
Received: November 2, 2021. Revised: January 24, 2022. Accepted: February 11, 2022
© The Author(s) 2022. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permission@oup.com.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (https://creativecommons.org/licenses/
by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial
re-use, please contact journals.permissions@oup.com

Cerebral Cortex, 2023, 33, 634–650

https://doi.org/10.1093/cercor/bhac090
Advance access publication date 4 March 2022

Original Article

Neural processes responsible for the translation
of sustained nociceptive inputs into subjective
pain experience
Hailu Wang1,2, Yifei Guo3,4, Yiheng Tu1,2, Weiwei Peng5, Xuejing Lu1,2, Yanzhi Bi1,2,

Gian Domenico Iannetti3,4, Li Hu1,2,*

1CAS Key Laboratory of Mental Health, Institute of Psychology, Chinese Academy of Sciences, Beijing 100101, China,
2Department of Psychology, University of Chinese Academy of Sciences, Beijing 100049, China,
3Neuroscience and Behaviour Laboratory, Istituto Italiano di Tecnologia, Rome 30 16163, Italy,
4Department of Neuroscience, Physiology and Pharmacology, University College London, London WC1E 6BT, United Kingdom,
5Brain Function and Psychological Science Research Center, Shenzhen University, Shenzhen 518061, China

*Corresponding author: CAS Key Laboratory of Mental Health, Institute of Psychology, Chinese Academy of Sciences, Beijing 100101, China.
Email: huli@psych.ac.cn

Tracking and predicting the temporal structure of nociceptive inputs is crucial to promote survival, as proper and immediate reactions
are necessary to avoid actual or potential bodily injury. Neural activities elicited by nociceptive stimuli with different temporal
structures have been described, but the neural processes responsible for translating nociception into pain perception are not fully elu-
cidated. To tap into this issue, we recorded electroencephalographic signals from 48 healthy participants receiving thermo-nociceptive
stimuli with 3 different durations and 2 different intensities. We observed that pain perception and several brain responses are mod-
ulated by stimulus duration and intensity. Crucially, we identified 2 sustained brain responses that were related to the emergence of
painful percepts: a low-frequency component (LFC, < 1 Hz) originated from the insula and anterior cingulate cortex, and an alpha-band
event-related desynchronization (α-ERD, 8–13 Hz) generated from the sensorimotor cortex. These 2 sustained brain responses were
highly coupled, with the α-oscillation amplitude that fluctuated with the LFC phase. Furthermore, the translation of stimulus duration
into pain perception was serially mediated by α-ERD and LFC. The present study reveals how brain responses elicited by nociceptive
stimulation reflect the complex processes occurring during the translation of nociceptive information into pain perception.
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Introduction
In a dynamic environment, the temporal structures
of sensory events evolve at multiple temporal scales,
extending from transient to sustained periods (Werner
and Noppeney 2011; Palva and Palva 2018). The human
brain has evolved to track and predict the temporal
structures of such events and thereby produce appro-
priate actions (Panzeri et al. 2010). When considering
nociceptive stimuli, this function is critical to ensure
survival, as appropriate and immediate reactions are
necessary to avoid actual or potential bodily injury
(Moayedi et al. 2015; Mouraux and Iannetti 2018).

The neural processes triggered by transient noci-
ceptive stimuli have been extensively studied. These
stimuli elicit a series of brain responses in human
electroencephalogram (EEG) (Mouraux and Iannetti 2009;
Hu, Valentini, et al. 2014; Ploner et al. 2017), dominated
by a large, negative–positive biphasic vertex wave

(Garcia-Larrea et al. 2003; Treede et al. 2003). The
amplitude of the vertex wave strongly depends on the
saliency of the transient nociceptive stimulus, i.e. on
how much the stimulus contrasts with neighboring
sensory inputs in either time or space (Downar et al.
2000; Iannetti et al. 2008; Legrain et al. 2011). Saliency
detection is considered a key attentional mechanism
that promotes survival by enabling individuals to focus
their limited perceptual and cognitive resources on the
most behaviorally relevant information (Corbetta and
Shulman 2002; Kayser et al. 2005). However, the vertex
wave is not able to track the temporal structures of tonic
nociceptive stimuli: for example, long-lasting and not
fast-rising nociceptive inputs do not elicit a vertex wave
(Ploner et al. 2017; Mouraux and Iannetti 2018; Somervail
et al. 2021).

To address the issue of the neural correlate of
sustained nociceptive input, a growing number of
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studies investigated the neural responses elicited by sus-
tained nociceptive stimuli (Peng et al. 2014; Schulz et al.
2015; Colon et al. 2017; Nickel et al. 2020). These studies
demonstrated that neural responses different from the
transient vertex wave encode the temporal dynamics of
nociceptive inputs by distinct neural responses (Zhang
et al. 2016; Nickel et al. 2017; Guo et al. 2020; Mulders
et al. 2020). For example, fluctuations of sustained
nociceptive inputs are reflected by the centro-parietal
modulations of alpha (α) and beta (β) oscillations, which
likely originate from the sensorimotor cortex (Nir et al.
2012; Peng et al. 2014). Moreover, the temporal dynamics
of sustained and periodic nociceptive inputs could also
be encoded by low-frequency component (LFC; e.g.
< 1 Hz) of brain responses originating from the insula
and anterior cingulate cortex (Colon et al. 2017; Liberati
et al. 2019; Mulders et al. 2020).

Although neural responses elicited by sustained noci-
ceptive stimuli (especially for periodic stimuli) are being
investigated, the neural processes responsible for trans-
lating sustained nociceptive information into subjective
pain perception are not yet fully elucidated. To tap into
this issue, it is necessary to characterize and compare
pain perception and brain responses to nociceptive stim-
uli by varying stimulus characteristics, such as their
intensity and duration (Mulders et al. 2020).

Therefore, this exploratory study aimed to investi-
gate (i) whether and how pain perception and neural
responses encode stimulus duration and intensity,
(ii) how the encoded neural responses interact when
tracking the temporal structures of nociceptive inputs,
and (iii) whether the measured neural responses mediate
the relationship between nociceptive stimulation and the
ensuing pain perception. To address these questions, we
recorded 64-channel EEG from 48 healthy participants
receiving sustained and nonperiodic thermo-nociceptive
stimuli with 3 durations and 2 intensities. Both LFC
(<1 Hz) and neural oscillations in α and β frequencies
(8–13 Hz and 20–22 Hz, respectively) were extracted and
compared between different experimental conditions.
The relationship between these brain responses at dif-
ferent frequencies was assessed using phase–amplitude
coupling (PAC), and their neural origin was estimated
using source analysis. The causal relationship between
characteristics of nociceptive stimulation, the resulting
neural responses and pain perception was modeled using
multilevel mediation analysis.

Materials and methods
Subjects
Forty-eight healthy right-handed subjects (24 females),
aged 24.5 ± 3.2 years (mean ± SD, range = 20–35 years),
participated in the study. None reported acute pain at the
time of examination or a history of chronic pain. All sub-
jects were given their written informed consent before
the experiment and were paid for their participation.
The local ethics committee approved the experimental
procedures.

Nociceptive stimulation and experimental design
Noxious contact heat stimuli were generated by a ther-
mode (CHEPs, Medoc Ltd, Ramat Yishai, Israel) with a cir-
cular contact area of 572.5 mm2 (27 mm diameter). The
temperature at the thermode surface was increased at a
rate of 70 ◦C/s using a thermofoil, and decreased at a rate
of 40 ◦C/s using a Peltier device. The baseline temperature
at the thermode surface was 42 ◦C, and the target temper-
ature was individually determined before data collection
and computer-controlled. A pair of thermocouples under
the thermode surface provided a continuous measure
of the temperature at the skin–thermode interface at
a sampling rate of 150 Hz. During the experiment, the
thermode was fixed to the left volar forearm by an elastic
Velcro strap provided by the equipment. The position of
the thermode was kept constant throughout each block
and was slightly changed in different blocks to minimize
nociceptor sensitization or habituation.

The experimental design is shown in Fig. 1. A total
of 6 stimulation types (3 stimulus durations × 2
stimulus intensities) were included in the experiment.
For each stimulation type, the contact heat stimulus
was composed of 3 phases (Fig. 1): the temperature
increased from baseline (42 ◦C) to target (t1 or t2) with a
speed of 70 ◦C/s; the temperature remained constant
for 0.5 s (D1), 1 s (D2), or 2 s (D3); the temperature
decreased from target to baseline with a speed of 40
◦C/s. The target temperature (t1 or t2), which could evoke
a pain rating of 5 (I1) or 7 (I2) on the 0–10 numerical
rating scale (NRS, where 0 is “no pain” and 10 is “pain
as bad as it could be”), was individually determined
before the formal experiment. Specifically, the target
temperature was determined using the ascending
method of limits: increasing the target temperature
(initially set at 45 ◦C) in steps of 0.5 ◦C, until a rating
of 5 or 7 was obtained on the 0–10 NRS. Such procedures
were repeated 3 times, and the average temperature was
used as the target temperature for each stimulation
type and subject. As such, the target temperature for
each stimulation intensity and each subject would be
different, and the target temperature would be identical
for different stimulus durations of the same stimulus
intensity.

The formal experiment consisted of 6 blocks, and in
each block, 30 contact heat stimuli (5 stimuli for each
stimulation type) were delivered. In total, there were 180
trials for each subject and 30 trials for each stimulation
type. The interstimulus interval (ISI) varied randomly
from 12 to 16 s. Trials with different stimulation types
were delivered pseudorandomly to ensure no more than
2 consecutive stimuli of the same stimulation type in
the trial sequence. Three seconds after the offset of each
stimulus, subjects were instructed to rate the highest
perceived pain on the same 0–10 NRS.

EEG data collection and preprocessing
Subjects were seated in a comfortable chair in a silent,
temperature-controlled room. They were instructed
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Fig. 1. Experimental design and behavioral results. (A) Experimental setup. Participants were seated comfortably with their left forearm resting on a
table in front of them. Cutaneous nociceptive afferents of the left volar forearm were stimulated using fast-rising contact heat (Peltier thermode, 27 mm
diameter), while 64-channel EEG was simultaneously collected. (B) Experimental design. A total of 6 stimulation types (3 durations × 2 intensities) were
included in the experiment. Each contact heat stimulus consisted of 3 phases: A temperature increase from baseline (42◦C) to target (t1 or t2), with a
speed of 70◦C/s; a plateau of constant temperature lasting 500, 1,000, or 2,000 ms; and a temperature decrease from target to baseline, with a speed of
40◦C/s. the target temperature (t1 or t2) was individually determined in a preliminary experiment to obtain a pain rating of 5 or 7 on a 0–10 NRS. Three
seconds after each stimulus, subjects were instructed to rate the highest perceived pain on the same 0–10 NRS. The ISI varied randomly from 12 to 16 s.
The 6 stimulus types were delivered pseudorandomly. (C) Behavioral results. Pain ratings for stimuli of different durations and intensities are shown in
the left and right panels, respectively. Pain ratings elicited by contact heat of longer duration (i.e. D3) were higher than shorter durations (i.e. D1 and D2).
Moreover, pain ratings elicited by contract heat of high intensity (i.e. I2) were higher than that of low intensity (i.e. I1). Error bars represent the standard
error of the mean (SEM). ∗: P < 0.05; ∗∗: P < 0.01; ∗∗∗: P < 0.001.
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to focus their attention on the stimuli, relax their
muscles, keep their eyes open, and gaze slightly down-
ward. The EEG data were recorded using 64 Ag–AgCl
scalp electrodes placed according to the international
10–20 system (Brain Products GmbH, Munich, Germany;
passband: 0.01–100 Hz; sampling rate: 1000 Hz). The left
mastoid (M1) was used as the online reference, and all
electrode impedances were kept lower than 10 kΩ. To
monitor ocular movements and eye blinks, electroocu-
lographic signals were simultaneously recorded from
2 surface electrodes: 1 placed over the left lower eyelid,
and the other placed ∼10 mm lateral to the outer canthus
of the left orbit.

EEG data were preprocessed using EEGLAB (Delorme
and Makeig 2004), an open-source toolbox running under
the MATLAB environment. EEG epochs were extracted
using a window analysis time of 5,000 ms (1,000 ms
before and 4,000 ms after stimulus onset), and baseline
corrected using the prestimulus interval. Trials contami-
nated by eye blinks and movements were corrected using
an independent component analysis algorithm (runica in
EEGLAB). In all datasets, independent components with
a large electrooculographic electrode contribution and a
frontal scalp distribution were removed. In total, there
were 4.7 ± 3.1 (mean ± SD) components removed with the
ICA. After preprocessing, EEG epochs were rereferenced
to the common average.

Contact heat evoked potentials
To extract the typical contact heat evoked potentials
(CHEP) waveforms, preprocessed EEG data were band-
pass filtered between 1 and 30 Hz, and baseline cor-
rected using the prestimulus interval. For each subject
and stimulation type, single-trial CHEP waveforms in the
time domain were averaged together. Peak latencies and
amplitudes of N2 and P2 waves, defined as the most neg-
ative and positive deflections between 150 and 500 ms
after stimulus onset, respectively, were measured from
each single-subject average waveform, at Cz (average
reference). Single-subject average CHEP waveforms were
subsequently averaged across subjects for each stimula-
tion type to obtain group-level CHEP waveforms. Group-
level scalp topographies at the peak latency of N2 and P2
waves were computed by spline interpolation.

Low-frequency component
To extract LFC evoked by contact heat, preprocessed EEG
data were low-pass filtered at 1 Hz, and baseline cor-
rected using the prestimulus interval. For each subject
and stimulation type, single-trial LFC waveforms in the
time domain were averaged together. The response dura-
tions and amplitudes of LFC were measured from each
single-subject average waveform. According to the scalp
distribution of the LFC, a positive LFC was measured from
the central-parietal region (i.e. Cz and Pz), and a nega-
tive LFC was measured from bilateral frontal-temporal
regions (i.e. FT7 and FT8). The response duration of LFC
was calculated as the time length of positive or negative

response beyond the threshold (i.e. 2 standard deviations
of the prestimulus interval for each single-subject aver-
age waveform) within the poststimulus onset interval (i.e.
0–4,000 ms) for positive and negative LFC, respectively.
The response amplitude of LFC was calculated by aver-
aging the positive or negative response within the above-
defined LFC response duration for positive and negative
LFC, respectively. Single-subject average LFC waveforms
were subsequently averaged across subjects for each
stimulation type to obtain group-level LFC waveforms.
Group-level scalp topographies of LFC within the post-
stimulus onset interval (i.e. 0–3,000 ms, in which the LFC
was presented) were computed by spline interpolation.

Time-frequency analysis
In addition to the above phase-locked brain responses, a
time-frequency analysis was performed to explore the
nonphase-locked brain responses elicited by contact
heat stimuli (e.g. event-related desynchronization at
the alpha frequency, α-ERD) (Pfurtscheller and Lopes
da Silva 1999; Hu and Iannetti 2019). Time–frequency
distributions (TFDs) of single-trial EEG signals were
estimated using a windowed Fourier transform (WFT)
with a fixed 0.3-s Hanning window. The WFT yielded,
for each single trial, a complex time–frequency estimate
F (t, f ) at each point (t, f ) in the time–frequency plane,
extending from −1 to 4 s (in steps of 1 ms) in the time
domain, and from 1 to 100 Hz (in steps of 1 Hz) in the
frequency domain. The resulting spectrogram, P(t, f ) = |F(t,
f )|, represents the signal magnitude as a joint function of
time and frequency at each time–frequency point. The
spectrograms were log-transformed and then baseline-
corrected (reference interval: −0.8 to −0.2 s relative to
stimulus onset) at each frequency using the subtraction
approach (Hu, Xiao, et al. 2014; Hu and Zhang 2019).

According to previous studies (Nir et al. 2012; Peng
et al. 2014), fluctuations of sustained nociceptive stimuli
could be encoded by the centro-parietal modulations of
alpha (α) and beta (β) oscillations, i.e. α-ERD and β-ERD.
Within their respective frequency range (8–13 Hz for α-
ERD and 20–22 Hz for β-ERD), we estimated the time
course of signal amplitude by averaging the amplitude
across all included frequencies. Afterward, we estimated
the response durations and amplitudes of the time–
frequency features for each stimulation type and subject
using the same method described in the LFC analysis.

Source analysis
Source analyses were performed using the Brain Elec-
trical Source Analysis software (BESA 5.3, https://www.
besa.de/). To estimate the locations of LFC, distributed
source analysis based on Classical LORETA (Pascual-
Marqui et al. 1994) Analysis Recursively Applied (Clas-
sical LORETA Analysis Recursively Applied – CLARA)
(Hoechstetter et al. 2010) was performed on group-
level average LFC waveforms. CLARA was achieved
by performing a weighted LORETA with a reduced
source space at each iteration. As compared to LORETA
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(Pascual-Marqui et al. 1994), this iterative approach
reduces the blurring of the estimated sources while
keeping the advantage of a predefined distributed source
model, thus making it easier to determine the location
of the source with maximal activity (Hoechstetter
et al. 2010; Hamalainen et al. 2011). The locations and
strengths of LFC sources were obtained for a 1,500-ms
long interval (500–2,000 ms within the poststimulus
onset interval) corresponding to the largest part of the
LFC responses.

To estimate the locations of α-ERD, Multiple Source
Beamformer, a modified version of the linearly con-
strained minimum variance vector beamformer in the
time–frequency domain (Gross et al. 2001; Kurimoto et al.
2008), was performed on single-trial EEG waveforms. A
beamformer operator is designed to pass signals from
the brain region of interest without attenuation while
minimizing interference from activity in all other brain
regions (Jonmohamadi et al. 2014; Nunes et al. 2020). As
compared to the traditional Single Source Beamformer
that mislocalizes sources if several brain regions are
highly correlated (Michel et al. 2004; Nunes et al. 2020),
Multiple Source Beamformer contains the leadfields
of the source at the region of interest and possibly
interfering sources at other regions, thus providing a
more accurate estimation of sources (Nunes et al. 2020).
The locations and strengths of the α-ERD sources were
obtained within the poststimulus onset time–frequency
region (500–2000 ms, 8–13 Hz) corresponding to the
largest part of the response. Since scalp topographies of
LFC and α-ERD were similar for all stimulus conditions
(Supplementary Figs S1 and S2), source analyses were
performed on all EEG data regardless of stimulus
conditions to improve the accuracy of source estimation.
For both LFC and α-ERD sources, locations were finally
transformed to Talairach space.

Phase–amplitude coupling
Alpha oscillations occurring at different phases of the
low-frequency oscillations between distinct brain regions
are proposed to be associated with interbrain area
communications (Purdon et al. 2013). To assess whether
α-oscillations and LFC were coupled, cross-frequency
PAC was calculated between α-ERD at C4 (where α-ERD
was maximal) and LFC at all other electrodes (since LFC
was widespread distributed) using PAC. The strength
of PAC was estimated using the envelope-to-signal
correlation method (Bruns and Eckhorn 2004; Onslow
et al. 2011), which was achieved using the following pro-
cedures. First, single-trial EEG data at C4 were band-pass
filtered between 8 and 13 Hz to calculate α-oscillations
(Sα). Second, Sα was analyzed using the Hilbert transform
to estimate the signal envelope, Ampα = Abs (Hilbert(Sα)).
Third, single-trial EEG data at other electrodes were low-
pass filtered at 1 Hz and demeaned to calculate LFC
(SLF). Finally, the Pearson correlation between Ampα

and SLF was computed for each single trial (Bruns and
Eckhorn 2004; Vanneste et al. 2018). To test whether

the strength of PAC was significantly different from the
chance level, we performed a permutation test (1,000
times) by randomly shuffling the trial numbers of Ampα

and SLF and comparing the group-level PAC strength and
its corresponding null distribution generated by 1,000
random permutations. Moreover, to assess the possible
time lag between α-oscillations and LFC, the cross-
correlation between Ampα and SLF was also computed for
each single trial with the lag of one signal over the other
ranging from −1,000 to 1,000 ms. The time lag at which
cross-correlation coefficients peaked was considered to
represent the temporal difference between the 2 signals
with maximal coupling.

To assess whether the coupling between α-oscillations
and LFC was associated with contact heat stimulation,
the PAC analysis was repeatedly performed on EEG sig-
nals within both prestimulus and poststimulus onset
intervals (−4,000 to 0 ms and 0–4,000 ms for prestimulus
and poststimulus onset intervals, respectively). Note that
EEG signals from −4,000 to 4,000 ms relative to stimulus
onset were processed using the same procedures as the
signals mentioned above (i.e. −1,000 to 4,000 ms relative
to stimulus onset).

To provide a detailed exploration of the cross-
frequency coupling, we also quantified the relationship
between the envelope of α-oscillations and the phase of
LFC using the following procedures. First, we extracted
the instantaneous phase of LFC (PhaseLF = angle (Hilbert
(SLF))) within the poststimulus onset interval for each
trial, and equally divided PhaseLF into 10 bins from
–π to π (each bin covers 36o). Then, we pooled all enve-
lope amplitudes of α-oscillations to the corresponding
phase bins, and calculated the average amplitude of
α-oscillations in each bin. Finally, to eliminate the effect
of scale difference between subjects, we normalized the
amplitude of α-oscillations by (i) log-transforming the
data to ensure normal distribution and (ii) converting
the transformed data to Z scores. The PAC between
α-oscillations and LFC was presented using both bar
plots and radar maps, before and after phase bin shifting,
which provided better visualization of the matching
between the 2 signals.

Multilevel mediation analysis
To reveal how the brain translates different character-
istics (i.e. stimulus duration and intensity) in contact
heat into the intensity of pain perception, we performed
2-path and 3-path multilevel mediation analyses using
the Multilevel Mediation and Moderation (M3) Toolbox
(Wager et al. 2008). In the 2-path mediation models,
stimulus duration and stimulus intensity were respec-
tively used as the independent variables (X). Subjective
ratings of pain perception were the dependent variable
(Y). The extracted brain features, including the latency
and amplitude of N2 and P2 waves, response duration
and amplitude of LFC and α-ERD, were the mediator
(M). The same as described in Tiemann et al. (2018),
5 path coefficients were calculated for each subject in
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each 2-path mediation model, and the path coefficients
quantified the relationship from X to M (path a), the
relationship from M to Y controlled for X (path b), the
relationship from X to Y (path c), the relationship from
X to Y controlled for M (path c′), and the mediation
effect (path a∗b). In the multilevel mediation analysis,
the group-level path coefficients were estimated by aver-
aging weighted single-subject path coefficients, and the
weights for each subject were determined based on a
weighted least squares-based mixed-effects model tak-
ing within- and between-subject variance into account
(Tiemann et al. 2018). The group-level mediation effects
were calculated by multiplying coefficients of path a and
path b and adding the covariance of path a and path b
(Wager et al. 2008).

In the 3-path mediation models, stimulus duration and
stimulus intensity were respectively used as the indepen-
dent variables (X). Subjective ratings of pain perception
were the dependent variable (Y). Any pair of the extracted
brain features were used as the 2 mediators (M1 and M2).
Six path coefficients were calculated for each subject in
each 3-path mediation model, and the path coefficients
quantified the relationship from X to M1 (path a), the
relationship from M1 to M2 controlled for X (path d), the
relationship from M2 to Y controlled for M1 (path b), the
relationship from X to Y (path c), the relationship from X
to Y controlled for M1 and M2 (path c′), and the mediation
effect (path a∗d∗b).

It should be noted that (i) the signal-to-noise ratio
of single-trial EEG responses was meager, and (ii) brain
responses in every single trial were modulated by the
combined effects of stimulus duration and intensity
due to the within-subject experimental design. To
separately explore the mediation effects from the 2
stimulus characteristics of nociceptive inputs to the
intensity of pain perception, it would be necessary to
assemble single trials before performing the mediation
analyses to eliminate the possible influence of the
interaction effect between the 2 stimulus characteristics.
Specifically, when considering stimulus duration as the
independent variable, we randomly extracted 20% trials
with identical stimulus intensities for each stimulus
duration (i.e. D1, D2, and D3). The data of the extracted
trials were averaged to ensure that (i) the signal-to-noise
ratio of the extracted brain responses was higher, (ii)
the extracted brain responses were not influenced by
stimulus intensity, and (iii) the within-subject variability
of brain responses across different stimulus durations
was preserved. The same assembling trials procedure
was also applied when considering stimulus intensity as
the independent variable.

Statistical analyses
To test whether stimulus characteristics had an effect on
perceptual and electrophysiological responses elicited
by contact heat, we performed a 2-way repeated-
measures analysis of variance (ANOVA) with “stimulus
duration” (D1, D2, and D3) and “stimulus intensity” (I1

and I2) as within-subject factors. Post hoc paired-sample
t-tests were performed when the interaction between
the 2 factors was significant. To highlight the respec-
tive effect of stimulus duration and stimulus inten-
sity on perceptual and electrophysiological responses
elicited by contact heat, post hoc paired-sample t-
tests were also performed when the main effect was
significant. To account for multiple comparisons in
the analyses, a false discovery rate (FDR) procedure
(Benjamini and Hochberg 1995) was adopted to adjust the
P values.

Results
Subjective pain perception
Single-trial ratings of pain perception were clearly depen-
dent on both stimulus duration and stimulus intensity
(Fig. 1C). As summarized in Supplementary Tables S1
and S2, 2-way repeated-measures ANOVA showed strong
evidence for main effects of “stimulus duration” (F

(2, 94) = 7.05, P = 0.001, Partial η2 = 0.13) and “stimulus
intensity” (F (1, 47) = 249.3, P < 0.001, Partial η2 = 0.84). There
was also strong evidence for a significant interaction
between the 2 factors (F (2, 94) = 15.03, P < 0.001, Partial
η2 = 0.24). Post hoc paired-sample t-tests showed that for
all stimulus durations (i.e. D1, D2, and D3), there was
strong evidence that pain perception elicited by contact
heat of high stimulus intensity (I2) was higher than that
of low stimulus intensity (I1) (all P < 0.001). For high
stimulus intensity (I2), there was moderate-to-strong
evidence that pain perception elicited by contact heat
of longer duration (D3) was higher than that of shorter
durations (D1, P < 0.001; and D2, P = 0.001). However, for
lower stimulus intensity (I1), no significant difference
was observed between longer duration (D3) and shorter
durations (D1, P = 0.8 and D2, P = 0.99). Moreover, no
significant difference was observed between D1 and
D2 for both stimulus intensities (P = 0.99 for I1; P = 0.68
for I2).

Contact heat evoked potentials
Group-level CHEP waveforms and scalp topographies of
N2 and P2 waves, which are the typical vertex waves that
have been described in the Introduction, are shown in
Fig. 2A. As summarized in Supplementary Table S1, N2
and P2 waves were maximal at approximately 230 and
360 ms after stimulus onset, respectively. While the scalp
topography of the N2 wave was maximal at the vertex
and extended bilaterally towards temporal regions, the
scalp topography of the P2 wave was more centrally
distributed.

Results of the 2-way repeated measures ANOVA are
summarized in Supplementary Table S2. As expected,
for both N2 and P2 amplitudes, there was moderate-
to-strong evidence for a main effect of “stimulus
intensity” (N2: F (1, 47) = 11.8, P = 0.001, Partial η2 = 0.2;
P2: F (1, 47) = 6.37, P = 0.015, Partial η2 = 0.12), indicating
that N2 and P2 amplitudes were larger when the
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Fig. 2. Brain potentials (CHEPs, 1–30 Hz) evoked by contact heat stimulation. (A) Group-level waveforms and scalp topographies of contact heat-evoked
potentials. The EEG data were collected from 64 electrodes in 48 subjects. Displayed waveforms were recorded from the vertex (Cz, average reference),
and color-coded according to stimulus duration (D1, D2, and D3) and intensity (I1 and I2). Scalp topographies are displayed at the peak latency of the
main negative (N2) and positive (P2) waves. (B, C) Comparisons of N2 and P2 latencies and amplitudes at different stimulus durations and intensities.
Error bar represents SEM. n.s.: not significant; ∗: P < 0.05; ∗∗: P < 0.01.

stimulus intensity was higher (Fig. 2C). However, there
was no significant main effect of “stimulus duration”
and interaction between the 2 factors for both N2 and
P2 amplitudes (Supplementary Table S2 and Fig. 2B).
Moreover, no significant main effects of “stimulus
duration” and “stimulus intensity,” as well as their
interaction, were observed for N2 and P2 latencies
(Supplementary Table S2, Fig. 2B and C). These results
confirm that the vertex waves elicited by fast-rising
nociceptive stimuli reflect the differential increase of
stimulus intensity at stimulus onset, but not the duration
of the plateau at target intensity (see Fig. 2 in Somervail
et al. 2021).

Low-frequency component
To examine whether brain responses at low frequencies
(i.e. 0.01–1 Hz) (Colon et al. 2017; Liberati et al. 2019;
Mulders et al. 2020) could encode stimulus duration and
intensity, we extracted the time-domain LFC by low-
pass filtering at 1 Hz, following the online high-pass
filtering at 0.01 Hz. Group-level waveforms and scalp

topographies of LFC are shown in Fig. 3. In all stimulus
conditions, there was a clear positive LFC maximal at
the central-parietal region and a negative LFC maximal
at bilateral frontal–temporal regions. Interestingly, the
scalp topographies of LFC were stable for the entire
duration of the response across all stimulus conditions
(Supplementary Fig. S1).

Duration and amplitude of the LFC at some repre-
sentative electrodes (i.e. Cz, Pz, FT7, and FT8) are sum-
marized in Supplementary Table S3, and results of the
2-way repeated measures ANOVA are summarized in
Supplementary Table S4.

LFC duration

There was weak evidence for a main effect of “stimulus
duration” on the duration of the positive LFC measured
at Cz (F (2, 94) = 4.36, P = 0.015, Partial η2 = 0.085). Post hoc
paired-sample t-tests revealed that a longer stimulus
duration evoked a longer LFC (e.g. D1 vs. D3; P = 0.019).
Moreover, there was moderate-to-strong evidence for a
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Fig. 3. The LFC (0.01–1 Hz) evoked by contact heat stimulation. (A) The schematic diagram illustrates the method to extract the LFC response duration,
taking the positive response as an example. The threshold was defined as 2 standard deviations of EEG signals within the prestimulus onset interval
for each single-subject average waveform. The response duration of LFC was calculated as the time length of positive or negative response beyond the
threshold within the poststimulus onset interval (i.e. 0–4,000 ms) for positive and negative LFC, respectively. (B) Scalp topographies of LFC are displayed
for each condition by calculating the mean amplitude of LFC within the poststimulus onset interval (0–3,000 ms). (C, D, E, and F) Time courses of LFC
evoked by contact heat stimulation. Displayed waveforms were recorded from Pz, Cz, FT7, and FT8 (average reference), respectively, and color-coded
according to stimulus durations (D1, D2, and D3, top left in each panel) and intensities (I1 and I2, bottom left in each panel). The comparisons of
LFC durations and amplitudes at different stimulus durations and different stimulus intensities are shown in the right part of each panel. Error bar
represents SEM. n.s.: not significant; ∗: P < 0.05; ∗∗: P < 0.01.

main effect of “stimulus intensity” on positive LFC dura-
tion at Pz (F (1, 47) = 11.5, P = 0.001, Partial η2 = 0.19) and on
negative LFC duration at FT7 (F (1, 47) = 7.9, P = 0.007, Partial
η2 = 0.14) and FT8 (F (1, 47) = 6.07, P = 0.017, Partial η2 = 0.11).
Post hoc paired-sample t-tests revealed that a higher
stimulus intensity also evoked a longer LFC, regardless
of positive or negative, than a lower stimulus intensity
(i.e. I1 vs. I2, P = 0.001 for Pz; P = 0.007 for FT7; P = 0.017 for
FT8). No significant interaction between the 2 factors was
observed for both positive and negative LFC durations
(Supplementary Table S4).

LFC amplitude

There was weak-to-moderate evidence for a main
effect of “stimulus intensity” on the amplitude of
positive LFC measured at Pz (F (1, 47) = 10.4, P = 0.002,
Partial η2 = 0.18) and of negative LFC measured at FT7
(F (1, 47) = 6.24, P = 0.016, Partial η2 = 0.12) and FT8 (F

(1, 47) = 6.23, P = 0.016, Partial η2 = 0.11). Post hoc paired-
sample t-tests revealed that a higher stimulus intensity
evoked a LFC of larger amplitude (either positive or
negative) than a lower stimulus intensity (i.e. I1 vs. I2,
P = 0.002 for Pz; P = 0.016 for FT7; P = 0.016 for FT8). In
contrast, there was no evidence of either a main effect
of “stimulus duration” or an interaction between the 2
factors (Supplementary Table S4).

Stimulus-induced modulations
of neural oscillations
Next, we examined whether stimulus-induced mod-
ulations of neural oscillations, which we estimated
using the time–frequency analysis, also encoded the
duration and intensity of the eliciting stimulus. Group-
level TFDs, together with the scalp topographies of
event-related desynchronization at α (α-ERD) and
β (β-ERD) frequencies, are shown in Fig. 4A and C.
Consistently with previous studies (Mouraux et al. 2003;
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Baumgartner et al. 2012; De Schoenmacker et al. 2021),
nociceptive stimuli elicited not only large phase-locked
responses (100–500 ms, 1–10 Hz) corresponding to the
N2 and P2 vertex waves in the time domain but also
clear nonphase-locked responses (α-ERD: 8–13 Hz, β-
ERD: 20–22 Hz). Please note that α-ERD and β-ERD were
similarly maximal at the contralateral central region
and submaximal at the ipsilateral central region for all
stimulus conditions, and the scalp topographies of both
responses were highly consistent from its onset to offset
(Supplementary Fig. S2).

The response duration and amplitude of α-ERD and
β-ERD at C4 are summarized in Supplementary Table S5,
and the results of the 2-way repeated measures ANOVA
are summarized in Supplementary Table S6.

α-ERD duration

There was strong evidence for a main effect of “stimulus
duration” (F (2, 94) = 13.12, P < 0.001, Partial η2 = 0.218) and
weak evidence for a main effect of “stimulus intensity”
(F (1, 47) = 6.23, P = 0.016, Partial η2 = 0.12) on α-ERD dura-
tion. No significant interaction between the 2 factors
was observed (Supplementary Table S6). Post hoc paired-
sample t-tests showed that there was strong evidence
that α-ERD duration was longer in the D3 condition than
in D1 (P < 0.001) and D2 (P = 0.001) conditions, while no
difference was observed between D1 and D2 conditions
(P = 0.99). Moreover, there was weak evidence that α-ERD
duration was longer for the I2 condition than the I1
condition (P = 0.016).

α-ERD amplitude

There was strong evidence for a main effect of “stimulus
duration” (F (2, 94) = 12.3, P < 0.001, Partial η2 = 0.21) and
weak evidence for a main effect of “stimulus intensity”
(F (1, 47) = 6.24, P = 0.016, Partial η2 = 0.12) on α-ERD ampli-
tude. No significant interaction between the 2 factors
was observed (Supplementary Table S6). Post hoc paired-
sample t-tests showed moderate-to-strong evidence that
α-ERD amplitude was larger in the D3 condition than
in D1 (P < 0.001) and D2 (P = 0.002) conditions, while no
difference was observed between D1 and D2 conditions
(P = 0.99). Moreover, there was weak evidence that α-ERD
amplitude was larger for the I2 condition than the I1
condition (P = 0.016).

β-ERD duration

There was moderate evidence for the main effect
of “stimulus duration” (F (2, 94) = 5.5, P = 0.005, Partial
η2 = 0.106) on β-ERD duration. No significant main effect
of “stimulus intensity” and interaction between the 2
factors was observed (Supplementary Table S6). Post
hoc paired-sample t-tests showed that β-ERD duration
was significantly longer for the D3 condition than the
D2 condition (P = 0.015), while no significant difference
was observed between D1 and D2 conditions as well
as between D1 and D3 conditions. Moreover, β-ERD

duration was not significantly different between I2 and
I1 conditions (P = 0.8).

β-ERD amplitude

There was moderate evidence for the main effect
of “stimulus duration” (F (2, 94) = 5.97, P = 0.003, Partial
η2 = 0.11) on β-ERD amplitude. No significant main effect
of “stimulus intensity” and interaction between the 2
factors was observed (Supplementary Table S6). Post hoc
paired-sample t-tests showed that β-ERD amplitude
was significantly larger for the D3 condition than the
D2 condition (P = 0.01), while no significant difference
was observed between D1 and D2 conditions as well as
D1 and D3 conditions. Moreover, β-ERD amplitude was
not significantly different between I2 and I1 conditions
(P = 0.9). Due to the similarity in features and functions
between α-ERD and β-ERD and the relatively higher
signal-to-noise ratio of α-ERD than β-ERD (Jeon et al.
2011), we focused on describing α-ERD results in the
following sections.

LFC and α-ERD sources
To estimate the neural origins of both LFC and
α-ERD elicited by contact heat stimuli, we performed
source analyses using CLARA (Hoechstetter et al. 2010)
and Multiple Source Beamformer (Gross et al. 2001;
Kurimoto et al. 2008), respectively. As shown in Fig. 5A,
LFC sources were located in the insula contralateral
(Talairach coordinates: 31.5, −23.9, 9.7 mm; maximal
intensity: 1.29 nAm/cm3) and ipsilateral (Talairach
coordinates: −38.5, −9.9, 2.7 mm; maximal intensity:
1.38 nAm/cm3) to the stimulated side, as well as in
the anterior cingulate cortex (Talairach coordinates:
−10.5, 32.1, 9.7; maximal intensity: 0.78 nAm/cm3). As
displayed in Fig. 5B, α-ERD sources were located in the
primary sensorimotor cortex contralateral (Talairach
coordinates: 31.5, −16.9, 51.7 mm; maximal intensity:
−16.98%) and ipsilateral (Talairach coordinates: −24.5,
−23.9, 51.7 mm; maximal intensity: −6.43%) to the
stimulated side.

Phase–amplitude coupling
To assess the relationship between the LFC and α-ERD,
we calculated the cross-frequency coupling between
the phase of LFC and the amplitude of α-oscillations
(PAC; Fig. 6A and B). Relative to α-amplitude measured
at C4, positive coupling was observed for the phase
of LFC at bilateral frontal–temporal electrodes (e.g.
FT7 and FT8), and negative coupling was observed at
parietal electrodes (e.g. P3 and P4). The permutation test
demonstrated that the strength of PAC, either positive or
negative, was significantly larger than the chance level
at these scalp locations (Fig. 6B). Interestingly, the largest
PACs were observed when the LFC phases were shifted
by a certain degree (−72◦ for both positive and negative
couplings, Fig. 6D). When examining the temporal
relationship between the LFC phase and α-amplitude
using cross-correlation analysis, the fluctuation of
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Fig. 4. Event-related modulations of neural oscillations elicited by contact heat stimulation. (A, C) TFDs elicited by contact heat stimulation of different
durations (D1, D2, and D3; A left) and intensities (I1 and I2; C left). Scalp topographies of α-ERD (8–13 Hz, 0–4 s) and β-ERD (20–22 Hz, 0–4 s) are displayed
for each stimulus duration (A right) and intensity (C right). (B, D) Comparisons of α-ERD and β-ERD duration and amplitude at different stimulus
durations and intensities. Error bar represents SEM. n.s.: not significant; ∗: P < 0.05; ∗∗: P < 0.01; ∗∗∗: P < 0.001. (E) The time courses of α-ERD (left) and
β-ERD (right) at different stimulus durations (top) and intensities (bottom).

α-amplitude was maximally coupled to the LFC phase
with a fixed time lag: specifically, it was by approximately
170–230 ms for positive coupling (when LFC phases
were measured at FT7 and FT8), and by approxi-
mately 170–200 ms for negative coupling (when LFC
phases were measured at P3 and P4) (Supplementary
Fig. S3).

The PAC strength in different experimental conditions
is summarized in Supplementary Table S7 and Fig. 6C,
and results of the 2-way repeated measures ANOVA are
summarized in Supplementary Table S8. For the positive
PAC observed on the left hemisphere (LFC phase was
extracted from Cluster 1, i.e. F7, FT7, and FC5), there
was moderate evidence for the main effect of “stimulus
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Fig. 5. Distributed sources of LFC and α-ERD elicited by contact heat stimulation. (A) Distributed sources of LFC were estimated using CLARA,
superimposed on standard MR image template, and color-coded according to their intensities, expressed in nAm/cm3. LFC sources were located in
bilateral insula (Talairach coordinates: 31.5, −23.9, 9.7 mm and −38.5, −9.9, 2.7 mm; maximal intensity: 1.29 and 1.38 nAm/cm3) and anterior cingulate
cortex (Talairach coordinates: −10.5, 32.1, 9.7; maximal intensity: 0.78 nAm/cm3). (B) Distributed sources of α-ERD were estimated using multiple source
beamformer, superimposed on a standard MR image template, and color-coded according to their intensities, expressed in percentage of elicited power
relative to baseline power (from −800 to −200 ms). α-ERD sources were located in the contralateral S1 (Talairach coordinates: 31.5, −16.9, 51.7 mm;
maximal intensity: −16.98%) and ipsilateral S1 (Talairach coordinates: −24.5, −23.9, 51.7 mm; maximal intensity: −6.43%).

intensity” (F (1, 47) = 9.88, P = 0.003, FDR corrected, Partial
η2 = 0.17), but no evidence for the main effect of “stim-
ulus duration” and interaction between the 2 factors
(Supplementary Table S8). For the positive PAC observed
on the right hemisphere (LFC phase was extracted from
Cluster 2, i.e. F8, FT8, and FC6) and negative PAC (LFC
phase was extracted from Cluster 3, i.e. CP1, CPz, CP2, P3,
P1, Pz, P2, P4, and POz), there was no evidence for main
effects of “stimulus duration” and “stimulus intensity,”
as well as for their interaction (Supplementary Table S8).
These results indicated that PAC was partly modulated
by stimulus intensity: a stronger PAC was induced

by a higher stimulus intensity in Cluster 1. In con-
trast, the PAC strength was equally large (signifi-
cantly larger than the chance level) for all stimulus
durations.

Notably, PAC strength estimated from EEG signals
within the prestimulus onset interval was also sig-
nificantly larger than the chance level for both pos-
itive and negative couplings (Supplementary Fig. S4).
However, PAC strength was significantly larger for EEG
signals within the poststimulus onset interval than the
pre-stimulus onset interval (P < 0.05 for FT7 and P3;
Supplementary Fig. S4).
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Fig. 6. Cross-frequency coupling between the phase of the LFC and the amplitude of α-oscillations. (A) Scalp topographies of PAC between LFC phase and
α-amplitude at different stimulus durations (top) and different stimulus intensities (bottom). Please note that the α-amplitude was always measured
from C4, where the α-ERD response was dominantly observed, and the LFC phase was extracted from all electrodes to calculate PAC scalp topographies.
(B) Representative trials showing different patterns of PAC from four electrodes and their group-level statistical results. Positive coupling was observed
between LFC phases at FT7 and FT8 and α-amplitudes at C4 (top); negative coupling was observed between LFC phases at P3 and P4 and α-amplitudes at
C4 (bottom). Permutation tests indicated that the PAC at the demonstrated electrodes was significantly stronger than chance level. (C) The comparison
of PACs at different stimulus durations and different stimulus intensities. The PACs were estimated when LFC phases were extracted from electrodes
at 3 different clusters (cluster 1: F7, FT7, and FC5; cluster 2: F8, FT8, and FC6; cluster 3: CP1, CPz, CP2, P3, P1, Pz, P2, P4, and POz). Error bar represents
SEM. n.s.: not significant; ∗∗: P < 0.01. (D) The detailed relationship between LFC phases and α-amplitudes. LFC phases were grouped into 10 bins, and
the corresponding α-amplitudes (represented as z values) were calculated to demonstrate their coupling. For both positive (LFC phases were measured
at FT7 and FT8) and negative (LFC phases were measured at P3 and P4) couplings, the largest PACs were observed when the LFC phases were shifted by
a certain degree (approximately −72◦ or 2 bins). The radar maps show the effects of phase shifting, and the error bar represents SEM across subjects.

Mediation effects of different brain responses
We adopted multilevel mediation analyses to assess
whether neural responses mediate the relationship
between characteristics of nociceptive stimulation
(duration and intensity) and the ensuing pain perception.
Supplementary Tables S9 and S10 showed all 2-path

coefficients for the mediation analyses when stimulus
duration and stimulus intensity were respectively
used as independent variables. Specifically, the α-ERD
duration significantly mediated the effect of stimulus
duration on subjective pain ratings (βab = 0.08, P = 0.02,
FDR corrected, Fig. 7B), and the N2 and P2 amplitudes
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Fig. 7. Two-path and 3-path mediation analyses. (A) The schematic diagrams of 2-path (top) and 3-path (bottom) mediation models in mediation analyses.
For the 2-path mediator, path a represents the relation of X (noxious stimulus) to M (a brain response), path b represents the relation of M to Y (perceived
pain) controlled for X, and path c’ is the relation of X to Y controlled for M. mediation effects are calculated by multiplying coefficients of path a and
path b and tested for significance using a bootstrap approach. For the 3-path mediator, path a represents the relation of X (noxious stimulus) to M1 (a
brain response), path d represents the relation of M1 to M2 (another brain response) controlled for X, path b represents the relation of M2 to Y (perceived
pain) controlled for M1, and path c’ is the relation of X to Y controlled for M1 and M2. Mediation effects are calculated by multiplying coefficients of path
a, path d, and path b and tested for significance using a bootstrap approach. (B) Left panel shows, for 2-path mediation analysis, the mediation effect of
brain responses on the relationship between stimulus duration and perceived pain. The duration of α-ERD significantly mediated the effect of stimulus
duration on subjective ratings of perceived pain (βab = 0.08, P = 0.02, FDR corrected). The right panel represents the mediation effect of brain responses on
the relationship between stimulus intensity and perceived pain. Amplitudes of N2 and P2 waves significantly mediated the effect of stimulus intensity
on subjective ratings of perceived pain (N2: βab = 0.01, P = 0.02, FDR corrected; P2: βab = 0.01, P = 0.03, FDR corrected). (C) Three-path mediator analysis
revealed the mediation effect of brain responses on the relationship between stimulus duration and perceived pain. The duration of α-ERD (M1) and
the amplitude of LFC (M2) serially mediated the effect of stimulus duration on subjective ratings of perceived pain (βadb = 0.001, P = 0.01, FDR corrected).
Moreover, the amplitude of α-ERD (M1) and the amplitude of LFC (M2) serially mediated the effect of stimulus duration on subjective ratings of perceived
pain (βadb = 0.001, P = 0.009, FDR corrected).

significantly mediated the effect of stimulus intensity
on subjective pain ratings (N2: βab = 0.01, P = 0.02, FDR
corrected; P2: βab = 0.01, P = 0.03, FDR corrected, Fig. 7B).

Supplementary Table S11 showed all 3-path coeffi-
cients for the mediation analyses when stimulus dura-
tion was used as the independent variable. Specifically,
the α-ERD duration (M1) and the LFC amplitude (M2)
serially mediated the effect of stimulus duration on sub-
jective pain ratings (βadb = 0.001, P = 0.01, FDR corrected,
Fig. 7C). Moreover, the α-ERD amplitude (M1) and the LFC
amplitude (M2) serially mediated the effect of stimulus
duration on subjective pain ratings (βadb = 0.001, P = 0.009,
FDR corrected, Fig. 7C). No significant 3-path mediation
effect of brain responses on the relationship between
stimulus intensity and perceived pain was observed.

Discussion
In this study, we aimed to understand the neural process-
ing responsible for the transition of sustained nociceptive
information into subjective pain experience. We deliv-
ered noxious contact heat with 3 stimulus durations and
2 stimulus intensities and measured both the transient
brain responses (e.g. the N2–P2 vertex waves) associated
with the onset of nociceptive stimuli and the sustained
brain responses (e.g. the LFC and α-ERD) related to the

tonic part of nociceptive stimuli as well as pain per-
ception. Our results revealed how brain responses could
reflect the complex processes occurring during the trans-
formation of sustained nociceptive information into the
subjective pain experience.

Brain responses elicited by transient
nociceptive stimuli
Thanks to the high temporal resolution of the EEG tech-
nique, we were able to tease out brain responses elicited
by the onset of nociceptive stimulation from those con-
sequent to the sustained nociceptive stimulation. The
potential elicited by stimulus onset displayed its typical
biphasic N2-P2 complex maximal at the scalp vertex
(Fig. 2). This vertex potential can be elicited by stimuli
of virtually all sensory modalities provided that they are
salient (Downar et al. 2000; Iannetti et al. 2008; Legrain
et al. 2011) and largely reflect supramodal neural activ-
ity that is not specific to nociceptive inputs, but highly
associated with stimulus salience (Mouraux and Iannetti
2009; Hu, Cai, et al. 2014). A longstanding misconception
in pain neurophysiology is that the vertex potential is
able to capture information about the neural activity
giving rise to pain perception. This has been consequent
to the fact that the vertex potential is often correlated
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to pain perception given the frequent but not obliga-
tory coupling between stimulus intensity and stimulus
salience (Mouraux and Iannetti 2009; Legrain et al. 2011).
However, this coupling can be effectively disrupted, thus
demonstrating that the vertex potential does not pro-
vide information about nociceptive activity leading to
pain perception, and, particularly about the long-lasting
temporal dynamics of nociceptive inputs, e.g. stimulus
duration (Fig. 2).

Brain responses elicited by sustained nociceptive
stimuli
Brain activities reflecting the more tonic part of noci-
ceptive stimulation were mostly 2: the LFC generated in
the bilateral insula and ACC and the α-ERD generated
from the sensorimotor cortex (Figs 3–5). The β-ERD had
a timecourse similar to that of the α-ERD. These obser-
vations are in line with previous observations (Peng et al.
2014; Nickel et al. 2017; Ploner et al. 2017; Guo et al. 2020;
Mulders et al. 2020), showing that neural responses at
different frequencies (e.g. α- and β-frequencies) encode
the temporal dynamics of the stimulus. A novel finding
of this study is that sustained and nonperiodic noxious
stimuli not only induced a nonphase-locked modulation
of ongoing sensorimotor α- and β-oscillations (Nickel
et al. 2017; Mulders et al. 2020), but also evoked a phase-
locked brain response at lower frequencies (i.e. <1 Hz)
in the ACC and/or the operculo-insular cortices (Colon
et al. 2017; Liberati et al. 2019; Mulders et al. 2020).
Moreover, our findings extend those of previous studies
showing that α-ERD and LFC encoded stimulus intensity
(Peng et al. 2014; Mulders et al. 2020) by demonstrating
that both LFC and α-ERD were also sensitive to stimulus
duration (Figs 3 and 4).

It is noteworthy that significant differences of LFC
and α-ERD parameters, as well as subjective ratings of
pain perception, were observed between D1 (0.5 s) and
D3 (2 s) conditions as well as between D2 (1 s) and D3
(2 s) conditions, but not between D1 and D2 conditions
(Figs 3 and 4). This discrepancy could be associated with
the nature of these sustained brain responses, given that
they were elicited by slowly- adapting thermonociceptors
that gradually respond to contact heat (Colon et al. 2017;
Mulders et al. 2020), or, more likely, due to an inherent
lack of temporal precision of contact heat in both the
intensity and the timing of activation of free nerve end-
ings at nociceptor depth. Indeed, although the temporal
profile of the temperature can be reliably controlled at
the thermode surface, the temperature at the nociceptor
level is not only lower but also delayed, since subcuta-
neous tissue acts as a heat sink—a problem that becomes
worse with high heating rise times (Tillman et al. 1995;
Magerl and Treede 1996). This caveat likely explains why
the time course of both LFC and α-ERD responses showed
a maximal response approximately from 1 to 2 s for both
D1 and D2 conditions, and from 1 to 3 s for D3 condition,
after the onset of nociceptive stimuli (Figs 3 and 4).

Importantly, we observed significant cross-frequency
coupling between the phase of LFC and the amplitude
of α-oscillations, and the largest PAC was observed when
the LFC phase was shifted by a certain degree (Fig. 6). This
cross-frequency coupling was also observed in sponta-
neous EEG activity within the prestimulus onset interval,
although this coupling was relatively weaker than in the
poststimulus onset EEG activity (Supplementary Fig. S4).
Please note that source analyses suggested that the α-
ERD was originated from the sensorimotor cortex (i.e. the
lateral pain system), and the LFC was generated from
bilateral insula and ACC (i.e. the medial pain system). The
PAC between the LFC and α-oscillations might suggest an
ongoing communication, even in the absence of nocicep-
tive inputs, between the structures composing the lateral
and medial pain systems (Albe-Fessard et al. 1985; Dong
et al. 1994; Treede et al. 1999).

Mediation effects
Beyond the typical bivariate analyses to assess the rela-
tionship between stimulus inputs and pain perception
and/or brain responses, multilevel mediation analyses
could quantify how brain responses mediate the rela-
tionship between nociceptive information and subjec-
tive experience of pain perception, thus providing some
mechanistic insights into the stimulus–brain–behavior
relationships (Tiemann et al. 2018). When stimulus inten-
sity was used as the independent variable in the current
study, we observed that amplitudes of N2 and P2 waves
significantly mediated the effect of stimulus intensity on
pain perception (Fig. 7B). This observation is in line with
recent EEG and functional magnetic resonance imaging
studies (Atlas et al. 2014; Woo et al. 2015; Tiemann et al.
2018) and suggests that N2 and P2 waves are functionally
involved in the translation of stimulus intensity into
pain perception. Since N2 and P2 waves reflect stim-
ulus salience (Legrain et al. 2011) and there is a close
relationship between stimulus intensity and salience in
the current experimental design (Iannetti and Mouraux
2010), the present finding could reflect the influence of
stimulus salience on perceptual processes via N2 and P2
waves.

When stimulus duration was used as the independent
variable, we observed that the duration and amplitude of
α-ERD (M1) and the amplitude of LFC (M2) serially medi-
ated the effect of stimulus duration on pain perception
(Fig. 7C). This observation not only verified that both α-
ERD and LFC are important neural responses in encod-
ing stimulus duration (Figs 3 and 4) but also indicated
that the coupling between the 2 brain responses might
be crucial for the conversion of sustained nociceptive
information into pain perception (Fig. 6). Since α-ERD and
LFC were generated from brain regions in the lateral
and medial pain systems, respectively (Fig. 5), the serial
mediation effect would imply that the conversation from
stimulus duration to pain perception involves serial neu-
ral processing of multiple brain regions/systems. Notably,

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac090#supplementary-data
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the serial neural processing was in line with the corti-
cal hierarchy in the nociceptive system to encode the
temporal dynamics of nociceptive inputs (Treede et al.
1999; Tracey and Mantyh 2007), i.e. from α-ERD that was
originated from the sensorimotor cortex (the low-level
brain regions) to LFC that was generated from bilateral
insula and ACC (the high-level brain regions).

Limitations, future directions, and conclusions
The main caveat of the current study is that although
we used 3 stimulus durations of nominally 500, 1,000,
and 2,000 ms, it is unlikely that they resulted in similar
durations at the physiologically meaningful level of noci-
ceptive afferents (Baumgartner et al. 2005)—as we have
detailed earlier in the Discussion. For this reason, the lack
of difference between D1 and D2 should be taken with a
pinch of salt, as it is possible that D1 and D2 did not differ
by 500 ms. This lack of precision obviously affected less
the difference between D1/D2 vs. D3, since the nominal
temperature at the Peltier surface in D3 was 1.5 or 1 s
longer than D1 and D2, respectively.

Previous studies suggested that gamma oscillations
(30–100 Hz) in the medial prefrontal cortex also encoded
the fluctuations of nociceptive input and resulting pain
perception (Schulz et al. 2015; Nickel et al. 2017). In our
study, after increasing the signal-to-noise ratio by aver-
aging signal amplitude across all gamma frequencies,
we found moderate evidence that the gamma ampli-
tude was significantly modulated by “stimulus intensity”
(F (1, 47) = 7.8, P = 0.007, Partial η2 = 0.14), but not by “stimu-
lus duration,” and there was no interaction between the 2
factors. Due to the inherently low signal-to-noise ratio of
EEG oscillations at higher frequencies (e.g. gamma and
beta oscillations) and the limited spatial resolution of
EEG signals measured at the scalp level, solid conclusions
can only be made in future studies with either higher
density scalp recordings from a large number of sub-
jects or intracranial recordings from patients or animal
models.

Previously, the LFC was shown to be preferentially
elicited by nociceptive somatosensory inputs compared
to auditory stimuli of similar intensity (Guo et al.
2020). This finding, along with the fact that sustained
nociceptive inputs are not as salient as transient stimuli,
would indicate that our observations related to stimulus
duration were not associated with the general stimulus
saliency. Moreover, α-ERD showed a maximal distribution
at the contralateral central region and was demonstrated
to be originated from the sensorimotor cortex, which
suggested the somatosensory-selective nature of the
response as compared with α-ERD induced by auditory
and visual stimuli (Romei et al. 2008; Hu et al. 2013).
However, since we did not use a control condition in a
different sensory modality, it is unknown whether the
coupling between LFC and α-ERD that we observed
is pain-selective. Therefore, future studies should
be performed to evaluate their coupling in other

sensory modalities using carefully matched stimulus
intensity.

In summary, the present study provides novel evi-
dence for ongoing communications between the lateral
and medial pain systems, thus shedding new light on
the importance of the interplay of neural responses at
different frequencies in different brain regions for the
generation of pain perception. Our findings might be
used in the future for exploring clinical pain, given that
sustained nociceptive stimuli more effectively simulate
the dynamics of spontaneous pain in clinical conditions
(Ploner and May 2018).
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