation.

Thus, the main aim of this investigation was to demonstrate that 
the bilateral and concomitant application of ultra-slow sustained 
periodic sinusoidal thermo-nociceptive stimulation at two differ-
ent frequencies (f1, f2) would elicit a periodic response in the EEG 
frequency spectrum for both stimulation frequencies. Upon con-
firmation of this effect, we aimed to further explore the possibility 
of intermodulation (i.e., nonlinear integration of the concomitant 
stimuli), a response which would emerge at intermodulation fre-
quencies, a combination of harmonics of f1 and f2 (i.e., n* f1 ± m* f2).

2   |   Methods

This experiment was preregistered on the Open Science 
Framework (OSF, 10.17605/OSF.IO/KN5QE) prior to the begin-
ning of data collection.

2.1   |   Participants

Twenty healthy participants (between 18 and 35 years old) were 
recruited via an established website and received compensation 
of 15€ for their participation in the experiment (duration approx-
imately 1.5 h). The data of two participants had to be removed 
from the analysis due to technical problems with the EEG re-
cordings and were subsequently also removed from the behav-
ioral data analysis. The remaining participants (n = 18) were 
24.2 ± 3.5 (mean ± std dev) years old (range: 20–35) and eight 
participants were female. Only right-handed participants were 
included in the investigation to avoid any potential confound of 
handedness of the participants in our results.

Exclusion criteria included regular use of psychotropic med-
ication, intake of 1st level analgesics (i.e., paracetamol and 
nonsteroidal anti-inflammatory drugs) within 12 h before the 
experiment, as well as any severe neurological diseases, psychi-
atric disorders, recent trauma, or skin disease affecting upper 
limbs. All participants gave written informed consent prior to 
the beginning of the assessment and were informed that they 
could withdraw from the experiment at any given time. All 
procedures were performed in accordance with the relevant 
guidelines and regulations. The local research ethics committee 
approved all experimental procedures (Commission d'Ethique 
hospitalo-facultaire Saint-Luc UCLouvain, B403201316436).

The software G*Power was used to conduct a power analysis. We 
aimed to reach a power of 0.8 using a standard 0.05 alpha error 
probability. Based on data of Colon et  al.  (2017), we expected a 
relatively large effect size (d = 1.15) for the detection of a periodic 
response (tested against zero, one-sided) at the frequency of stim-
ulation, resulting in a suggestion of 10 participants. To account for 
a potentially smaller effect size given the concomitant bilateral 
stimulation (as opposed to the commonly used unilateral 0.2 Hz 
stimulation), to match investigations in other domains, which ob-
served responses at the intermodulation frequencies (Boremanse 
et al. 2013; Giani et al. 2012) and to account for potential dropouts, 
we increased the sample size to 20 participants.

2.2   |   Stimuli and Materials

Two thermal cutaneous stimulators (TCS II with T03 probe, 
QST. Lab, Strasbourg, France) were used to deliver sustained 
periodic thermonociceptive stimuli on the volar forearms of 
the participants. The probes were set with 15 micro-Peltier 
elements (each ~7.7 mm2, arranged in a 30-mm diameter cir-
cle), whose temperature can vary at rates of up to 300°C/s. 
The temperature of stimulation varied between 35°C and 50°C 
in a sustained periodic sinusoidal manner. Two frequencies of 
stimulation were applied for 60 s per trial, one on each arm of 
the participant: Stimulation at frequency 1 ( f1) was delivered 
at 0.25 Hz (i.e., containing 15 cycles of 4 s), while stimulation 
at frequency 2 ( f2) was delivered at 0.333 Hz (i.e., containing 
20 cycles of 3 s) (Figure  1). The forearm on which f1 and f2 
were applied was counterbalanced during the experiment, so 
that the left and right arm received the same number of stim-
uli with both stimulation frequencies across the experiment. 
Intertrial intervals were variable and self-paced by the experi-
menter to allow participants to provide ratings of intensity and 
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painfulness. The thermodes were displaced after each trial to 
avoid habituation or sensitization. Stimulation frequencies 
were determined based on previous studies demonstrating 
that ultra-slow sustained periodic thermonociceptive stimuli 
have a superior SNR in frequency-tagging paradigms com-
pared to faster paced thermonociceptive stimulation (Colon 
et al. 2017). Additionally, the frequencies were chosen so that 
their harmonics would not overlap in the frequency spectrum. 
Lastly, we aimed to have stimulation frequencies that are not 
too different from each other to avoid delivering significantly 
more stimulation cycles on one arm than on the other during 
the same trial (i.e., avoiding confounds due to, e.g., difference 
in terms of temporal summation).

2.3   |   Procedure

Participants were seated comfortably in a chair in front of 
a table, on which both their forearms were resting with the 
volar surface upwards. They were instructed to move as little 
as possible and keep their gaze constant to avoid interference 
with the EEG signal acquisition during the thermonocicep-
tive stimulation. Additionally, they were encouraged to focus 
their attention on the bilaterally applied stimulation during 
the trials, that is, on both arms at the same time and not on 
one arm specifically. In total, 30 trials of the bilateral ther-
monociceptive stimulation were delivered, split into six blocks 
of five stimulation trials. The arm on which f1 and f2 were ap-
plied was randomized and counterbalanced across blocks, so 
that each arm received an equal amount of stimulation using 
f1 and f2.

2.4   |   Behavioral Data

Participants were asked to give a global rating of the intensity 
of their perception of the bilateral thermonociceptive stimu-
lation on a numerical rating scale (NRS) ranging from 0 (“no 
perception”) to 10 (“most intense perception imaginable”) after 
each trial. Participants were encouraged to give a spontaneous 

rating, reflecting their perception as adequately as possible. 
Additionally, they were asked after each trial to evaluate whether 
they perceived the stimulation as painful, answering either with 
“yes” or “no.” Finally, after each block (i.e., 5 trials), participants 
were asked whether they perceived the left and right stimulation 
differently from each other. Prior work from our lab indicates 
that thermonociceptive SSEPs are largely independent of sub-
jective intensity ratings (Leu et al. 2023, 2024), suggesting that 
interindividual and intraindividual variability in intensity per-
ception is unlikely to have substantially influenced SSEP ampli-
tudes in the present study. Accordingly, behavioral ratings were 
recorded primarily to contextualize stimulus perception rather 
than explain EEG responses.

2.5   |   EEG Data

EEG signals were recorded using an elastic electrode-cap with 
64 active, preamplified Ag-AgCl electrodes arranged accord-
ing to the international 10–10 system; signals were digitalized 
at 1024 Hz and stored for offline analyses (ActiveTwo, BioSemi, 
the Netherlands). To maintain a clear signal, the direct-current 
offset was limited to 30 mV. All electrodes were rereferenced of-
fline to the average electrode activity.

The EEG recordings were preprocessed using the Letswave7 
(www.​letsw​ave.​org) toolbox and analyzed using custom 
scripts in MATLAB 2022a (The MathWorks Inc., Natick, 
Massachusetts, USA).

2.5.1   |   Preprocessing

To process EEG data, we employed a frequency-tagging analysis 
approach (Regan 1966, 1989) to analyze the periodic response 
induced by the slow sustained periodic stimuli, which allows 
for an objective differentiation between oscillatory activity re-
lated to the applied stimuli and other unrelated ongoing activity 
(Colon, Nozaradan, et al. 2012b). The frequency-tagging method 
is based on the notion that a periodic stimulus elicits a periodic 

FIGURE 1    |    Illustration of the bilateral and concomitant stimulation. Sustained periodic sinusoidal thermonociceptive stimuli were delivered at 
the frequencies f1 (0.25 Hz) and f2 (0.333 Hz), using a thermal cutaneous stimulator (TCS II, QST. Lab, Strasbourg, France).
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activity which can be identified as periodic responses at the 
frequency of stimulation in the recorded EEG signals (Colon, 
Legrain, and Mouraux 2012; Mouraux et al. 2011). This approach 
has been frequently used in our lab, leading to a standardized 
analysis approach (Colon et al. 2017; Leu et al. 2023, 2025, 2024; 
Mulders et al. 2020).

The obtained EEG signal was first filtered using a fourth-order 
Butterworth band-pass filter between 0.05 Hz (to remove slow 
drifts in the recording) and 100 Hz (removing signal outside of 
our range of interest), then a Notch filter with a 2 Hz width was 
applied at 50 and 100 Hz. The signal was segmented into epochs 
of the length of stimulation (60 s), relative to the onset of the 
stimuli. Because of their placement on the EEG cap, electrodes 
Iz, P9, and P10 are often very noisy and were therefore removed 
from the data set to improve signal quality. To remove potential 
muscular artefacts (i.e., from eye movements), an Independent 
Component Analysis (Fast ICA algorithm) (Hyvarinen and 
Oja  2000) was applied, and any trial containing amplitudes 
larger than 500 μV (peak-to-peak) was removed. On average, ~ 
3 ± 2 independent components supposed to reflect noise signals 
were removed per participant. Less than 1% of trials were re-
moved overall due to large artefacts that could not be removed 
using the ICA. Noisy channels were interpolated using their 
three neighboring electrodes. The remaining signal was reref-
erenced to the average of the electrode set and epochs were con-
catenated to a length of 120 s, to improve the signal resolution in 
the frequency domain (frequency resolution = 1/epoch duration, 
i.e., 1/120 s = 0.00833 Hz). The epochs were then averaged across 
trials for each participant separately. To analyze the signal in the 
frequency domain, a discrete Fourier transform (FFT) (Frigo 
and Johnson  1998) was used. Finally, residual noise was par-
tially removed by subtracting the average amplitude of the sig-
nal measured at two to eight neighboring frequencies (thereby 
excluding the bins immediately adjacent to the bin of interest), at 
each electrode and at each frequency bin (Mouraux et al. 2011).

2.5.2   |   Aggregation of Harmonics

The neural response to periodic stimulation is known to be dis-
tributed across harmonics in the frequency spectrum, and these 
harmonics should be aggregated (i.e., summed up) for an ade-
quate reflection of the neural response to the stimulation (Retter 
et al. 2021). While there are many different approaches on how 
to define the ideal number of harmonics to sum, we chose to 
find the harmonic at which the aggregated signal has the high-
est signal-to-noise ratio (SNR) in the frequency spectrum, using 
baseline-corrected group- and channel-averaged data for f1 and 
f2. The SNR was calculated by dividing the signal at a given 
frequency bin x by the mean amount of noise at the eight sur-
rounding frequency bins (x/baseline noise, excluding immedi-
ately adjacent bins), providing a stable measure while avoiding 
overlap with neighboring stimulation frequencies or harmonics. 
Nevertheless, it cannot be excluded that the overall SNR could 
be slightly underestimated because of spectral leakage around 
the bins of interest, despite the removal of the immediately 
adjacent bin. This method differs slightly from previous inves-
tigations from our lab, where the harmonics were either not con-
sidered (Colon et al. 2017; Mulders et al. 2020) or all harmonics 
in the frequency spectrum were aggregated, regardless of their 

contribution to the SNR (Leu et al. 2023; Leu et al. 2024). Here, 
we adopted an intermediate approach that retains relevant har-
monic components of the brain's response while limiting the in-
clusion of noise thereby providing a more balanced and reliable 
estimate of the signal.

To aggregate the harmonics, a custom MATLAB script was used 
to sum up the amplitude at each harmonic of each frequency of 
stimulation consecutively and assess the new SNR at each step 
(evaluated against 8 frequency bins on each side). Based on this 
evaluation, the highest SNR was identified at 9.25 Hz for f1 and 
7.333 Hz for f2. Similar to other thermonociceptive SSEP inves-
tigations, the first few harmonics carried most of the periodic 
neural response (Colon et al. 2017; Leu et al. 2023, 2025, 2024; 
Mulders et al. 2020).

A multi-sensor cluster-based Wilcoxon signed-rank test (clus-
ters built using up to 4 electrode neighbors, 1000 permutations, 
p < 0.05, right-tailed) was used to objectively assess the elec-
trodes with the largest responses (i.e., amplitude) at the aggre-
gated harmonics for f1 and f2 separately.

2.5.3   |   Intermodulation Responses

To assess intermodulation responses, the baseline-corrected 
signal was grand averaged across participants and electrodes 
to avoid a large number of comparisons across frequencies and 
channels. Z-scores were calculated at each frequency bin by cal-
culating the difference between the amplitude of the frequency 
bin and the averaged amplitude of the 8 frequency bins on each 
side (16 in total), excluding the immediately adjacent bins, and 
divided by the standard deviation of these 8 bins (following the 
formula: x − baseline noise/std devbaseline noise).

Significant z-scores at intermodulation frequencies (i.e., n* 
f1 ± m* f2, where n and m are integers, excluding direct harmonics 
of f1 and f2) were identified in the group- and channel-averaged 
EEG spectrum up to 50 Hz (p < 0.001). Then, for each channel 
and participant, the frequency-transformed amplitude was ex-
tracted at the frequency bins identified based on the group-level 
z-scores. These chunks (17 bins wide, identified frequency at 
bin 9) were aggregated to form the “intermodulation response” 
for each channel and participant. The data were then baseline-
corrected and electrodes with activity significantly larger than 
0 were identified using the same cluster-based Wilcoxon-signed 
rank test as described above.

2.5.4   |   Assessment of the Number of Trials Necessary 
for a Good SNR

Finally, a larger number of trials were used in this experiment 
than in previous frequency-tagging investigations from our lab. 
To explore how many trials would suffice for a good SNR at the 
frequency of stimulation and harmonics of f1 and f2 (excluding 
the intermodulation response), we ran the analysis for either the 
first 6, 12, 18, and 24 trials of each participant and assessed the 
SNR of the baseline-subtracted group- and channel-averaged 
signal at the subsequently aggregated harmonics in the fre-
quency spectrum.
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2.6   |   Statistical Analyses

Statistical analyses were carried out using R Statistical Software 
(Version 4.3.1, R Core Team 2023) and MATLAB (2022a). The 
significance level was set at p ≤ 0.001 for the identification of sig-
nificant intermodulation responses; consequently, z-scores ≥ 3.1 
were considered as significant (one-sided, signal > noise). For 
other statistical tests, the significance level was set to p ≤ 0.05.

Linear mixed models (LMMs) including subject as random effect 
(accounting for intercept variations between individuals) were 
used to assess differences in intensity ratings across the stimula-
tion blocks. A generalized linear mixed effects model with sub-
ject as random intercept and a binomial error distribution was 
used to assess the binary ratings of pain perception, testing over-
all block effects with a Wald χ2 test. All pairwise comparisons 
versus block 1 were obtained from model-estimated marginal 
means with Holm-adjusted p values. A Wilcoxon two-sample 
paired signed-rank test was used to evaluate whether the aggre-
gated amplitudes elicited by stimulation with f1 and f2 differed 
from each other.

3   |   Results

3.1   |   Behavioral Data

On average, the stimuli were perceived as painful in 35% of the tri-
als (Figure 2A). Five participants never perceived the stimulation as 
painful, while for most other participants the number of trials that 
were perceived as painful varied between the stimulation blocks. 
The mixed-effects logistic regression did not indicate a significant 
main effect of stimulation block on whether stimuli were perceived 

as painful (χ2(5) = 9.260, p = 0.099, η2 = 0.0103). All participants 
indicated that they perceived the stimuli at a similar intensity on 
both arms. Overall, the stimuli were evaluated at an intensity of 
5.33 ± 2.28 (mean ± std dev). A significant main effect of stimu-
lation block was found in the LMM (F(5, 517) = 3.722, p = 0.003, 
η2

p = 0.03). Post hoc comparisons of model estimated marginal 
means (EMMs) showed that compared to block 1, mean intensity 
ratings did not differ significantly in block 2 (EMM = 0.26, 95% CI 
[−0.18, 0.71], p = 0.130, η2

p = 0.013) or block 3 (EMM = 0.36, 95% CI 
[−0.08, 0.81], p = 0.073, η2

p = 0.024). However, intensity perception 
ratings were significantly higher in block 4 (EMM = 0.55, 95% CI 
[0.10, 1.00], p = 0.005, η2

p = 0.054), block 5 (EMM = 0.58, 95% CI 
[0.14, 1.03], p = 0.003, η2

p = 0.060), and block 6 (EMM = 0.60, 95% 
CI [0.15, 1.05], p = 0.003, η2

p = 0.063).

3.2   |   EEG Data

Stimuli applied with frequency f1 and f2 elicited clear periodic 
responses at their respective frequency of stimulation and 
their harmonics (Figure 3). The first few harmonics were the 
largest for both stimulation frequencies, but they were distrib-
uted slightly differently across the frequency spectrum, lead-
ing to a different number of harmonics that were aggregated to 
achieve the highest SNR for the response to each stimulation 
intensity.

The aggregated harmonics demonstrated activity mainly dis-
tributed around the scalp vertex ( f1: Z (Cz) = 3.40, η2

p = 0.640; 
f2: Z (Cz) = 3.57, η2

p = 0.706) at both frequencies of stimulation 
(Figure 3B) as well as at temporal channels in f1 (Z (TP7) = 3.70, 
η2

p = 0.761; Z (T8) = 3.48, η2
p = 0.673). The aggregated ampli-

tudes at the scalp vertex elicited by stimulation with f1 were 

FIGURE 2    |    Ratings of perceived painfulness and intensity of the heat pain stimuli. (A) Illustration of the number of trials that were perceived as 
painful for each participant and each stimulation block. (B) Ratings of perceived stimulation intensity in each block. Horizontal lines indicate the 
evolution of each participants' average rating per block, while the mean for each block is indicated using round black dots. Individual data points (i.e., 
data for each trial and each participant) are jittered around the boxplots in grey. Results of the post hoc comparison of the model estimated marginal 
means comparing each block to block 1 are indicated: nsp > 0.05, **p < 0.01.
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slightly larger than the ones elicited by f2 (W = 138, p = 0.021, 
n = 18, η2

p = 0.292).

As we used a rather large number of trials in this experiment, 
we also explored how many trials would suffice to achieve a 
good SNR, having in mind that future studies will likely em-
ploy multiple experimental conditions while using bilateral 
stimuli. This subanalysis on the first 6, 12, 18, and 24 tri-
als of the experiment revealed that at least 12 trials are re-
quired to obtain a comparatively good SNR for stimuli at f1. 
Interestingly, stimulation frequency f2 seems to have overall a 
higher absolute SNR if more than 18 trials are included. The 
SNR of 12 trials is similar to f1 with the same number of trials 
(Figure 4).

Significant intermodulation responses were identified based 
on z-scored group- and channel-averaged data (Figure  5A). 
These baseline-corrected responses were aggregated for each 
channel (Figure  5B), demonstrating a visually identifiable 
peak at the aggregated intermodulation frequency for most 
channels. Significant clusters of neural activity were subse-
quently identified at fronto-central and parietal electrodes 
(Figure 5C).

4   |   Discussion

4.1   |   Bilateral Frequency-Tagging of Sustained 
Periodic Thermonociceptive Stimuli

This proof-of-concept study aimed to demonstrate that bilateral 
and concomitant application of ultra-slow sustained periodic sinu-
soidal thermonociceptive stimulation at frequencies f1 and f2 elicits 
periodic neural responses (i.e., SSEPs) at each respective frequency 
of stimulation (and its harmonics), which can objectively identified 
using a frequency-tagging approach. Additionally, we investigated 
whether the simultaneous activation of potentially similar neuro-
nal populations by the bilateral stimulation leads to a nonlinear 
integration of the nociceptive input, which would be present at in-
termodulation frequencies (i.e., n* f1 ± m* f2).

Both stimuli elicited clear SSEPs in the frequency spectrum at 
the frequency of stimulation and their harmonics. The largest 
periodic response to these concomitantly applied ultra-slow 
stimuli was found at the scalp vertex for both stimuli, consis-
tent with other thermonociceptive SSEP investigations (Colon 
et  al.  2017; Leu et  al.  2023,  2025,  2024; Mulders et  al.  2020), 
The obtained frequency spectra further parallel the previous 

FIGURE 3    |    Neural response recorded following concomitant and bilaterally applied sustained periodic thermonociceptive stimulation on the 
volar forearms. (A) Steady-state evoked potentials elicited by stimuli at frequency f1 (0.25) and f2 (0.333) in the EEG frequency spectrum. Group aver-
aged data are indicated for each channel (colored) and the pooled channels (black). (B) Topographical plots represent the response at the aggregated 
harmonics for f1 and f2, based on the number of aggregated harmonics with the highest SNR in the frequency spectrum estimated from group- and 
channel-averaged data for f1 and f2. (C) Responses at channel Cz of each participant (colored) as well as the group-average (black). Reponses at the 
frequency of stimulation and harmonics are indicated with vertical lines. (D) Subject-level data for the first four harmonics at channel Cz, corre-
sponding to panel C. Group mean and confidence intervals (0.95) are indicated.
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FIGURE 4    |    SNR development across the frequency spectrum for different numbers of trials. For each frequency of stimulation, the number of 
trials averaged before the frequency transformation was gradually decreased to assess its impact on the SNR across the frequency spectrum. The aim 
was to find the lowest number of trials still achieving a comparatively high SNR.

FIGURE 5    |    Neural activity at intermodulation frequencies. (A) Intermodulation frequencies of the group- and channel-averaged response that 
exhibited an amplitude with a z-score > 3.1. (B) Baseline-corrected and group-averaged activity of all channels at the aggregated intermodulation fre-
quency. The black line marks the average of all channels. (C) Representation of electrodes exhibiting a response significantly larger than 0 (following 
a cluster-based Wilcoxon signed-rank test) in the aggregated intermodulation response.
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thermonociceptive SSEP investigations, as the first few harmon-
ics carried most of the periodic neural response. While the mag-
nitude of the aggregated response differed slightly between f1 
and f2, this is likely due to the relatively large difference in the 
number of harmonics that were aggregated in each response.

Previous studies comparing time-locked event-related poten-
tials (ERPs) elicited by bilateral vs. unilateral application of brief 
thermonociceptive laser stimuli reported inconsistent results. 
In one experiment, ERP magnitudes elicited by bilateral stim-
ulation decreased compared to unilateral stimulation (Northon 
et al. 2018), while they increased (particularly when the hands 
were close to the body) in another (Northon et  al.  2022). One 
reason for the variability in these results may be that, because 
ERPs are obtained by averaging EEG signals in the time domain 
and therefore reflect superposition of the different responses in-
discriminately, this does not allow for understanding the indi-
vidual contribution of the ascending signals generated by each 
limb stimulation. Using a SSEP paradigm with two distinct 
stimulation frequencies could address this, allowing for clearer 
differentiation of input from each stimulated arm. Future stud-
ies could directly compare unilateral and bilateral stimulation to 
better understand how the brain processes concomitant versus 
single streams of thermonociceptive stimulation.

Given the relatively large number of trials in this experiment, we 
examined how reducing trial count would affect the SNR at the 
frequencies of stimulation and their harmonics. This is particu-
larly relevant for future studies, where multiple conditions make 
high trial numbers impractical due to participant discomfort 
and long sessions. Our analysis showed that fewer than 30 tri-
als were sufficient, with at least 12 trials providing good SNR at 
both frequencies, consistent with similar unilateral thermonoci-
ceptive stimulation studies.

Another reason to reduce the number of trials is the observed in-
crease in stimulus intensity ratings over the course of the exper-
iment, with significantly higher ratings in blocks 4–6 compared 
to block 1. This increase is likely related to the phenomenon of 
peripheral sensitization. Although the location of the thermode 
was shifted after each stimulus, given the total number of 30 
stimuli, repeated stimulation of nearby areas with the same 
stimulation was unavoidable, potentially leading to spatial sum-
mation (Nielsen and Arendt-Nielsen 1997). This observed sen-
sitization emphasizes the need to limit the number of stimuli 
in future SSEP studies using ultra-slow sustained periodic ther-
monociceptive stimulation. Curiously, the number of trials per-
ceived as painful is about half of the percentage of trials reported 
as painful in previous investigations (Leu et al. 2023, 2024), de-
spite similar levels of intensity perception. The repetitive and 
predictive nature of the applied stimuli might have contrib-
uted to a decrease in the level of perceived bodily threat of these 
stimuli. In the previously mentioned thermonociceptive SSEP 
investigations, variations in conditions were always present; 
therefore, leading to more variations in perception and poten-
tially reducing the predictability of the stimuli.

A limitation of this experiment is that the chosen frequencies 
of stimulation are challenging to assess in the frequency spec-
trum due to the characteristics of frequency f2 (i.e., frequency 
of 0.333 Hz). The resolution in the frequency domain is limited 

by the duration of the trial; thus, a stimulation frequency with 
a higher precision than the frequency resolution is likely to 
succumb to rounding errors, as harmonics may fall into adja-
cent frequency bins rather than precisely where expected. This 
makes it more difficult to identify the exact responses to the ap-
plied stimuli, particularly when trying to aggregate harmonic 
responses. These frequencies were nevertheless selected based 
on experimental considerations related to participant percep-
tion. Specifically, the use of two close but nonidentical stimu-
lation frequencies (0.25 and 0.333 Hz) was intended to reduce 
temporal predictability of the stimulation while ensuring com-
parable stimulation rates across arms. An improvement for fu-
ture investigations would be to use a similarly slow frequency of 
stimulation with a more convenient value, for example, 0.4 Hz, 
so that harmonics align more precisely with frequency bins and 
can be analyzed more reliably.

4.2   |   Intermodulation

A key difference from earlier studies on nonlinear nociceptive 
integration may be the improved SNR achieved with ultra-
slow stimulation (Colon et al. 2017). Previous work using faster 
(> 3 Hz) thermonociceptive or low-intensity intraepidermal elec-
trical stimuli primarily activated Aδ-fibers and yielded relatively 
low SNR (Colon, Nozaradan, et al. 2012b), limiting sensitivity to 
potential cross-modal effects as observed in (Colon et al. 2014). 
The enhanced SNR obtained with ultra-slow stimulation might 
therefore provide a more suitable approach to re-examining sen-
sory integration. This rationale also motivated us to revisit po-
tential intermodulation effects within the nociceptive modality 
as an additional exploratory analysis in the present study.

With the successful implementation of the bilateral frequency-
tagging using thermonociceptive stimuli, we set out to identify 
significant responses at intermodulation frequencies, which 
could illustrate the nonlinear neural integration of the concom-
itantly applied stimuli. Because the neural activity elicited by 
these stimuli was most prominent at the scalp vertex, we ex-
pected that their activity might overlap and create an interac-
tion, leading to the neural integration of the input of the two 
applied stimuli. This hypothesis was also supported by the per-
ception of the participants, which—while not necessarily being 
perceived as one—also did not differ between the stimuli. This 
could have also been facilitated by the use of a global perception 
rating, rather than asking participants for a separate rating for 
each arm. Using a standard z-score threshold, we found a num-
ber of significant z-scored frequency bins across the frequency 
spectrum in the grand-averaged and channel-pooled data. Thus, 
to be more selective and forego issues of multiple comparison, 
we increased the significance threshold to a more conservative 
p < 0.001. Still, multiple amplitudes exceeded this threshold.

The phenomenon of intermodulation following concomitant 
and periodic sensory input is not new. In the visual domain, the 
usefulness of neural integration of two different stimuli has ele-
gantly been demonstrated by periodically presenting half-faces 
at different frequencies, during which the brain tries to inte-
grate the information to a complete face (Boremanse et al. 2013, 
2014). Comparatively, it is less clear what the responses re-
corded at intermodulation frequencies reflect in the context of 
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bilateral thermonociceptive stimulation. Usually, intermodula-
tion frequencies can be found only few harmonic combinations 
away from their “base” frequency (e.g., 1*f1 + 1*f2). This was not 
the case in this investigation, where intermodulation frequen-
cies were identified predominantly at higher harmonic com-
binations, which raises the question of what processes these 
responses reflect. As slow stimulation frequencies can lead 
to relevant harmonics being more spread out throughout the 
spectrum (Retter et al. 2021), shifting responses at intermodu-
lation frequencies to appear at later harmonics. Nevertheless, 
the fact that no intermodulation responses were found at early 
harmonic combinations in the z-scored signal indicates that 
these responses were relatively small. This could have been 
partially caused by the timing of the two stimuli, which were 
never truly simultaneous (i.e., the applied heat cycles never 
reached their maximum exactly at the same time, though close 
to each other) and peaked sometimes relatively far from each 
other, which could have hampered a potential cleaner neural 
integration output. In an exploratory analysis, we isolated stim-
ulation cycles that peaked almost simultaneously (see Figure 1, 
first cycle of the stimulation) and analyzed only this portion of 
the signal. While this exploratory analysis led to identifiable 
peaks at the first intermodulation frequency, we cannot be cer-
tain that the correct f2 frequency was identified, as aligning 
cycles to f1 disrupted the regularity of f2 in the time domain, 
potentially splitting it into two frequencies after transforma-
tion. We should thus not consider this analysis as definitive ev-
idence for a present but “hidden” intermodulation effect within 
our data. Moreover, it should be considered that 0.333 Hz does 
not align precisely with the discrete Fourier frequency bins. 
This bin mismatch may have caused spectral leakage or slight 
shifts of potential intermodulation components into adjacent 
bins, thereby reducing sensitivity and possibly rendering such 
responses undetectable in the applied frequency-tagging analy-
sis. Because the intermodulation analysis was exploratory and 
conceived after data acquisition, we were unable to optimize 
the frequency selection; future studies should therefore em-
ploy stimulation frequencies that align clearly with frequency 
bins to allow more conclusive assessment of intermodulation 
effects. Thus, while these higher harmonic responses could 
reflect intermodulation as the brain integrates sensory input 
from each arm within a distinct neural population, their small 
size at unusually high harmonics warrants a cautious inter-
pretation. The observed responses might also relate to other, 
network-level interactions such as interhemispheric coupling 
(i.e., the functional interaction between homologous cortical 
regions). The synchronization of oscillatory activity between 
the somatosensory cortices in both hemispheres could lead to 
phase/amplitude coupling (Bloom and Hynd  2005) and thus 
potentially to responses at intermodulation frequencies which 
are not strictly related to a nonlinear sensory integration within 
one neural population. While attentional processes could also 
contribute to the observed effects, evidence from our lab indi-
cates that frequency-tagged responses to sustained thermono-
ciceptive stimulation are not strongly modulated by attention 
manipulations (Leu et  al.  2023,  2025), making this explana-
tion less likely. Nevertheless, disentangling the precise under-
lying mechanisms warrants a dedicated and well-controlled 
experiment, focusing in particular on the distinction between 
computational nonlinear integration and network-level inter-
actions. Although the present study cannot resolve the issue 

conclusively, our findings provide a foundation for future re-
search investigating how the human brain integrates concom-
itant thermonociceptive activation, either in isolation or in 
combination with other sensory modalities.

5   |   Conclusions

This investigation successfully demonstrated that sustained 
periodic thermonociceptive stimuli applied concomitantly to 
both forearms at frequencies f1 and f2 elicit a periodic neural 
response at both frequencies of stimulation, easily identifiable 
using frequency tagging. This paves the way for extending 
the frequency-tagging paradigm to a bilateral application of 
(thermo-)nociceptive stimuli, a promising paradigm to better 
understand the neural representation and integration of con-
comitant nociceptive stimuli. In an exploratory analysis, we 
observed periodic responses at intermodulation frequencies. 
Whether these responses indicate nonlinear integration of the 
concomitantly applied thermonociceptive stimulation could 
not be determined conclusively. Nevertheless, these results 
might encourage further research into whether slow sustained 
periodic thermonociceptive stimulation could be beneficial 
not only to better understand nociceptive processing by itself, 
but also its sensory integration in relation to other sensory 
stimuli.
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