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Abstract

The recording of event-related brain potentials triggered by a transient heat stimulus is used
extensively to study nociception and diagnose lesions or dysfunctions of the nociceptive system in
humans. However, these responses are related exclusively to the activation of a specific subclass of
nociceptive afferents: quickly-adapting thermonociceptors. In fact, except if the activation of A
fibers is avoided or if A fibers are blocked, these responses specifically reflect activity triggered by
the activation of Type 2 quickly-adapting A fiber mechano-heat nociceptors (AMH-2). Here, we
propose a novel method to isolate, in the human electroencephalogram (EEG), cortical activity
related to the sustained periodic activation of heat-sensitive thermonociceptors, using very slow
(0.2 Hz) and long-lasting (75 s) sinusoidal heat stimulation of the skin between baseline and 50°C.
In a first experiment, we show that when such long-lasting thermal stimuli are applied to the hand
dorsum of healthy volunteers, the slow rises and decreases of skin temperature elicit a consistent
periodic EEG response at 0.2 Hz and its harmonics, as well as a periodic modulation of the
magnitude of theta, alpha and beta band EEG oscillations. In a second experiment, we demonstrate
using an A fiber block that these EEG responses are predominantly conveyed by unmyelinated C
fiber nociceptors. The proposed approach constitutes a novel mean to study C fiber function in
humans, and to explore the cortical processing of tonic heat pain in physiological and pathological
conditions.
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1 Introduction

The perception of heat-evoked pain results from the activation of heat-sensitive As and C
fiber thermonociceptors (Kandel et al., 2000). Based on how they respond to sustained heat,
these thermonociceptors can be categorized as either slowly-adapting or quickly-adapting
(Meyer and Campbell, 1981; Schepers and Ringkamp, 2010; Treede et al., 1995). Quickly-
adapting thermonociceptors respond immediately after the onset of a thermal stimulus and
then quickly adapt when the thermal stimulus is maintained over time. In contrast, slowly-
adapting thermonociceptors respond gradually following the onset of a thermal stimulus and
exhibit little or no adaptation when the thermal stimulus is maintained over time (Meyer and
Campbell, 1981; Schepers and Ringkamp, 2010; Treede et al., 1995).

The recording of event-related brain potentials (ERPs) in response to transient heat stimuli
(e.g. a brief infrared laser pulse applied onto the skin) is used extensively to study
nociception in humans (Garcia-Larrea et al., 2003), and to objectify lesions or dysfunctions
of the nociceptive system for the diagnosis of neuropathic pain (Cruccu et al., 2000).
However, such ERPs necessarily reflect activity triggered by only a fraction of nociceptive
afferents: quickly-adapting nociceptors. In fact, except when C fibers are activated in
isolation, heat-evoked ERPs are thought to result exclusively from the activation of a very
specific category of nociceptive afferents: quickly-adapting A8 fiber thermonociceptors, also
referred to as Type 2 A fiber mechano- and heat-sensitive nociceptors (AMH-2) (Bromm et
al., 1984, Meyer and Campbell, 1981; Treede 1995).

Here we propose an alternative method based on EEG “frequency tagging” to isolate cortical
activity related to the sustained ultraslow (0.2 Hz) sinusoidal activation of quickly- and
slowly-adapting thermonociceptors in humans. In addition to showing that this approach
elicits a reliable EEG response which can be readily identified at single-subject level, we
also show that the elicited responses essentially reflect activity conveyed by unmyelinated C
fibers, which are known to constitute the vast majority of nociceptive afferents. Therefore,
the information provided by our approach could be highly complementary to the information
provided by the conventional recording of transient heat-evoked ERPs. Furthermore, it could
constitute a mean to study the cortical processes involved in the perception of tonic heat
pain. To generate these long-lasting periodic stimuli, a temperature-controlled CO» laser
stimulator was used to produce a very slow 0.2 Hz sinusoidal variation of skin temperature,
oscillating between baseline skin temperature and 50°C. Previous studies using
microneurography suggest that such slow changes in skin temperature should generate
periodic activity in both quickly- and slowly-adapting thermonociceptors, in particular,
slowly- and quickly-adapting C fiber nociceptors (Meyer and Campbell, 1981; Treede et al.,
1995). The general assumption underlying the proposed “frequency-tagging” approach is
that the slow periodic activation of heat nociceptors elicits periodic activity within higher-
order neurons processing this thermonociceptive input, and that this synchronous neuronal
activity should generate peaks in the EEG frequency spectrum at the frequency of
stimulation (0.2 Hz) and its harmonics.
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2 Methods

2.1 Participants

The study comprised three distinct experiments. Eight healthy volunteers (4 females, aged
24-33 years) took part in Experiment 1. Six healthy volunteers took part in Experiment 2 (2
females, aged 19-27 years). Six other healthy volunteers took part in Experiment 3 (2
females, aged 34-43 years). All participants were right-handed, and had no prior history of
neurological or psychiatric disorders. Before taking part in one of the three experiments,
participants were familiarized with the experimental setup and exposed to a small number of
test stimuli. The study was approved by the local Ethics Committee and conformed to the
latest version of the declaration of Helsinki. Written informed consent was obtained from all
participants.

2.2 Temperature-controlled CO, laser stimulation

In all three experiments, thermal stimuli were generated using a temperature-controlled CO,
laser stimulator. The power output of this stimulator is regulated online using a feedback
control loop based on a continuous measurement of skin temperature at the site of
stimulation performed using a radiometer collinear with the laser beam (Laser Stimulation
Device, SIFEC, Belgium). A similar feedback-controlled device developed by Meyer et al.
(1976) inspired the conception of this laser. Because the radiometer used in the present
device is capable of obtaining a reliable estimate of target temperature with a very short
integration time, the feedback loop is able to update laser power output at a very fast rate
(500 Hz). The heat source is a 25 W radiofrequency-excited CO, laser (Synrad 48-2;
Synrad, WA). Power control is achieved by pulse width modulation at a 5-kHz clock
frequency. The stimuli are delivered through a 6 m optical fiber. By vibrating this fiber at
some distance of the source, a quasi-uniform spatial distribution of radiative power within
the stimulated area is obtained. At the end of the fiber, optics are used to collimate the beam.
The optic used in the present study provided a 12 mm beam diameter at target site.

2.3 Experiment 1

The experiment was conducted in a dim and silent room. Participants were seated in a
comfortable chair with the palm of one hand resting on a table. The laser stimulation
consisted in a 0.2 Hz sinusoidal variation of skin temperature, oscillating between baseline
skin temperature (32.6 £1.7°C; mean £ sd) and 50°C. The temperature of 50°C was chosen
as this temperature is above the thermal activation threshold of both slowly- and quickly-
adapting thermonociceptors. The frequency of 0.2 Hz was chosen because
microneurography studies performed in human and animals suggest that this should elicit
periodic activity in both slowly- and quickly-adapting thermonociceptors (Treede et al.,
1995), in particular, slowly-adapting C fiber thermonociceptors (Meyer and Campbell,
1981). The duration of the sustained periodic heat stimulus was 75 s (15 cycles each lasting
5s). The target of the laser beam on the skin was displaced slightly during the descending
part of each stimulation cycle in order to avoid sensitization or habituation of heat-sensitive
afferents. A total of 20 stimuli were delivered on each hand, in two separate blocks. Each
block lasted £ 40 min.
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2.3.1 EEG recording—The EEG was recorded using 64 Ag-AgCl electrodes placed on
the scalp according to the international 10/10 system (Waveguard64 cap, Cephalon A/S,
Denmark). Electrode impedances were kept below 10 kQ. Ocular movements and eye blinks
were recorded using two pairs of electrodes, the first placed above and below the right eye,
the second placed at the external corner of the left and right eyes. Signals were amplified and
digitized using an average reference and a sampling rate of 500 Hz.

2.3.2 EEG signal preprocessing—Analysis of the EEG data was carried out using
Letswave 6 (http://nocions.org/letswave) (Mouraux and lannetti, 2008). The continuous
EEG recordings were filtered using a 0.05 Hz high-pass Butterworth filter to remove slow
drifts in the recorded signals. Non-overlapping EEG epochs were then obtained by
segmenting the recording from 0 to 75 s relative to the onset of the stimulation trains. Each
EEG epoch was demeaned using the time-interval ranging from 0 to 75 s. Artifacts due to
eye blinks or eye movements were then removed using a validated method based on an
Independent Component Analysis (FastICA algorithm) (Hyvarinen and Oja, 2000). Finally,
epochs containing artifacts exceeding 500 pv were rejected from further analyses. After this
rejection, 17.5+2.7 trials remained when stimulating the left hand and 18.0+3.5 trials
remained when stimulating the right hand.

2.3.3 Frequency-domain analysis—For each subject and stimulated hand, artifact-
free EEG epochs obtained when stimulating the left and right hand were averaged. The
obtained average waveform lasting 75 s was then transformed in the frequency domain using
a discrete Fourier transform (FFTW) (Frigo and Johnson, 1998), yielding an amplitude
spectrum (uV) ranging from 0 to 250 Hz with a frequency resolution of 0.013 Hz (Bach and
Meigen, 1999). Within the obtained frequency spectra, the signal amplitude at 0.2 Hz and at
harmonic frequencies (0.4, 0.6, 0.8, 1.0, 1.2 and 1.4 Hz) was measured at each EEG
electrode. These measures may be expected to correspond to the sum of the stimulus-evoked
periodic EEG response and unrelated residual background noise. Therefore, to obtain valid
estimates of the magnitude of the periodic EEG responses, the contribution of this residual
noise was removed by subtracting, at each electrode and at each frequency bin, the average
amplitude of the signal measured at neighboring frequencies (-0.026 to -0.065 Hz and
+0.025 to +0.065 Hz) (Mouraux et al. 2011). In the absence of a periodic EEG response, the
noise-subtracted average signal amplitude may be expected to tend towards zero. Hence, to
assess the significance of the responses measured at each electrode, a non-parametric
Wilcoxon signed-rank test was used to determine whether the magnitude of the noise-
subtracted signal amplitude at the base frequency (0.2 Hz) and at harmonic frequencies (0.4
Hz, 0.6 Hz, 0.8 Hz, 1.0 Hz, 1.2 Hz, and 1.4 Hz), averaged across all scalp channels, were
significantly greater than zero (SPSS 18, IBM, USA). Significance level was set at p<0.05.

To assess the temporal dynamics of the periodic EEG response elicited by the long lasting
stimulation trains, an additional set of epochs was computed by segmenting the 75 s
waveforms into three successive segments of 25 s. After applying the same analysis
procedure, noise-subtracted signal amplitudes obtained in the first segment were compared
to the noise-subtracted amplitudes obtained in the third segment using a Wilcoxon matched-
pairs test. Significance level was set at p<0.05
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2.3.4 Hilbert analysis—Previous studies have shown that the perception of sustained
pain can be related to sustained changes in the magnitude of ongoing EEG oscillations
within different frequency bands (Giehl et al., 2014, Peng et al., 2014, Schulz et al., 2015,
Zhang et al., 2016). Therefore, we also examined whether the periodic heat stimulus
generated a periodic modulation of the amplitude of ongoing EEG oscillations within the
different frequency bands of the EEG frequency spectrum. For this purpose, a band-pass
Butterworth filter was applied to the unaveraged EEG epochs to retain the EEG signal within
theta (4-8 Hz), alpha (8-12 Hz), beta (12-40 Hz), and gamma (40-100 Hz) frequency bands.
A Hilbert transform was then applied to the EEG epochs such as to estimate the envelope of
the signal within these frequency bands. Finally, the obtained epochs were averaged across
trials, and transformed in the frequency domain using a discrete Fourier transform (FFTW).
A Wilcoxon signed-rank test was used to determine whether the magnitude of the noise-
subtracted 0.2 Hz amplitude modulation of theta, alpha, beta, and gamma band oscillations,
averaged across all scalp channels, was significantly greater than zero. Significance level
was set at p<0.05

2.3.5 Topographical analysis—Hemispheric lateralization of the obtained EEG
responses was assessed using a Wilcoxon matched-pairs test comparing the responses
obtained at ipsilateral vs. contralateral central electrodes (C3/C4). Significance level was set
at p<0.05

2.3.6 Time-domain analysis—In order to assess the lag between the periodic heat
stimulation of the skin and the periodic EEG response, each 75-s EEG epoch was segmented
in a succession of 15 epochs lasting 5 s and corresponding to each stimulation cycle. These
epochs were then averaged in the time domain in order to reveal the time course of the
stimulus-induced fluctuations of the EEG signal. In the absence of a lag between the 0.2 Hz
oscillations of skin temperature and the 0.2 Hz oscillations of the EEG signals, the peak of
EEG activity should coincide with the peak of heat stimulation. A Wilcoxon matched-pairs
test was used to determine whether the latency of the peak of the EEG signal was
significantly different from the latency of the peak of skin heat stimulation. Significance
level was set at p<0.05

2.4 Experiment 2: A fiber block

The aim of this second experiment was to determine the respective contribution of
myelinated and unmyelinated nociceptors to the periodic EEG responses elicited by the
sustained 0.2 Hz sinusoidal variation of skin temperature between baseline and 50°C.

2.4.1 Afiber nerve conduction block—To block selectively the conduction of
myelinated fibers, pressure was applied to the left superficial branch of the radial nerve, at
the level of the wrist (Magerl et al., 1999; Nahra and Plaghki, 2003; Mouraux et al., 2010).
Participants were comfortably seated in a chair with the left forearm immaobilized on an
armrest with a handle bar in their left hand preventing any pronation or supination of the
hand and forearm. The pressure was delivered by means of two 700 g weights hanging at
each end of a 1.5 cm rubber band applied on the forearm proximally to the wrist.
Development of the nerve conduction blockade was monitored by assessing, every 10
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minutes, the ability of the participants to detect five tactile stimuli (calibrated nylon filament
exerting a target force of 5.9 mN; Semmens-Weinstein Von Frey Aesthesiometers, evaluator
size 3.84, Stoelting Co, USA) and five short-lasting CO5 laser stimuli (50°C stimuli lasting
100 ms, delivered using the temperature-controlled infrared CO, laser stimulator). All test
stimuli were delivered to the skin innervation territory of the superficial radial nerve. The
block was considered as established when, within the area of hypoesthesia, participants were
both no longer able to detect 4/5 tactile stimuli and'no longer able to detect 4/5 laser heat
stimuli with reaction-times (RT) shorter than 650 ms. When stimulating the hand dorsum, a
cutoff of 650 ms can be used to distinguish detections triggered by input conveyed by
myelinated A fibers (RT < 650 ms) vs. input conveyed by unmyelinated C fibers (RT =650
ms) (Churyukanov et al., 2012). During the assessment the view of the hand was prevented.

Once the block was established, EEG responses to the sustained 0.2 Hz sinusoidal heat
stimulation of the area of hypoesthesia were recorded in each participant. The thermal
stimulation profile was identical to the stimulation profile used in Experiment 1. A total of
15 trials were recorded. At the end of this EEG recording, persistence of the A fiber block
was verified using the testing procedure used to assess development of the block. The A
fiber block was then released. To allow a within-subject assessment of the effect of the A
fiber block, EEG responses to the sustained 0.2 Hz periodic heat stimulation were also
obtained from the contralateral hand of each participant. In half of the participants, these
responses were collected before collecting the EEG responses from the blocked hand, i.e.
while waiting for the block to establish itself. In the other half, EEG responses from the
contralateral hand were collected immediately after collecting the EEG responses from the
blocked hand. Finally, to assess the effect of the block on the percept elicited by sustained
periodic heat stimulation, participants were asked to rate the intensity of the percept elicited
by the first, seventh and last trial of each of the two EEG sessions using a numerical rating
scale between 0 (minimum reported intensity) and 10 (maximum reported intensity). Each
EEG session lasted 20-30 minutes.

The EEG was recorded using 32 Ag-AgCl electrodes placed on the scalp according to the
international 10/10 system (Waveguard64 cap, Cephalon A/S, Denmark). Signal
preprocessing and analysis were identical to those performed in Experiment 1. After artifact
rejection, 11.5£2.59 trials remained when stimulating the blocked hand and 11.67+3.27
trials remained when stimulating the control hand.

Based on the scalp topographies of the responses recorded in Experiment 1, a Wilcoxon
signed-rank test was used to determine whether, at electrode Cz, the magnitude of the noise-
subtracted signal amplitude at 0.2 Hz in the frequency domain analysis was significantly
greater than zero. The same test was used to determine whether, at the contralateral central
electrode C3 or C4, the magnitude of the noise-subtracted amplitude of the 0.2 Hz
modulation of theta, alpha, and beta band oscillations was significantly greater than zero.

In addition, Wilcoxon matched-pairs tests were used to compare the intensity of perception,
the magnitude of the 0.2 Hz periodic EEG response at electrodes Cz, and the magnitude of

the 0.2 Hz modulation of theta, alpha, and beta band oscillations at the contralateral central

electrode C3 or C4, during stimulation of the blocked and control hands. Furthermore, to
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assess whether the A fiber block had an effect on the time course of the elicited EEG
response, a cross-correlation analysis was performed on the EEG signals averaged across
stimulation cycles. A Wilcoxon signed-rank test was used to assess whether the lag at
maximum correlation was significantly different from 0. Significance level was set at
p<0.05.

2.5 Experiment 3: time course of heat perception

The aim of this third experiment was to assess the time course of the heat percept elicited by
the 0.2 Hz sinusoidal variation of skin temperature used in Experiments 1 and 2. The
thermal stimulation profile was identical to the stimulation profiles used in the other
experiments except for the fact that the stimulation duration was 25 s (five cycles). All
stimuli were delivered to the left hand dorsum. During stimulation, the participant was asked
to evaluate continuously the intensity of perception by manipulating a 10 cm vertical slider
with their right hand. The lower end of the slider was defined as “not perceived” and the
upper end of the slider was defined as “maximum intensity”. Participants were asked to
move the slider button continuously according to the perceived intensity. The position of the
slider as well as the temperature of the skin measured by the laser stimulator was digitized at
1000 Hz using an analog/digital converter (USB 1208HS-40A, Measurement Computing,
MA). The displacements of the slider used to monitor the changes in intensity of perception
were normalized for each participant to obtain ratings of intensity of perception extending
between 0 (minimum reported intensity) and 1 (maximum reported intensity). To evaluate
the temporal dynamics of the intensity of perception elicited by the 25 s of stimulation, the
normalized ratings were averaged across trials. A Wilcoxon signed rank test were then used
to compare the maximum intensity of perception elicited by the first cycle of skin heating
with the maximum intensity of perception elicited by the last cycle of skin heating.
Significance level was set at p<0.05. Moreover, to assess the lag between perception and
skin heating, a cross-correlation analysis was performed between intensity rating and skin
temperature waveforms. A Wilcoxon signed-rank test was used to assess whether the lag at
maximum correlation was significantly different from 0. Significance level was set at
p<0.05.

3 Results

3.1 Experiment1

3.1.1 Frequency domain analysis—The sustained periodic sinusoidal oscillation of
skin temperature between baseline skin temperature and 50°C elicited a marked increase of
EEG power at the frequency corresponding to the frequency of skin temperature oscillation
(0.2 Hz) and its harmonics (Fig.1A). The scalp topography of this periodic response was
maximal at the scalp vertex, symmetrically distributed over the two hemispheres, and clearly
identifiable in each participant.

After subtraction of the surrounding frequency bins to account for residual background
noise, the magnitude of the periodic EEG response, averaged across all scalp channels, was
significantly greater than zero at 0.2 Hz (p=0.008), 0.4 Hz (p=0.008), 0.8 Hz (p =0.008), 1.0
Hz (p =0.008), and 1.2 Hz (p=0.02) (Fig. 1B).
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The magnitude of the 0.2 Hz EEG response averaged across all scalp channels remained
constant over time. Indeed, the magnitude of the response recorded during the first 25 s of
stimulation (0.17+ 0.16pV) and during the last 25 s stimulation (0.15+0.12 uV) were not
significantly different (p=0.74).

3.1.2 Hilbert analysis—A clear peak at 0.2 Hz was noted in the theta, alpha and beta
frequency bands (Fig. 2A). No peak was observed in the gamma frequency band. After
subtraction of the surrounding frequency bins to account for residual background noise, the
magnitude of the 0.2 Hz periodic modulation of ongoing EEG oscillations was significantly
greater than zero in the theta (p=0.02), alpha (p=0.008) and beta (p=0.008) bands, but not in
the gamma band (p=0.19). The group-level average scalp topographies of these responses
were maximal over the central-parietal regions contralateral to the stimulated hand (Fig. 2B).
This hemispheric lateralization was confirmed by the results of the Wilcoxon matched-pairs
test showing that the response was significantly greater at the contralateral vs. ipsilateral
central electrode (C3/C4) in the alpha (p=0.02) and beta (p=0.008) frequency bands, but not
in the theta band (p=0.19) or gamma band (p=0.38).

3.1.3 Time-domain analysis—There was a clear lag between the 0.2 Hz oscillation of
skin temperature and the 0.2 Hz variation of the EEG signal (Fig. 3). On average, the EEG
signal peaked 1.0+0.3 s after the peak of heat stimulation. This lag was significant
(p=0.008).

3.2 Experiment 2: A fiber block

3.2.1 Frequency domain analysis—The sustained periodic sinusoidal oscillation of
skin temperature between baseline skin temperature and 50°C elicited a marked increase of
EEG power at 0.2 Hz and harmonics both when the stimulus was applied to the blocked
hand and when it was applied to the control condition (Fig. 4A). After subtraction of the
surrounding frequency bins to account for residual background noise, the magnitude of this
periodic EEG response, measured at electrode Cz, was significantly greater than zero both in
the block condition and in the control condition at 0.2 Hz (Wilcoxon signed-rank test: block
condition p=0.03, control condition, p=0.03). There was no significant difference between
the amplitudes of the responses obtained from the two hands (Wilcoxon matched-pairs test,
all p=1).

3.2.2 Hilbert analysis—Such as in Experiment 1, a clear peak at 0.2 Hz and harmonics
was noted for theta, alpha and beta frequency bands (Fig. 4B). After subtraction of the
surrounding frequency bins to account for residual background noise, the Wilcoxon signed-
rank tests showed that the magnitude of the 0.2 Hz modulation of theta, alpha and beta band
oscillations measured at the contralateral central electrode C3 or C4 was significantly greater
than zero when stimulating the control hand in the alpha band (p=0.03) and marginally
greater than zero in the beta band (p=0.06) and in the theta band (p=0.06). In the block hand,
the magnitude of the 0.2 Hz modulation was not greater than zero in the alpha band (p=0.
22), marginally different from 0 in the beta band (p=0.06) and not in the theta band (p=0.31).
There was no significant difference in the magnitude of the responses elicited by stimulation
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of the blocked vs. control hands in the alpha, beta and theta band (Wilcoxon matched-pairs
test: all p>0.15).

3.2.3 Cross-correlation analysis—The cross-correlation analysis showed that, on
average, the time course of the periodic 0.2 Hz EEG responses recorded in the block vs.
control conditions were highly similar (Fig. 5A). The lag at maximum correlation
(r=0.75%0.14) between the time courses of the EEG responses recorded in the block vs.
control conditions was - 0.003+0.13 (Fig. 5B). This lag was not significantly different from
zero (Wilcoxon signed-rank test: p=0.84).

The intensity of perception in the block condition 6.2+2.0 and in the control condition
6.3£2.2 were not significantly different (Wilcoxon matched-pairs test: p=1).

3.3 Experiment 3: time course of heat perception

The intensity of the heat percept generated by the 0.2 Hz sinusoidal variation of skin
temperature remained stable during the entire 25 seconds of stimulation (Fig. 6). The
maximum intensity of the percept elicited by the first stimulation cycle and the last
stimulation cycle were not significantly different (Wilcoxon matched-pairs test: p=0.09).
Such as for the EEG response observed in Experiment 1, there was a clear lag between the
0.2 Hz oscillation of skin temperature and the intensity of perception ratings (Fig. 6). On
average, the maximum intensity of perception was reported 1.5 s after the peak of heat
stimulation. The cross-correlation analysis showed that the lag at maximum correlation
between rating and skin temperature waveforms (1.5+0.3 s) was significantly greater than
zero (p=0.031).

4 Discussion

Slowly and periodically increasing and decreasing skin temperature during 75 seconds at a
rate of 0.2 Hz elicited, in all participants, a robust periodic EEG response at the frequency of
stimulation and its harmonics. The high signal-to-noise ratio of the obtained EEG response
is explained by the fact that it is concentrated within very narrow frequency bands (0.2 Hz
and its harmonics). Importantly, this response was entirely unaffected by blocking the
conduction of myelinated A fibers, indicating that ultra-slow periodic heat stimulation of the
skin can be used to reliably “frequency tag” cortical activity related predominantly to the
sustained activation of C fiber thermonociceptors.

The scalp topography of the 0.2 Hz EEG response was maximal over frontal-central
electrodes, and symmetrically distributed over the two hemispheres. This observation is in
line with the results of our previous studies, in which EEG responses to the rapid succession
of brief laser pulses (Colon et al., 2014; Mouraux et al., 2011), or to the rapid repetition of
intra-epidermal electrical stimuli (Colon et al., 2012) also displayed a symmetric scalp
distribution maximal over frontal-central electrodes. Although, one can only speculate on the
cortical generators of these responses due to the spatial uncertainty inherent to scalp EEG,
we showed in a previous study that this scalp topography could be explained by activity
originating from midline brain structures such as the anterior cingulate cortex (ACC) and/or
deep lateral brain structures such as the left and right operculo-insular cortices (Mouraux et
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al., 2011). This is also compatible with the results of functional neuroimaging studies having
shown that the application of sustained heat using a contact thermode elicits a significant
increase of regional cerebral blood flow within the anterior cingulate, as well as the left and
right operculo-insular cortices (Peyron et al., 2000).

Sustained ultra-slow periodic activation of thermonociceptors also elicited a periodic
modulation of EEG power in the theta, alpha and beta frequencies. Interestingly, these
responses showed a significant hemispheric lateralization, being maximal over the central
and parietal areas contralateral to the stimulated hand. These results are compatible with the
results of previous EEG studies having shown that tonic pain delivered to the hand can
induce a sustained and asymmetric reduction of alpha-band power maximal over
contralateral central areas, and hypothesized to originate at least in part from the
contralateral sensorimotor cortex (Peng et al., 2014, Zhang et al., 2016). Whereas other
studies have shown that tonic pain can also induce an enhancement of higher-frequency
gamma-band oscillations (Peng et al., 2014, Schulz et al., 2015), no significant periodic
modulation of gamma-band oscillations was observed in the present study.

The lack of any effect of the A fiber nerve conduction blockade on both the EEG responses
and the heat percept elicited by the sustained ultra-slow periodic modulation of skin
temperature demonstrates that these responses are essentially conveyed by heat-sensitive C
fiber nociceptors. This could be explained by differences in the response properties of
slowly-adapting A8 and C fiber thermonociceptors. Slowly-adapting As thermonociceptors
(AMH-1) respond to sustained thermal stimulation such as heating the skin to 53°C during
30 s (Schepers and Ringkamp, 2010; Treede et al., 1995; Treede et al., 1998). However,
discharge within these fibers is markedly delayed relative to the onset of heat stimulation
(average response latency + 5 s), and gradually increases over time to reach maximum firing
rates towards the end of the 30 s stimuli. Therefore, at 0.2 Hz, the periodic changes in skin
temperature might still be too transient to elicit consistent periodic activity within these
afferents. Such as AMH-1, slowly-adapting C fibers respond gradually to sustained heat, and
exhibit little or no adaptation when the heat stimulus is maintained over time (Meyer and
Campbell, 1981; Schepers and Ringkamp, 2010; Wooten et al., 2014). However, the
response latency of slowly-adapting C fibers appears to be, on average, shorter than the
response latency of AMH-1. For example, Meyer and Campbell (1981) found that the
maximum response of slowly-adapting C fibers occurred approximately 1 s after the onset of
the heat stimulus, and adapted slowly to reach a stable level after 10 s (Meyer and Campbell,
1981). For this reason, it is likely that varying skin temperature at a 0.2 Hz frequency
generates strong periodically-modulated afferent activity in slowly adapting C fibers, but not
in slowly-adapting A5 fibers.

Further supporting the view that the EEG responses elicited by a 0.2 Hz modulation of skin
temperature are conveyed predominantly by C fibers is the finding that the A fiber
conduction blockade did not exert any effect on the time course of the elicited EEG
responses. Specifically, the absence of any lag between the EEG responses elicited by
stimulation of the blocked and control hands indicates that the afferent fibers generating the
responses had similar conduction velocities in both conditions. Moreover, in Experiment 1,
both the peak of the EEG response and the peak of heat perception were delayed by
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approximately 1-1.5 seconds relative to the peak of skin heating. This lag is compatible with
the slow conduction velocity of C fibers (0.5-2 m/s) but not with the higher conduction
velocity of AS fibers (12-30 m/s) (Almeida et al., 2004). Taken together, the results of the
three experiments suggest that both the EEG activity and the perception elicited by the 0.2
Hz sinusoidal heating of the skin were predominantly mediated by slowly-adapting and/or
quickly-adapting C fibers thermonociceptors(s).

The proposed EEG “frequency tagging” approach (Regan, 1989) to isolate cortical activity
related to the sustained periodic activation of thermonociceptors could constitute a mean to
study the cortical processes involved in the perception of tonic heat pain, with potential
clinical applications. Because transient heat stimuli activate almost exclusively quickly-
adapting thermonociceptors whereas long-lasting heat stimuli generate sustained activity
within slowly-adapting thermonociceptors, the processes involved in the perception of tonic
heat could differ from those involved in the perception of transient heat. Moreover, slowly-
adapting thermonociceptors have been related to the development of heat hyperalgesia, and
could thus play a prominent role in the development of chronic pathological pain. For
example, Wooten et al. (2014) found that, following a mild burn injury, slowly-adapting C
fiber thermonociceptors sensitize more than quickly-adapting C fiber thermonociceptors.
Furthermore, considering that the innervation density of C fibers is far greater than that of
AGb fibers, C fiber thermonociceptors are probably the main mediators of the primary
hyperalgesia induced by tissue injury or inflammation (Campbell and Meyer, 1983; Lamotte
et al., 1983). This periodic EEG approach could thus be used to explore the cortical
processing of tonic heat pain and the involvement of C fibers in various pathological pain
conditions.

The present study is not our first attempt at recording steady-state EEG responses to periodic
heat stimulation of the skin. In two previous studies, we recorded EEG responses to periodic
heat stimulation using a much higher frequency of stimulation (6-7 Hz) (Colon et al., 2014;
Mouraux et al., 2011). In these studies, brief laser or electrical pulses were applied onto the
skin. Consequently, these periodic EEG responses were predominantly related to the
activation of quickly-adapting AMH-2. The signal-to-noise ratio of the elicited responses in
these studies was also very low. In contrast, the EEG responses obtained in the present study
were characterized by a very high signal-to-noise ratio, and by the fact that the responses
were clearly identifiable in each participant. This difference could be explained by the fact
that, as compared to short-lasting heat stimulation cycles, long-lasting heat stimulation
cycles activate a greater number of heat-sensitive afferents, in particular, slowly-adapting C
fiber thermonociceptors. Furthermore, the magnitude of steady-state EEG responses is
determined not only by the strength of the afferent input but also by the phase
synchronization of the afferent input when it reaches the cortex as well as the consistency of
its phase over the repeated cycles. The time course of the afferent input generated by heating
the skin is dependent on the initial transduction of heat into neural impulses by heat-
sensitive nociceptive afferents. Variability in the time course of activation of individual
afferents could thus smear the periodicity of the afferent input generated by the stimulus.
Furthermore, cycle-by-cycle variations in heat transfer to the skin as well as variations in the
conduction velocity of individual fibers may constitute important additional sources of
within-trial and inter-trial variability. These different sources of temporal jitter can be
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expected to have much more impact on the phase consistency of afferent input elicited by
high-frequencies of stimulation, and could thus also explain why robust steady-state EEG
responses are obtained when very low frequencies of stimulation are used, but not when high
frequencies of stimulation are used.

5 Conclusion

In conclusion, we show that very slow periodic heat stimulation of the skin elicits a reliable
and robust periodic EEG response having a symmetric scalp topography maximal over
frontal-central electrodes. In addition, we show that this periodic heat stimulus also induces
a periodic modulation of the magnitude of ongoing EEG oscillations in theta, alpha and beta
frequency bands. Interestingly, these responses were lateralized, and maximal over the
central and parietal regions contralateral to the stimulated hand. The lack of any effect of an
A fiber block on the amplitude and latency of these EEG responses indicates that they
predominantly reflect activity conveyed by unmyelinated C fibers. This EEG “frequency
tagging” approach could be used in future studies to explore the cortical processes
underlying the perception of tonic heat in physiological and pathological pain conditions.
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Figure 1.

Frzquency-domain analysis of the periodic EEG response elicited by 0.2 Hz periodic heating
of the skin to 50°C during 75 s (Experiment 1). A. Group-level average frequency spectrum
of the signal measured at the scalp vertex (electrode Cz vs. an average reference). Note the
clear peak in the EEG spectra at 0.2 Hz and its harmonics (vertical arrows). Note that the
periodic EEG response is maximal at the scalp vertex, and symmetrically distributed over
the two hemispheres, both at 0.2 Hz and 0.4 Hz. B. Group-level average noise-subtracted
amplitude of the EEG response elicited at the base frequency (0.2 Hz) and harmonic
frequencies (0.4 Hz, 0.6 Hz, 0.8 Hz, 1.0 Hz, 1.2 Hz and 1.4 Hz), averaged across all scalp
channels, for each participant. In the absence of a periodic EEG response, noise-subtracted
amplitudes should not be significantly different from zero. * p <.05 (Wilcoxon signed
ranked test against zero).
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Hilbert analysis of the periodic modulation of ongoing EEG oscillations elicited by 0.2 Hz
periodic heating of the skin to 50°C during 75 s (Experiment 1). A. Group-level average
frequency spectrum of the EEG signal within theta, alpha, beta and gamma frequency bands.
Note the significant periodic modulation of EEG power in the theta, alpha and beta
frequency bands, and the lack of modulation in the gamma frequency band. B. Group-level
average scalp topography of the periodic 0.2 Hz modulation of theta-, alpha- and beta-band
oscillations, and individual amplitudes of modulation measured at the central electrodes
contralateral (Cc) vs. ipsilateral (Ci) to the stimulated hand (* p <.05; Wilcoxon matched
pairs test). Note that alpha- and beta-band responses are maximal over the parietal area

contralateral to the stimulated hand.
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Figure 3.

Ti?ne—domain analysis of the periodic EEG response elicited by 0.2 Hz periodic heating of
the skin to 50°C during 75 s (Experiment 1). A. Group-level average time course of the EEG
signal measured during stimulation at electrode Cz vs. an average reference. Note the
periodic 0.2 Hz variation of the EEG signal. B. Individual (colored waveforms) and group-
level average (black waveforms) EEG signal measured at electrode Cz, obtained after
averaging signals across stimulation cycles (5 seconds). Note that, as compared to the time
course of heat stimulation (illustrated in light grey), the EEG response is delayed. On
average, the peak of the periodic EEG response occurred 1.0 +0.3 s after the peak of heat
stimulation. The scalp map shows the topographical distribution of the EEG signal peak. D.
Lissajous plot of the average time course of skin temperature vs. the group-level average
EEG signal at electrode Cz.
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Figure 4.

Effect of an A fiber conduction block on the magnitude of the periodic EEG responses
elicited by 0.2 Hz periodic heating of the skin to 50°C during 75 s (Experiment 2). A.
Group-level average frequency spectrum of the EEG signal measured at electrode Cz vs. an
average reference). B. Group-level average frequency spectrum of the envelope of the EEG
signals measured at the contralateral central electrode (C3 or C4) and bandpass-filtered
within theta, alpha, and beta frequency bands. Note the lack of effect of the A-fiber block on
the magnitude of the elicited EEG responses.
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Figureb.
Effect of an A fiber conduction block on the latency of the periodic EEG responses elicited

by 0.2 Hz periodic heating of the skin to 50°C during 75 s (Experiment 2). A. Lissajous plot
of the EEG signal measured during stimulation of the blocked hand (x-axis) vs. the
contralateral hand (y-axis) in one representative subject. B. Maximum correlation and lag at
maximum correlation between the EEG signals measured during stimulation of the blocked
hand vs. stimulation of the control hand in each participant. Note that in all participants, the
phase angle was close to zero, indicating the absence of a systematic lag between the two
signals.
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Figure6.
Time course of the heat percept elicited by 0.2 Hz sinusoidal variation of skin temperature

between baseline and 50°C during 25 seconds (Experiment 3). A. Time course of the
changes in skin temperature on the hand during stimulation. B. Time course of intensity
ratings during stimulation. The group-level averages are shown in black, and the individual
waveforms for each participant are shown in color. C. Lissajous plot of the average variation
in target skin temperature vs. the average variation in intensity ratings. D. Skin temperature
and intensity ratings averaged across stimulation cycles (5 seconds). Note that the intensity
ratings are significantly delayed relative to the heat stimulus. For each cycle, maximum
intensity ratings were reported 1.5 £0.5 s after the peak of heat stimulation.
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