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Abstract

Previous studies have shown an association between interindividual variations in the frequency of a-band EEG oscillations such
as estimates of peak alpha frequency (PAF) and pain sensitivity. Whether differences in PAF also influence the susceptibility to
develop central sensitization (CS) is unknown. This study aimed to determine whether the PAF of vision- and sensorimotor-
related alpha-band activity is associated with the magnitude and extent of secondary mechanical hyperalgesia induced by high-
frequency stimulation (HFS) of the skin, a surrogate marker of CS. The EEG was recorded in 32 healthy participants at rest dur-
ing eyes open and eyes closed conditions, and during bilateral finger movements. Then, HFS was applied to the right forearm.
Pinprick sensitivity was assessed at both forearms, before and 40 min after HFS, to assess the magnitude and extent of HFS-
induced secondary hyperalgesia. Two methods were used to isolate vision- and sensorimotor-related alpha-band activity based
on sensitivity to eye closure and movement: one based on an independent component analysis, the other on spectral subtrac-
tion. PAF was characterized using a center-of-gravity approach and also using Gaussian fitting after removal of the aperiodic
EEG component. Neither sensorimotor- nor vision-related PAF were significantly correlated with the magnitude or extent of HFS-
induced secondary hyperalgesia. However, exploratory analyses revealed that participants with higher vision-related PAF
showed greater pinprick habituation at the nonsensitized forearm, indicating a possible link between PAF and perceptual habitu-
ation. Interindividual variations of PAF at baseline were not significantly associated with the susceptibility to develop HFS-
induced secondary hyperalgesia.

NEW & NOTEWORTHY Using several methods to estimate vision- and sensorimotor-related peak alpha frequency (PAF) in the
EEG frequency spectrum, we found no significant association between interindividual variations in PAF at baseline and the sus-
ceptibility to develop secondary hyperalgesia following high-frequency stimulation (HFS) of the skin in healthy participants.

alpha-band; central sensitization; high-frequency stimulation (HFS); peak alpha frequency; secondary hyperalgesia

INTRODUCTION

Alpha-band oscillatory activity (8–12 Hz) is themost promi-
nent feature of the EEG recorded during rest in awake
humans. The alpha rhythm was first described by Hans
Berger (1), nearly a century ago. A distinctive feature of that
rhythm is its predominance over posterior areas of the brain,
and the fact that its magnitudemarkedly increases when par-
ticipants close their eyes. The sensitivity to eye closure of pos-
terior alpha oscillations has led most authors to consider that

this oscillatory activity reflects a default state of brain areas
“resting” or “idling” in the absence of input (2). However,
alpha-band oscillations are not restricted to the visual cortex.
Gastaut (3) in 1952 described the Rolandicmu rhythm oscillat-
ing between 8 and 12 Hz over the scalp vertex and bilateral
sensorimotor areas. Present at rest, the mu rhythm decreases
during movement execution (3–5), most pronouncedly in the
hemisphere contralateral to the executed movement (5). It is
also suppressed during motor imagery (6, 7), modulated by
mental effort (8), attention and fatigue (9), and relatively
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unaffected by opening/closing of the eyes (10). Studies com-
paring the effects of upper and lower limbmovements found
that themovement-related suppression of themu rhythm fol-
lows the mototopic and somatotopic organization of primary
motor (M1) and somatosensory (S1) cortices (5).

Several studies have reported that the frequency at which
the EEG spectrogram peaks within the alpha-band, referred
to as the “peak alpha frequency” (PAF), tends to be slower in
patients with chronic pain (11–16). Other studies have found
that a slower PAF, recorded in healthy participants before
they experienced experimental pain is associated with a
greater sensitivity to phasic heat pain (17), tonic pain pro-
duced by topical capsaicin (18), and deep tissue pain pro-
duced by nerve growth factor injection (19, 20), whereas an
opposite trend has been observed in a previous study with
tonic heat pain (45). The PAF has been shown to vary across
individuals, but to remain relatively stable over time (17, 20,
21), suggesting that PAFmay reflect an individual trait some-
how related to pain sensitivity.

An important property of the nociceptive system is its pro-
pensity to sensitize when exposed to repeated nociceptive
input or following tissue injury (22–26). Sensitization of the
nociceptive system involves changes at the level of periph-
eral nociceptors leading to an increased sensitivity to nox-
ious stimuli (peripheral sensitization) (27) and changes at the
level of the central nervous system leading to an increased
synaptic transmission of nociceptive input (central sensitiza-
tion) described extensively at the level of the dorsal horn in
animal studies (28, 29), but most likely also involving higher-
order synapses (30). A perceptual consequence of sensitiza-
tion is hyperalgesia, i.e., an increased sensitivity to pain (31).
Following skin injury, hyperalgesia develops both within the
injured area (primary hyperalgesia) and in the surrounding
uninjured skin (secondary hyperalgesia) (32, 33). Although
both peripheral and central sensitization may contribute to
the development of primary hyperalgesia, secondary hyper-
algesia is thought to result exclusively from central sensitiza-
tion (33, 34). A hallmark feature of secondary hyperalgesia is
a prominent increase in sensitivity to mechano-nociceptive
input as compared with thermo-nociceptive input, enabling
its characterization by testing sensitivity to mechanical pin-
prick stimulation of the skin (35, 36).

In a recent study conducted in patients scheduled for lat-
eral thoracotomy, we found that interindividual variations
in the preoperative susceptibility to develop secondary
hyperalgesia following high-frequency electrical stimulation
of the skin (HFS), a procedure used to induce central sensiti-
zation experimentally, was associated with a greater likeli-
hood post-thoracotomy pain at 2 mo (37). The primary aim
of the present study was to test whether interindividual var-
iations in PAF may be related to variations in this suscepti-
bility to develop HFS-induced secondary hyperalgesia.

Supporting this hypothesis, several studies have suggested
that noninvasive brain stimulation of the sensorimotor cor-
tex can reduce pain sensitivity (38, 39), and that this effect
may be mediated through a modulation of M1-connected
brain structures involved in descending pain modulation
(40). Therefore, if variations of sensorimotor-related alpha
band activities index variations in M1 function, interindivid-
ual differences in sensorimotor PAF could be associated with
changes in the state of descending pain modulation and the

susceptibility to develop central sensitization. Second, since
most previous reports of a relationship between PAF and
sensitivity to pain have used models of sustained pain that
are known to induce some amount of sensitization, these
observations might be explained in part by a relationship
between PAF and susceptibility to sensitize. Finally, clinical
studies have reported a negative correlation between preop-
erative PAF and postoperative pain severity (41, 42), suggest-
ing that PAF may relate to variations in the propensity to
sensitize, and could serve as a predictive marker for patient
stratification and preventive painmanagement.

To test this hypothesis, the EEG was recorded in healthy
participants with their eyes open at rest, their eyes closed at
rest, and with their eyes open while performing repetitive
bilateral finger movements. These three EEG recording
conditions were used to functionally isolate, vision-related
alpha-band oscillations whose magnitude is known to
increase following closure of the eyes and sensorimotor-
related alpha-band oscillations whose magnitude reduces
during finger movements. As in a multiverse analysis (43),
several methods were used to 1) isolate vision- and sensori-
motor-related alpha-band activity and 2) estimate PAF.
After the EEG recording, central sensitization was induced
in each participant using HFS delivered to the right volar
forearm skin. The magnitude and extent of HFS-induced
secondary hyperalgesia was estimated by assessing the
sensitivity to mechanical pinprick stimuli delivered to the
sensitized and nonsensitized forearms before and 40min after
HFS. The collected data allowed us to examine whether inter-
individual variations in vision- and/or sensorimotor-related
PAF predicts the susceptibility to develop HFS-induced sec-
ondarymechanical hyperalgesia.

METHODS

Participants

Descriptive statistics are presented as means ± standard
deviation (SD), unless otherwise specified.

A total of 32 right-handed healthy volunteers (16 women
and 16men aged 25.3 ±4.5 yr [range: 19–38]) were included in
this study between June and July 2020. Hand dominance
was confirmed using the Flinders Handedness Survey (44).
The study was approved by the local ethics committee (Comit�e
d’Ethique Hospitalo-Facultaire des Cliniques universitaires
Saint-Luc-UCLouvain; B403201316436). All participants pro-
vided written informed consent and received financial com-
pensation. The experiment was conducted in agreement with
the Declaration of Helsinki. The decision to include 32 partici-
pants was guided by the correlation coefficients reported in
previous studies investigating the relationship between PAF
and pain ratings in healthy volunteers (r¼ 0.74 in Ref. 45 and
r ¼ 0.5 in Ref. 18). Based on these two studies, the estimated
required sample sizes range from 12 to 38 participants to
achieve a power of 0.90with an a level of 0.05 (46).

Inclusion criteria were being healthy and aged 18–40 yr.
Exclusion criteria were 1) any history of cardiac or neurologi-
cal pathology, 2) regular practice of activities involving
repeated stimulation of the volar forearm skin (e.g., volley-
ball and handball players), 3) a dermatological condition
involving the forearm, 4) a history of traumatic injury of the
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upper limb and 5) regular tobacco consumption, 6) having
taken part in a previous experiment involving stimulation of
the volar forearm(s). Participants were asked to sleep a mini-
mum of 8 h the night before the experiment, to refrain from
using recreational drugs, psychotropics, analgesics, or other
medications in the days leading up to the study.

Experimental Design

The time course of the experiment is summarized in
Fig. 1A. Participants were seated on a comfortable chair with
their arms resting on a desk, volar forearms facing upward.
Secondary hyperalgesia was induced at the right volar fore-
arm using HFS regardless of hand dominance. EEG record-
ings were performed 25 min before HFS (T � 25), 5 min
before HFS (T � 5), 1 min after HFS (T þ 1), and �35 min
after HFS (T þ 35). Each EEG recording lasted 5 min and
included three conditions: eyes open at rest, eyes closed at
rest, and eyes openwhile performing repetitive bilateral flex-
ion-extension movements with their index fingers. During
the 30-min pause separating T þ 1 and T þ 35 EEG record-
ings, participants were instructed to read a book ormagazine
of their choice. Sensitivity to mechanical pinprick stimuli
was evaluated at both volar forearms 20 min before (T � 20)
and �40 min after (T þ 40) HFS. The extent of the HFS-
induced area of secondary hyperalgesia was evaluated
40min after HFS (T þ 40), at the HFS-treated arm.

Induction of Secondary Hyperalgesia Using HFS

HFS was applied to the right volar forearm, 10 cm distal
from the cubital fossa using an electrode designed to prefer-
entially activate cutaneous free nerve endings (EPS-P10,
MRC Systems GmbH, Heidelberg, Germany). The electrode
consisted of a multi-pin cathode and a flat large-surface
anode (Fig. 1B). The cathode consisted of 10 blunt tungsten
pins arranged on a circle with a diameter of 5 mm. Each pin
had a diameter of 0.25 mm and protruded by 0.65 mm over
the base of the electrode. The anode was a 24 � 20 mm con-
ductive gel pad placed next to the cathode. The stimulation
consisted of 5 trains of 100 Hz charge-compensated biphasic
electrical pulses (47) delivered using a constant-current elec-
trical stimulator (DS5; Digitimer, Welwyn Garden City, UK)
triggered by a National Instruments digital-analogue inter-
face (NI6343, National Instruments, Austin, TX). Each train

lasted 1 s (100 pulses/train). The time interval between the
onset of each train was 10 s. The intensity of stimulation was
set to 20 the detection threshold to a single pulse, which was
estimated in each participant at the beginning of the experi-
ment using themethod of limits (0.126±0.045mA).

Assessment of Mechanical Pinprick Sensitivity at the
Volar Forearms

Before HFS (T� 20) and after HFS (T þ 40), the sensitivity
to mechanical pinprick stimuli was assessed at the left and
right volar forearms using a custom-made pinprick stimulator
(0.25mmprobe diameter, CATL, UCLouvain, Belgium) exert-
ing a 128mN force (25, 26). At each time-point, three pinprick
stimuli were applied perpendicularly to the skin surrounding
the area of HFS stimulation at the right volar forearm and on
the same location at the left volar forearm. After each stimu-
lus, participants were requested to report the intensity of the
elicited sensation using a numerical rating scale (NRS) rang-
ing from 0 (no perception) to 100 (maximal imaginable pain),
with 50 marking the limit between nonpainful and painful
sensations as used in several previous experiments (48–51).
To avoid sensitization of the skin by repeatedmechanical pin-
prick stimulation, the probe was not applied twice on the
same location. The order of the testing (HFS-treated arm first
or control arm tested first) was counterbalanced across partic-
ipants and remained constant across the two time points. The
mean of the three ratings obtained at each time point and
armwas used as an index of pinprick.

Assessment of the Area of HFS-Induced Secondary
Hyperalgesia

The same 128 mN pinprick probe was used to map, after
HFS (T þ 40), the area of increased mechanical pinprick
sensitivity surrounding the site of HFS stimulation at the
HFS-treated volar forearm. The stimuli were applied along
four axes and eight directions separated by a 45� angle and
each originating from skin location corresponding to the
center of the HFS electrode. Participants were asked to close
their eyes during the mapping procedure. Starting away
from the HFS-treated skin and moving toward the center,
stimuli were applied every 5 mm. Participants were asked to
report when the sensation increased, and the corresponding
stimulation location was marked with a felt-tip pen (25, 49,

Figure 1. A: timeline of the experiment. High-frequency stimulation (HFS) was applied to the right volar forearm. EEG segments lasting 5 min and includ-
ing three conditions (eyes open at rest, eyes closed at rest, eyes open while performing bilateral finger movements) were recorded 25 and 5 min before
HFS (T � 25 and T � 5), immediately after HFS, and �35 min after HFS (T þ 35). Pinprick sensitivity of the left and right volar forearms was assessed
before HFS (T � 20) and �40 min after HFS (T þ 40). The spatial extent of the HFS-induced area of secondary hyperalgesia was assessed �40 min
after HFS (T þ 40). B: HFS was delivered to the forearm skin using a cathode consisting of 10 blunt tungsten pins arranged on a circle with a diameter of
5 mm and a 24� 20mm anode conductive gel pad placed next to the cathode.
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51–53). For each of the eight directions, the distance between
the center of the HFS electrode location and the mark was
measured, and the area of secondary hyperalgesia was com-
puted as the area of a piecewise polynomial fit of a two-
dimensional (2-D) closed curve linking the eight marked
locations (“interpclosed” function; Santiago Benito 2023,
MATLAB Central File Exchange) (25, 26). Since this function
cannot process null values, we assigned a value of 0.1 when
no secondary hyperalgesia area was present in this direction.
The radius of the area of increased pinprick sensitivity was
then computed as the square root of the estimated area
divided by p, as if the area was in the shape of a circle. This
transformation was performed prior to any analyses.

EEG Recording

The EEGwas recorded using 64 scalp electrodes with active
shielding, placed according to the International 10-20 system
(ANT Neuro, Enschede, The Netherlands). The signals were
digitized at 1,000Hz using an average reference. All impedan-
ces were kept under 20 kX. At each time point (T � 25, T � 5,
T þ 1 and T þ 36), the EEG was recorded in three consecu-
tive conditions: 3 min at rest with eyes open (EYES-OPEN-
REST: participants were asked to relax and stare at a cross dis-
played 1 meter in front of them, at a 30� angle below eye
level), 1 min at rest with eyes closed (EYES-CLOSED-REST),
and 1min with eyes open while performing repeated bilateral
index finger movements at a rate of �1 Hz while fixing their
gaze on the cross (EYES-OPEN-MVT). Because hand move-
ments modulate alpha oscillations contralaterally in the con-
tralateral sensorimotor cortex, bilateral finger movements
were expected to produce a reduction of sensorimotor alpha-
band activity in both hemispheres (5). Bilateral rather than
unilateral movements of the HFS-sensitized limb were chosen
to ensure that any differences observed between the sensi-
tized and nonsensitized forearms could not be attributed to
the performance of movements solely on one side. The three
conditions (EYES-OPEN-REST, EYES-CLOSED-REST, and
EYES-OPEN-MVT) were used to differentially modulate
vision-related alpha-band activity (which should be enhanced
in the EYES-CLOSED-REST condition as compared with the
other conditions) and sensorimotor-related alpha-band activ-
ity (which should be attenuated when performing finger
movements in the EYES-OPEN-MVT condition as compared
with the other conditions).

EEG Preprocessing

The EEG signals collected before HFS (T � 25) were ana-
lyzed offline using the Letswave 6 toolbox (http://
letswave.org) running on MATLAB 2018a (MathWorks).
The EEG data collected at the other time points was not
analyzed in the present study.

First, the EEG recordings were cut in three segments: a
180-s EYES-OPEN-REST segment, a 60-s segment EYES-
CLOSED-REST, and a 60-s segment EYES-OPEN-MVT (6).
The three segments were then filtered using a 0.5–47 Hz
zero-phase Butterworth band-pass filter (order 4) and further
segmented into half-overlapping 5-s epochs. Each segment
was demeaned, and a linear detrend was applied to remove
slow drifts of the signal. Noisy electrodes (1–2 electrodes in
10 of 32 recordings) were interpolated using the average of

the three nearest electrodes. Epochs with clear artifacts
(absolute amplitude �200 lV) were rejected (2.4% of epochs
from EYES-OPEN-REST condition, 2.8% of epochs from
EYES-CLOSED-REST condition, and 2.8% of epochs from
EYES-OPEN-MVT condition). Signals were re-referenced to
the average of all channels excluding the two mastoid elec-
trodes (M1, M2).

Functional Separation of Vision- and Sensorimotor-
Related Alpha-Band Activity

In previous studies, PAF has beenmeasured using various
methods (17, 18, 45, 54–56) and at different scalp locations
(17, 41, 57–60), with some studies interpreting it as a marker
of sensorimotor activity even when recorded over central or
occipital regions or when clearly responding to closure of the
eyes (11, 17–19). In this work, we aimed to explore multiple
approaches to separate vision- and sensorimotor-related
alpha-band activity and estimate their PAF.

ICA-based method.
In a first approach, an independent component analysis
(ICA) was used to dissociate visual alpha-band activity
(VISUAL-ALPHA) and sensorimotor alpha-band activity
(SM-ALPHA) based on their sensitivity to closure of the eyes
andmovement of the hands.

For each participant, the “runica” algorithm was used to
separate the 62 EEG scalp signals into 61 independent com-
ponents (ICs) having a fixed topographical distribution, and
maximally independent time courses. In the case channels
were interpolated during preprocessing, the number of ICs
was lowered by the number of interpolated channels (61).
ICA was performed on the EEG data concatenated across the
three conditions (EYES-OPEN-REST, EYES-CLOSED-REST,
and EYES-OPEN-MVT). This approach was chosen under the
assumption that alpha-band sources (visual and sensorimo-
tor) maintain stable topographies across the three condi-
tions, but differ in their relative amplitude. Specifically, the
amplitude of VISUAL-ALPHA should increase selectively
during the EYES-CLOSED-REST condition, whereas SM-
ALPHA should decrease selectively during bilateral finger
movements in the EYES-OPEN-MVT condition. Because
these two types of alpha-band activity originate from ana-
tomically distinct and spatially well-separated cortical
regions—the occipital cortex for VISUAL-ALPHA and the
central sensorimotor regions for SM-ALPHA—and exhibit
distinct modulation patterns across conditions, ICA is
expected to decompose them into separate components with
distinct spatial topographies and independent time courses.

For each participant and each IC time course, a fast-Fourier
transform (FFT) was used to compute the amplitude frequency
spectra of all 5-s half-overlapping epochs, windowed using a
Hanning function. These 5-s epochs were extracted from the
continuous EEG data within each condition separately.
Frequency spectra were computed for each epoch, and then
averaged across epochs within each condition. The obtained
frequency spectra were used to identify ICs capturing alpha-
band activity, and to categorize these ICs into the following
three categories: VISUAL-ALPHA (ICs capturing vision-related
alpha-band activity that was increased in the EYES-CLOSED-
REST condition as compared with EYES-OPEN-REST condi-
tion and the EYES-OPEN-MVT condition), SM-ALPHA (ICs
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capturing sensorimotor-related alpha-band activity that was
decreased in the EYES-OPEN-MVT condition as compared
with the EYES-OPEN-REST condition and was not increased
in the EYES-CLOSED-REST condition as compared with the
EYES-OPEN-REST condition), and MIXED-ALPHA (ICs cap-
turing alpha-band activity that was both sensitive to closure of
the eyes—greater activity in the EYES-CLOSED-REST condi-
tion compared with the EYES-OPEN-REST condition—and
sensitive to finger movements—reduced activity in the EYES-
OPEN-MVT condition compared with the EYES-OPEN-REST
condition).

The classification was achieved for each IC of each partici-
pant as follows. First, using the average of the frequency
spectra obtained in all three conditions, the peak of potential
alpha-band activity captured by the IC was computed using
the center of gravity (CoG) formula (19, 62)

CoG ¼
Xn

i¼1
fi � aiXn

i¼1
ai

;

where fi is the ith frequency bin between 9 and 11 Hz, ai is
the spectral amplitude for fi, and n is the number of fre-
quency bins between 9 and 11 Hz. This value was then used
to define a 6 Hz frequency window of interest centered on
the estimated CoG. Second, the mean amplitude and stand-
ard error of the mean (SE: standard deviation of amplitudes
divided by the square root of the number of bins) were com-
puted separately for each of the three EEG recording condi-
tions using all amplitude bins located within the selected
window of interest. The mean and SE were used to compute
a confidence interval corresponding to the mean ±1.97 � SE,
and the lower and upper bounds of these confidence inter-
vals (CI) were used to perform the categorization. ICs were
classified as capturing vision-related alpha-band activity
(VISUAL-ALPHA) when the lower bound of the CI in the
EYES-CLOSED-REST condition exceeded the upper bound
of the CI in the EYES-OPEN-REST condition (indicating an
increase of alpha during eye closure), whereas the CI in the
EYES-OPEN-REST condition overlapped the CI in the EYES-
OPEN-MVT condition (indicating no strong effect of move-
ment on alpha-band amplitude). Similarly, ICs were classi-
fied as capturing movement-related alpha (SM-ALPHA)
when the lower bound of the CI in the EYES-OPEN-REST
condition exceeded the upper bound of the CI in the EYES-
OPEN-MVT condition (indicating a movement-induced
reduction of alpha), whereas the CI in the EYES-OPEN-REST
and EYES-CLOSED-REST conditions overlapped (indicating
low sensitivity to closure of the eyes). Finally, ICs were clas-
sified as MIXED-ALPHA when they were both sensitive to
closure of the eyes (lower bound of the CI in the EYES-
CLOSED-REST condition > upper bound of the CI in the
EYES-OPEN-REST condition) and sensitive to the finger
movements (lower bound of the CI in the EYES-OPEN-REST
condition > upper bound of the CI in the EYES-OPEN-MVT
condition). Examples of ICs capturing vision-related or sen-
sorimotor-related alpha-band activity are shown in Fig. 2.

For each participant, the VISUAL-ALPHA, SM-ALPHA,
and MIXED-ALPHA ICs were then used to reconstruct
three separate EEG datasets maximally capturing vision-
related, sensorimotor-related and mixed alpha-band activ-
ity, respectively.

Subtraction-based method.
Suppression of movement-related activity in the EYES-
OPEN-MVT condition may be expected to constitute the
main difference between that condition and the EYES-
OPEN-REST condition. Therefore, computing the difference
between the EYES-OPEN-REST and EYES-OPEN-MVT spec-
tra could constitute a simple alternative to efficiently isolate
movement-related alpha-band activity. Similarly, because
closure of the eyes selectively enhances vision-related alpha
oscillations, subtraction of the EYES-OPEN-REST and EYES-
CLOSED-REST spectra could constitute a means to isolate
vision-related alpha-band activity. As compared with the
ICA-based approach, a possible advantage of this alternative
approach is that the subtraction can be expected to cancel
out the contribution of activity that is equally present in
both of the subtracted spectra, including the 1/f aperiodic
component of the EEG power spectrum that can bias estima-
tion of PAF (18).

Estimation of Peak Alpha Frequency

Vision-related alpha oscillations can be expected to pre-
dominate over occipital electrodes, whereas sensorimotor-
related alpha oscillations modulated by bilateral movements
of the fingers can be expected to spread over left and right
central electrodes (5, 10). Therefore, the PAF of vision-related
alpha-band activity was estimated in the average of the fre-
quency spectra of occipital electrodes O1, Oz, and O2, using
the eyes-closed derived VISUAL-ALPHA spectra of the ICA-
based method and the EYES-CLOSED-REST minus EYES-
OPEN-REST spectra of the subtraction-based method.
Similarly, the PAF of movement-related alpha-band activity
was estimated in the average of the frequency spectra of cen-
tral electrodes C3, Cz, and C4, using the eyes open-derived
SM-ALPHA spectra of the ICA-based method and the EYES-
OPEN-RESTminus EYES-OPEN-MVT spectra of the subtrac-
tion-based method. Finally, because the MIXED-ALPHA
signals generated by the ICA-based method might have
included both vision- and sensorimotor-related alpha-band
activity, its PAF was estimated both at occipital and at cen-
tral channels.

Two different methods were used to estimate the PAF: the
center of gravity (CoG) method and the specparam method
[formerly Fitting Oscillations and One Over F method or
FOOOF (63, 64)]. The CoG method estimates the PAF as the
power-weighted average frequency within a specified alpha-
band frequency range, thus reflecting the central tendency
of spectral power distribution in that band. In contrast, the
specparammethod decomposes the power spectrum into its
aperiodic (1/f) background component and its periodic oscil-
latory component, and then estimates the frequency of the
most prominent alpha-band peak using a Gaussian fit
applied to the spectrum of the periodic component.

For the CoG approach, we used the formula described
above and a 9–11 Hz interval (an interval used in several pre-
vious studies assessing the relationship between PAF and
sensitivity to pain) (18, 19). As visual inspection of the EEG
frequency spectra indicated that the PAF of some individuals
was located outside the 9–11 Hz interval, the CoG was also
estimated using a larger 7–13 Hz window. In the subtracted
spectra, some amplitude values within the 9–11 or 7–13 Hz
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windows were negative. Only positive values were used for
the CoG estimation.

For the specparam approach, the spectrum was decom-
posed in its periodic and aperiodic components as described
by Donoghue et al (63, 64). In this algorithm, the periodic part
of the spectrum is modeled as a sum of gaussians, whereas
the aperiodic component is fitted through a 1/f function across
the frequency range. More precisely, specparam describes the
spectrum as the summation of the aperiodic component with
the periodic component, represented through the combina-
tion of N Gaussian, each of which fits a peak of the periodic
component of the spectrum. Each Gaussian is characterized
by three parameters: the center frequency, the peak ampli-
tude, and the standard deviation (or bandwidth). The aperi-
odic component is fitted with a Lorentzian function, defined
by two parameters: the broadband offset b and the exponent
X, that corresponds to the negative slope of the curve (63).
The algorithm begins with an initial estimation of the aperi-
odic function, using the spectrum in the first and last fre-
quency as seed values. Then, the initial fit is removed from
the spectrum, and the highest peaks in the residual spectrum
are identified. If their value exceeds a defined noise threshold,
the peak is fitted through a Gaussian curve that is subtracted
from the residual spectrum. This process continues until no
peaks exceed the threshold or themaximumnumber of peaks
(user-defined) is reached, and a simultaneousmulti-Gaussian
fit is applied to the aperiodic corrected signal. The resulting
multi-Gaussian model is subtracted from the original spec-
trum, and a new aperiodic fit is then estimated. Finally, the
final spectral model is obtained by combining the aperiodic fit
with the multi-Gaussian model (63). In this case, the alpha
band was defined as the range from 7 to 14 Hz and default
algorithm parameters were employed, in coherence with
other studies that performed similar analyses (65). When
using this approach, a larger frequency range is advised to
estimate PAF, as specparam excludes peaks that are too close
to the border: therefore, a wider range allows tominimize the
error of the estimation (63, 64, 66). After the decomposition,
only the periodic component was considered, as it is expected

to contain alpha-band oscillatory activities. A Gaussian curve
was used to fit the periodic component of the spectrum, and
its parameters were used to characterize the PAF (defined as
the center of the Gaussian curve). As the specparam method
is intended to suppress the 1/f aperiodic component of the
EEG, it was not applied to the subtracted spectra.

Statistical Analysis

Statistical analyses were performed using JASP (JASP
Version 0.14.1.0 for Windows). Statistical tests were chosen
depending on the distribution of the dependent variables,
which was assessed by visual examination of the histograms
for skewness and kurtosis, and the Q-Q plots of the residuals.

HFS-induced change in pinprick sensitivity.
Mechanical pinprick ratings followed a close-to-normal dis-
tribution and we thus conducted a repeated-measures
ANOVA with two within-subjects factors: TIME (before vs.
after HFS) and ARM (HFS-treated vs. control arm), and one
between-subjects factor: ORDER (whether the HFS-treated
or control arm was tested first). Data were averaged per con-
dition for each participant prior to analysis.

Peak-alpha frequency.
A correlation analysis was used to evaluate the relationship
between sensorimotor- and vision-related PAF and the changes
in pinprick sensitivity after HFS (change in pinprick sensitivity
at the sensitizedHFS-treated forearm: DNRSHFS¼NRSHFS(T þ
40) � NRSHFS(T � 20), change in pinprick sensitivity at the
nonsensitized forearm: DNRSNS ¼ NRSNS(T þ 40) � NRSNS

(T� 20), difference in the change in pinprick sensitivity at the
two forearms: DDNRS ¼ DNRSHFS � DNRSNS), and between
PAF and the radius of the area of secondarymechanical hyper-
algesia (R). For each estimated PAF, the analyses were per-
formed using Spearman’s correlations because normality was
not strictly respected for all variables. Yet, as it was respected
for our primary aim (relationship between sensorimotor PAF
and secondary hyperalgesia), we displayed Pearson’s correla-
tion for these analyses.

Figure 2. Examples of independent components (ICs) classified as capturing vision-related or sensorimotor-related alpha-band activity in individual par-
ticipants. A: EEG frequency spectrum of a representative IC categorized as capturing vision-related alpha-band activity (VIS-ALPHA) that was increased
during closure of the eyes (EYES-CLOSED-REST condition) as compared with the eyes open conditions (EYES-OPEN-REST and EYES-OPEN-
MOVEMENT). B: EEG frequency spectrum of a representative IC categorized as capturing sensorimotor-related alpha-band activity (SM-ALPHA) that was
decreased during finger movements (EYES-OPEN-MVT condition) as compared with rest (EYES-OPEN-REST and EYES-CLOSED-REST conditions). Y-
axis: arbitrary units. X-axis: frequency in Hz. The vertical gray lines represent the 6 Hz frequency window used to assess the presence of alpha-band
activity.
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To examine a possible relationship between PAF and pain
sensitivity, we also computed Spearman’s correlation between
PAF and the detection threshold to single electrical stimuli, as
well as the average ratings of the intensity of the sensation eli-
cited by theHFS trains. Finally, we also assessed the correlation
between interindividual variations in vision- and sensorimo-
tor-related PAF, and between the estimates of PAF obtained
using the different approaches (ICA vs. subtraction-based
method to isolate vision- and sensorimotor-related alpha-band
activity, CoG vs. specparammethod to estimate PAF).

Because the primary aim of our study was to test a possible
association between PAF of sensorimotor alpha-band oscilla-
tions and the susceptibility to develop central sensitization,
and because previous studies showed that the extent of the
area of secondary hyperalgesia may be a more reliable read-
out as compared with changes in pinprick ratings (49), our
primary outcome was the correlation between the sensori-
motor PAF and the radius of the HFS-induced area of
increased pinprick sensitivity. All other correlations were
considered as exploratory, thus we did not apply corrections
for multiple comparisons.

RESULTS

Pinprick Sensitivity before and after HFS

After HFS, all but one participant reported an increased
sensitivity to pinprick stimuli at the sensitized forearm as
comparedwith the control arm (Fig. 3A). The repeated-meas-
ures ANOVA showed a significant TIME � ARM interaction
[F(1,30)¼ 48.41, P¼ 9.939� 10�8, g2

p ¼ 0.617].
Post hoc comparisons confirmed a significant increase in

pinprick ratings at the HFS-treated arm, with a mean
increase of 11.85 [t(31)¼ 5.424, P ¼ 6.362� 10�6, Cohen’s d ¼
0.959 [0.533–1.374], 95% CI for mean difference: 7.40–16.31).
Conversely, there was a significant decrease in ratings at the
control arm, with a mean reduction of 3.312 [t(31) ¼ �4.177,
P¼ 2.226� 10�4, Cohen’s d¼ �0.738 [�1.126 to�0.342], 95%
CI for mean difference:�4.930 to�1.695].

HFS-Induced Area of Secondary Hyperalgesia

At the HFS-treated forearm, an area of increased pinprick
sensitivity was found in all but one participant (Fig. 3B).
Across participants showing an area of increased sensitivity,

the extent was 101 ± 32 mm along the proximal-distal axis,
53 ± 20 mm along the lateral-medial axis, 77 ± 29 mm, and
66± 27 mm along the two diagonal axes. The grand average
estimated area radius was 68±22mm.

Vision- and Sensorimotor-Related Alpha-Band Activity
Isolated Using the ICA-Based Method

After blind source separation using ICA, 19.4± 5.5 ICs cap-
turing alpha-band activity were identified in 31 of 32 partici-
pants, of which 11.9 ± 5.4 ICs were categorized as vision-
related (VISUAL-ALPHA) in 31 of 32 participants, 5.5 ± 5 ICs
were categorized as sensorimotor-related (SM-ALPHA) in 24
of 32 participants, and 4.5 ±4.3 ICs were categorized as
mixed (MIXED-ALPHA) in 22 of 32 participants.

The reconstructed VISUAL-ALPHA signals clearly cap-
tured vision-related alpha-band activity that increased
during closure of the eyes, was only minimally affected
by finger movements and, most importantly, displayed
an occipital scalp topography compatible with activity
originating predominantly from visual areas (Fig. 4A).
Similarly, the SM-ALPHA signals captured sensorimotor-
related alpha-band activity that decreased during move-
ment of the fingers, was minimally influenced by closure
of the eyes, and exhibited a bilateral centroparietal scalp
topography compatible with activity originating from the
representation of the left and right hands within the sen-
sorimotor cortex (Fig. 4B). The reconstructed MIXED-
ALPHA signal captured alpha-band activity that predo-
minated over posterior regions and tended to both
increase during closure of the eyes and decrease during
finger movements (Supplemental Fig. S1).

Vision- and Sensorimotor-Related Alpha-Band Activity
Isolated Using the Subtraction-Based Method

The group-level averages of the subtracted frequency
spectra are shown in Fig. 5. As expected, the subtraction
spectrum EYES-CLOSED-REST minus EYES-OPEN-REST
exhibited a clear peak of alpha-band activity that was maxi-
mal over occipital electrodes, compatible with alpha oscilla-
tions originating predominantly from the visual cortex
(Fig. 5A).

The subtraction spectrum EYES-OPEN-REST minus
EYES-OPEN-MVT also exhibited a peak of alpha-band

Figure 3. A: individual intensity ratings for
pinprick stimuli delivered to the high-fre-
quency stimulation (HFS)-sensitized forearm
and the contralateral nonsensitized forearm,
before and after HFS (T� 20 and T þ 40).
Note the clear increase in pinprick ratings at
the sensitized forearm due to HFS-induced
sensitization, and the decrease in pinprick
ratings at the nonsensitized forearm possibly
due to perceptual habituation. B: estimated
area of HFS-induced secondary hyperalge-
sia (gray contours: individual participants;
black contour: group-level average).
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activity, with a topography maximal at central and bilat-
eral parietal electrodes, compatible with activity origi-
nating from the hand representation within the left and
right sensorimotor cortices (Fig. 5B). As compared with
the signals obtained using the ICA-based method, the
contribution of 1/f noise was minimal in these subtracted
spectra.

Baseline PAF Estimated Using the CoGMethod

Using the CoG approach and a 9–11 Hz window applied
to the VISUAL-ALPHA, SM-ALPHA, and MIXED-ALPHA
spectra obtained with the ICA-based method, the PAF of
vision-related alpha-band activity estimated at occipital
electrodes in the VISUAL-ALPHA signals during closure of
the eyes was 10.0 ± 0.2 Hz (visual PAF). The PAF of sensori-
motor-related alpha-band activity estimated at central
electrodes in the eyes open condition at rest was 10.0 ± 0.1
Hz (sensorimotor PAF). The PAF estimated in the MIXED-
ALPHA spectra was 10.0 ± 0.1 Hz at occipital electrodes
during closure of the eyes, and 10.0 ±0.1 Hz at central elec-
trodes in the eyes open at rest condition. Using the same

CoG approach applied to the spectra obtained with the
subtraction-based approach, data from one participant
was rejected for estimation of the visual PAF and data
from three participants were rejected for estimation of the
sensorimotor PAF as their spectra did not exhibit a peak
within the frequency window. The visual PAF was 10.0 ±
0.3 Hz whereas the sensorimotor-related PAF was 9.9 ± 0.5
Hz. Average PAF estimates obtained using the larger 7–13
Hz frequency window are reported in Fig. 6.

Estimation of PAF Using the SpecparamMethod

Using the specparam approach applied to the VISUAL-
ALPHA, SM-ALPHA, and MIXED-ALPHA spectra obtained
with the ICA-basedmethod, the PAF of vision-related alpha-
band activity was 10.2 ±0.7 Hz, whereas the PAF for sensori-
motor-related alpha-band activity was 9.7 ± 1.4 Hz. The PAF
estimated in the MIXED-ALPHA spectra was 10.3 ± 1.0 Hz at
occipital electrodes during closure of the eyes, and 10.4 ± 1.2
Hz at central electrodes in the eyes open at rest condition.
Average PAF estimates obtained using the larger 7–13 Hz fre-
quency window are reported in Fig. 6.

Figure 4. A: group-level average frequency spectra of the independent component analysis (ICA)-separated EEG signals capturing vision-related alpha-
band activity (VISUAL-ALPHA signals) at occipital electrodes in the eyes closed at rest (blue), eyes open at rest (red), and eyes open during finger move-
ments (green) conditions. Note the clear increase in alpha-band amplitude during closure of the eyes. Also note the occipital topography of the peak.
B: group-level average frequency spectra of the ICA-separated EEG signals capturing sensorimotor-related alpha-band activity (SM-ALPHA signals) at
central electrodes. Note the selective decrease of amplitude during finger movements, and the bilateral central-parietal topography compatible with
activity originating from the left and right sensorimotor cortices.

Figure 5. A: group-level average of the subtracted EEG frequency spectra EYES-CLOSED-REST minus EYES-OPEN-REST conditions at occipital electro-
des. Note the clear occipital topography of the peak indicating that this approach effectively isolated vision-related alpha-band activity. B: group-level
average of the subtracted frequency spectra EYES-OPEN-REST minus EYES-OPEN-MVT conditions at central electrodes. Note the bilateral central
topography of the peak indicating that this approach succeeded in isolating sensorimotor-related alpha-band activity. Also note the lack of an 1/f decay
(i.e. the aperiodic component of the EEG).
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Primary Analysis: Correlation between Baseline
Sensorimotor PAF and the Area Radius of HFS-Induced
Secondary Hyperalgesia

Using the data from the 24 of 32 participants in which the
ICA-based approach succeeded in isolating sensorimotor-
related alpha-band activity, no significant correlation between
the sensorimotor PAF and the radius of the HFS-induced area
of secondary hyperalgesia was found, neither when using the
CoG estimates of PAF (CoG window 9–11 Hz: Spearman’s r ¼
0.134, P ¼ 0.531, Pearson’s r ¼ 0.250, P ¼ 0.238; CoG window

7–13 Hz: Spearman’s r ¼ 0.207, P ¼ 0.330, Pearson’s r¼ 0.132,
P ¼ 0.539), nor when using the specparam estimates of PAF
(Spearman’s r ¼ �0.203, P ¼ 0.339, Pearson’s r ¼ �0.252, P ¼
0.235) (Figs. 7 and 8).

Similarly, when using the PAF estimates obtained from the
subtraction-based spectra, there was no significant correlation
between the sensorimotor PAF and the radius of the HFS-
induced area of secondary hyperalgesia (CoG window 9–11
Hz: Spearman’s r ¼ �0.068, P ¼ 0.729, Pearson’s r ¼ �0.092,
P ¼ 0.641; CoG window 7–13 Hz: Spearman’s r ¼ �0.095, P ¼
0.624, Pearson’s r¼ �0.107, P¼ 0.581) (Figs. 7 and 8).

Figure 6. Spearman’s correlation coeffi-
cients between visual and sensorimotor
peak alpha frequency (PAF) estimates
obtained using the independent compo-
nent analysis (ICA)-based or subtraction-
based approaches to isolate visual- and
sensorimotor-related alpha-band activity,
and the center of gravity (CoG) (frequency
windows: 9–11 Hz and 7–13 Hz) or spec-
param methods to estimate peak fre-
quency. Positive and negative correlations
are coded in green and red, respectively.
Significant correlations (P< 0.05) are high-
lighted with red borders.

Figure 7. Spearman’s correlation coefficients between visual and sensorimotor peak alpha frequency (PAF) estimates and the following measures: the
area radius of high-frequency stimulation (HFS)-induced secondary hyperalgesia area, the changes in pinprick sensitivity at the HFS-sensitized and non-
sensitized forearms, the detection threshold to a single electrical pulse averaged across the two forearms, the baseline pinprick ratings averaged across
the two forearms, and the pain ratings reported during HFS. Positive and negative correlations are coded in green and red, respectively. Significant cor-
relations (P< 0.05) are highlighted with red borders.
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Exploratory Analyses

Correlation between baseline sensorimotor PAF and
changes in pinprick sensitivity after HFS.
Such as for the area of HFS-induced secondary hyperalgesia,
there was no significant correlation between the sensorimo-
tor PAF and 1) the magnitude of the HFS-induced increase in
pinprick sensitivity at the sensitized forearm compared with
the contralateral forearm (DDNRS), 2) the change in pinprick
sensitivity at the HFS-sensitized forearm (DNRSHFS), and
3) the change in pinprick sensitivity at the contralateral non-
sensitized forearm (DNRSNS) (Fig. 7).

Correlation between baseline visual PAF and the area
of HFS-induced secondary hyperalgesia.
Such as for the sensorimotor PAF, there was no significant
correlation between the visual PAF and the radius of the area
of HFS-induced secondary hyperalgesia (Fig. 7).

Correlation between baseline visual PAF and the
changes in pinprick sensitivity after HFS.
There was also no significant correlation between the visual
PAF and the increase in pinprick sensitivity at the sensitized
forearm compared with the contralateral forearm (DDNRS)
or the change in pinprick sensitivity at the HFS-sensitized

forearm (DNRSHFS). However, and regardless of the method
used to estimate the visual PAF, there was a significant nega-
tive correlation between the visual PAF and the change in
pinprick sensitivity at the nonsensitized forearm (DNRSNS):
participants with a higher visual PAF at baseline exhibited a
stronger perceptual habituation to pinprick stimulation at
the nonsensitized forearm (Figs. 7 and 9).

Correlation between baseline PAF and baseline pain
ratings.
There was no significant correlation between either the vis-
ual PAF nor the sensorimotor PAF and 1) the detection
threshold to single electrical pulses averaged across the two
forearms, 2) the baseline pinprick ratings averaged across
the two forearms, or 3) the intensity of the pain during HFS
(Fig. 7).

Correlation between vision- and sensorimotor-related
PAF.
Both visual and sensorimotor PAF estimates derived using
ICA-based and subtraction-based approaches to isolate vis-
ual- and sensorimotor-related alpha-band activity and com-
puted using the CoG and specparam methods were highly
correlated, indicating good consistency across the estima-
tion techniques (Fig. 6). In contrast, there was no significant

Figure 8. Scatter plots showing the absence of a significant correlation between the radius of the high-frequency stimulation (HFS)-induced area of sec-
ondary hyperalgesia and the sensorimotor peak alpha frequency (PAF), regardless of the method used to isolate sensorimotor-related activity [A: inde-
pendent component analysis (ICA)-based approach; B: subtraction-based approach] or the method used to estimate the PAF (center of gravity using a
narrow 9–11 Hz or wide 7–13 Hz frequency window, specparam algorithm).
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correlation between the visual PAF and the sensorimotor
PAF, indicating that they likely reflect distinct oscillatory
processes (Fig. 6). This highlights the importance of consid-
ering these rhythms as functionally separate when assessing
their relevance to perception.

Mixed alpha-band activity.
Using the ICA-based approach, independent components
(ICs) capturing alpha-band activity that increased during clo-
sure of the eyes and decreased during finger movements were
identified in 22 of 32 participants. The PAF estimates of these
MIXED-ALPHA signals were strongly correlated with the vis-
ual PAF, but also showed significant correlation with the sen-
sorimotor PAF using the largest window, indicating that these
signals may reflect the fact ICA did not fully dissociate the
two types of alpha-band activity (Supplemental Table S1).
There was no significant correlation between the PAF of
MIXED-ALPHA signals and the secondary hyperalgesia
radius, the changes in pinprick sensitivity after HFS, the elec-
trical detection threshold, and the HFS pain ratings. A weak
correlation was reported for the baseline pinprick ratings and
mixed PAF at occipital electrodes (Supplemental Table S2).

DISCUSSION
The results of the present study do not support our hypoth-

esis that interindividual variations in peak-alpha frequency

are associated with the susceptibility to develop HFS-induced
secondary hyperalgesia. Indeed, in our sample of 32 healthy
participants and using different approaches to isolate sensori-
motor- and vision-related alpha-band activity and estimate
peak frequency in the resting EEG, there was no significant
correlation between sensorimotor or visual PAF estimates and
neither the spatial extent of the HFS-induced secondary
hyperalgesia area, nor the magnitude of the HFS-induced
increase in pinprick sensitivity at the sensitized forearm.

Functional Dissociation between Vision- and
Sensorimotor-Related Alpha-Band Activity

Previous reports of a relationship between PAF and sensitiv-
ity to pain have often interpreted themeasured interindividual
differences in PAF as reflecting differences in sensorimotor-
related alpha-band activity. However, the topographical distri-
bution of the alpha-band in resting EEG predominates over
posterior areas, and itsmost prominent feature is its sensitivity
to closure of the eyes. Hence, measures of PAF in resting EEG
may be expected to mainly reflect vision-related alpha-band
oscillations, even when the PAF is estimated at central electro-
des overlying the sensorimotor cortex (17, 19, 57). For this rea-
son, several authors have attempted to isolate sensorimotor-
from vision-related alpha oscillations using an independent
component analysis and selecting components displaying a
central topography as compared with an occipital topography
(18, 54, 56, 67).

Figure 9. Scatter plots showing the correlation between the post-high-frequency stimulation (HFS) decrease in pinprick sensitivity at the nonsensitized
forearm and the visual peak alpha frequency (PAF), present across methods used to isolate visual-related activity [independent component analysis
(ICA)-based approach, A; subtraction-based approach; B] and methods to estimate the PAF (center of gravity using a narrow 9–11 Hz or wide 7–13 Hz fre-
quency window, specparam algorithm).
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In the present study, we propose two functional approaches
to isolate vision- and sensorimotor-related alpha oscillations,
based on the sensitivity of vision-related alpha oscillations to
closure of the eyes and the sensitivity of sensorimotor-related
alpha oscillations to movement execution rather than their
topography. In the ICA-based approach, the functional prop-
erties of vision- and sensorimotor-related alpha-band activity
allowed separating alpha-band activity into visual-related
components that were sensitive to closure of the eyes and
sensorimotor-related components that were sensitive to the
performance of bilateral finger movements. In the subtrac-
tion-based approach, we subtracted the EEG spectra obtained
during eyes open and eyes closed recordings at rest to isolate
the alpha-band increase occurring during eye closure, while
we subtracted the EEG spectra obtained during eyes open at
rest and eyes open during bilateral finger movements to cap-
ture the change in alpha-band activity occurring during
movement. Both the ICA-based approach and the subtrac-
tion-based approach showed that the alpha-band activity sen-
sitive to closure of the eyes had a clear occipital topography
compatible with activity originating from visual areas, whereas
the alpha-band activity sensitive to moving of the fingers
exhibited a bilateral central topography, compatible with activ-
ity originating from left and right sensorimotor areas.

It should be noted that in the ICA-based approach, visual-
related alpha-band activity was isolated in 31 of 32 partici-
pants, whereas sensorimotor-related alpha-band activity was
isolated in 24 of 32 participants. Thismay be related to the fact
that the sensorimotormu rhythm is not always observed (5).

Visual and Sensorimotor PAF Estimates

Previous studies using the center-of-gravity (CoG) method
to estimate PAF have shown that the choice of frequency
window can markedly influence results (55, 57, 59). Some
studies have employed relatively narrow windows (9–11 Hz)
to minimize the influence of the aperiodic 1/f component of
the EEG frequency spectrum (17–19, 54), whereas other stud-
ies have used larger windows from 7 to 11 Hz (41), 7.4 to 12 Hz
(58), or 7.5 to 13 Hz (59). In the present study, the CoG was
computed using both narrow (9–11 Hz) and wide (7–13 Hz)
windows to assess the robustness of the estimates. In addi-
tion, CoG estimates computed on the subtracted spectra are
expected to be minimally influenced by the 1/f aperiodic
component, as this component should be largely cancelled
by the subtraction procedure. Finally, we also used the spec-
parammethod to remove the aperiodic component and esti-
mate PAF using a Gaussian fit rather than computing the
center of gravity (63).

Both for the visual PAF and the sensorimotor PAF, there
was a strong correlation between the different PAF esti-
mates, indicating good consistency between estimation
techniques.

Interestingly, and regardless of themethod used to estimate
PAF, the interindividual variations in visual PAF were not sig-
nificantly correlated with the interindividual variations in sen-
sorimotor PAF. This indicates that the two reflect at least
partially distinct functional processes. Supporting this distinc-
tion, previous studies have shown that the mu-rhythm and
alpha rhythm can differ in frequency and amplitude despite
occupying the same frequency band (68). In light of these
observations, future research should investigate whether the

previously reported association between PAF and pain sensi-
tivity (18, 19, 41, 45, 69) are predominantly driven by visual-
versus sensorimotor-related alpha-band activity.

Lack of Association between PAF and the Susceptibility
to Develop Secondary Hyperalgesia

Our study found no significant association between either
visual or sensorimotor PAF and the susceptibility to develop
HFS-induced secondary hyperalgesia. This suggests that the
frequency characteristics of alpha-band activity do not play
a modulatory role in the induction of central sensitization.
Notably, recent studies examining whether cognitive factors
that are known to modulate pain perception—such as atten-
tion and expectations—may also influence the susceptibility
to develop experimentally induced central sensitization
have reported mostly negative results (70, 71). Collectively,
this suggests that the propensity to develop central sensitiza-
tion may be minimally influenced by cognitive factors and
the functional state of the brain.

Whether this absence of association between PAF and sec-
ondary hyperalgesia is specific for HFS-induced hyperalgesia
in healthy volunteers, or whether it generalizes to other
experimental methods to induce hyperalgesia, and to hyper-
algesia in patients remains an open question requiring fur-
ther studies.

Importantly, our sample size was chosen to achieve suf-
ficient power to detect previously reported correlations
between PAF and pain sensitivity. Since these studies
reported strong correlations (r ¼ 0.74 in Ref. 45 and r ¼
�0.5 in Ref. 18), our sample size of 32 participants was
insufficiently powered to reliably detect small (0.1–0.3) or
medium correlations (0.3–0.5). So far, almost all studies
assessing association between PAF and pain were under-
powered to detect even medium effect sizes (n ¼ 24 in Ref.
54, n ¼ 31 in Refs. 58 and 56, n ¼ 61 in Ref. 57, n ¼ 150 in
Ref. 20, n ¼ 159 in Ref. 72). Future studies aiming to deter-
mine whether PAF and pain sensitivity are truly associated
should therefore be powered to detect even weak correla-
tions. However, if the goal is to establish whether PAF can
serve as a clinically meaningful predictor of pain out-
comes, only moderate to strong associations would be of
practical relevance, as small effects would not provide suf-
ficient discriminative or prognostic value at individual
level.

Association between Visual PAF and Habituation at the
Nonsensitized Forearm

An incidental finding of the present study was a negative
association between visual PAF and perceptual habituation
to pinprick stimulation. Specifically, participants with a
higher visual PAF showed a more pronounced decrease in
pinprick ratings at the nonsensitized forearm. This raises an
intriguing possibility: could previous findings linking a lower
PAF with greater pain sensitivity be partially explained by
this relationship between PAF and habituation? If individu-
als with a lower PAF habituate less to repeated or sustained
nociceptive stimuli as compared with individuals with a
higher PAF, they would also be expected to report higher
average pain ratings when exposed to such stimuli. This inter-
pretation is consistent with the observation that studies hav-
ing shown a relationship between PAF and pain sensitivity
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have typically used models inducing sustained pain such as
capsaicin-heat pain, NGF injection, and tonic heat pain (18–
20, 69), whereas studies employing more phasic pain stimuli
have found no or onlymarginal associations.

Several cognitive factors are known to influence percep-
tual habituation (73, 74). Directing attention toward stimuli
tends to reduce habituation, whereas high cognitive load can
facilitate it. Stimuli perceived as threatening or aversive also
tend to resist habituation, and expectancy manipulations
can modulate habituation. Notably, many of these cognitive
factors have also been associated with variations in PAF (75,
76). Therefore, the observed link between PAF and habitua-
tion could reflect the influence of cognitive factors that mod-
ulate both. Because PAF has been proposed as a clinically
relevant biomarker for assessing chronic pain and the risk of
pain chronification, clarifying the relationships between
PAF, pain sensitivity, and perceptual habituation is impor-
tant for its interpretation and clinical utility.

Importantly, the present observation of a relationship
between PAF and perceptual habituation at the nonsensi-
tized forearmwas exploratory, and the study was not specifi-
cally designed to assess habituation. This finding should
therefore be replicated in an independent data set. In
healthy participants, it would be valuable to test explicitly
whether the association between PAF and sensitivity to tonic
experimental pain may be mediated by differences in habit-
uation to repeated nociceptive stimulation. In clinical popu-
lations, where a slower PAF has been consistently reported
in patients with chronic pain, it would be relevant to exam-
ine whether this trait is accompanied by reduced habitua-
tion to repeated nociceptive input. Finally, future work
should explore whether the relationship between PAF and
habituation extends to non-nociceptive sensorymodalities.

Conclusions

In this study conducted in healthy volunteers, interindi-
vidual variations in visual or sensorimotor PAF were not sig-
nificantly associated with differences in the susceptibility to
develop HFS-induced secondary hyperalgesia. This suggests
that PAF does not modulate the propensity to develop cen-
tral sensitization. However, exploratory analyses revealed
that individuals with a higher visual PAF tended to exhibit
stronger perceptual habituation to pinprick stimulation.
Further studies are needed to confirm this incidental
observation, and examine whether it might contribute to
the previously reported association between PAF and pain
sensitivity.
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