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A B S T R A C T

Chronic pain is highly prevalent in the U.S. and leads to myriad negative sequalae and suffering. One way to 
address chronic pain is to identify who is at risk and intervene prior to symptom onset. Research suggests resting 
peak alpha frequency (PAF), the speed of alpha oscillations at rest, is slower in healthy individuals with greater 
pain sensitivity and in chronic pain patients. Thus, slower PAF may denote chronic pain vulnerability. Other 
research has shown that individuals at higher risk of chronic pain exhibit disrupted pain modulation, i.e., less 
efficient pain inhibition and increased pain facilitation. Currently, the ability of PAF to predict chronic pain and 
its relation to pain modulation is under-researched. This investigation aimed to address this gap by character
izing associations between PAF, onset of chronic pain, and pain modulation. Using archival data from three 
independent studies, this investigation assessed whether slower PAF is associated with prospectively-determined 
chronic pain onset, decreased pain inhibition (i.e., impaired conditioned pain modulation, impaired erotica- 
induced pain inhibition), and increased pain facilitation (i.e., increased temporal summation of pain, 
augmented mutilation-induced pain facilitation). Results show that slower PAF was associated with greater 
facilitation of spinal (i.e., nociceptive flexion reflex) and supraspinal (i.e., N2 potential) nociception in response 
to unpleasant pictures (i.e., human injury images). This suggests that slower PAF is associated with threat- 
enhanced spinal and supraspinal nociception and may be relevant for chronic pain conditions with disrupted 
threat systems. Slower PAF was not associated with any other pain outcome, including prospectively determined 
chronic pain onset. However, chronic pain onset could only be assessed in one study with a mixed eyes open/eyes 
closed recording, limiting the significance of this finding.

1. Introduction

Chronic pain is a major public health issue, with prevalence rates 
estimated to be around 20 % (Treede et al., 2015; Tunks et al., 2008; van 
Hecke et al., 2013) and rising (Dahlhamer et al., 2018; Von Korff et al., 
2020). The impact for the individual as well as the community at large is 
staggering, encompassing increased rates of anxiety, depression, inter
ference/disability, reduced quality of life, as well as higher unemploy
ment and health care costs (Dorner, 2018; Gaskin and Richard, 2012; 
Goldberg and McGee, 2011; Smith et al., 2001; Tunks et al., 2008; van 
Hecke et al., 2013).

Identification of who is at risk for chronic pain is an important step 
towards primary prevention. One promising chronic pain risk marker 
has emerged from research on cortical correlates of pain sensitivity. 

Peak alpha frequency (PAF; speed of alpha oscillations at rest) is slower 
in individuals with chronic pain (Boord et al., 2008; de Vries et al., 2013; 
Sarnthein et al., 2006). Importantly, slower PAF has also been linked to 
higher pain sensitivity in healthy individuals with no chronic pain 
(Furman et al., 2019, 2018; Seminowicz et al., 2018). This suggests 
slower PAF might be present before chronic pain develops, leading to 
higher pain sensitivity and increased risk for chronic pain. However, the 
link between PAF and prospectively determined chronic pain onset has 
not yet been established.

Another marker associated with increased chronic pain risk is a 
pronociceptive pain modulation profile. This term refers to an in
dividual’s impaired endogenous pain inhibition ability as well as pro
pensity towards pain signal amplification (Yarnitsky, 2015; Yarnitsky 
et al., 2014). Decreased pain inhibition and increased pain amplification 
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may increase one’s risk for chronic pain. For instance, research found 
that reduced efficiency of endogenous pain inhibition pre-surgery pre
dicted chronic postthoracotomy pain (Yarnitsky et al., 2008). Addi
tionally, less efficient pain inhibition and enhanced pain amplification 
was found in several different chronic pain conditions (Yarnitsky, 2015; 
Yarnitsky et al., 2014), such as fibromyalgia (Lautenbacher and Roll
man, 1997), irritable bowel syndrome (Marcuzzi et al., 2019), migraine 
(Sandrini et al., 2006), and osteoarthritis (Arendt-Nielsen et al., 2010). It 
is reasonable to hypothesize that if individuals demonstrate slower PAF 
and higher pain sensitivity, it may be because their ability to inhibit pain 
is impaired, or ascending nociceptive input is amplified. Thus, a slower 
PAF might be associated with a pronociceptive pain modulation profile. 
However, research into this line of inquiry is sparse.

The present study used data from 3 independent archival datasets to 
determine whether (1) PAF predicts prospectively determined chronic 
pain onset and (2) there is relationship between PAF and three well- 
validated forms of pain modulation (i.e., temporal summation, condi
tioned pain modulation, emotion-induced modulation) assessed at 3 
levels of the neuraxis (spinal, supraspinal, and perceptual). It was hy
pothesized that slower resting PAF in healthy individuals would be 
associated with 1) chronic pain onset at 2-years follow-up and 2) 
decreased pain inhibition and increased pain amplification.

2. Methods

2.1. Participants

All studies recruited healthy, chronic pain-free participants from the 
community. Recruitment methods included newspaper ads, Craigslist 
posts, community fliers, and email announcements. Study 2 also 
recruited undergraduate psychology students who received class credits 
for participating. Exclusion criteria for all studies included: <18 years of 
age, history of cardiovascular, neuroendocrine, musculoskeletal, or 
neurological disorders, type 1 or type 2 diabetes, current or acute 
chronic pain, kidney or liver problems, current psychotic symptoms, or 
substance/alcohol dependence, current pregnancy, being unable to read 
or write fluently in English, and current use of analgesic, stimulant, 
antidepressant, anticonvulsant, or anxiolytic medication. Study 1 also 
excluded for current use of statin medications and a Montreal Cognitive 
Assessment score < 26 (Nasreddine et al., 2005). Additionally, Studies 2 
and 3 excluded for high blood pressure and antihypertensive medication 
as well as BMI > 35. Due to known hemispheric differences in cerebral 
anatomical and functional lateralization of emotion processing between 
left- and right-handers (Bourne, 2008), left-handed individuals were 
excluded from analyses of the emotion-induced modulation task in 

Studies 2 and 3. Participants were given information about study pro
cedures before they provided written and verbal informed consent. 
Participants were informed that they were free to discontinue partici
pation at any time. All procedures were approved by the University of 
Tulsa IRB. Studies 1 and 3 were also approved by the Cherokee Nation 
and Indian Health Service Oklahoma City Area Office IRBs due to the 
inclusion of Native Americans.

2.2. Power analysis

Based on the lowest effect sizes from the peak alpha frequency and 
pain literature (r = − 0.44; (Furman et al., 2020, Furman et al., 2019, 
2018)) power analysis suggested 40 healthy, pain-free individuals 
would provide power > 0.80 for correlational analyses between resting 
PAF and pain outcomes at alpha = 0.05. Given that all our sample sizes 
were > 40, we believe analyses are adequately powered.

2.3. Procedures

An overview of procedures for study 1, 2, and 3 are outlined in Fig. 1. 
Detailed information regarding study procedures can be found in the 
supplemental file. No data/results of study 1 and none of the EEG resting 
state data have been previously analyzed or published. However, main 
results from study 2 are published in (Toledo et al., 2024) and main 
outcomes from study 3 are published in (Rhudy et al., 2021, Rhudy 
et al., 2020). In brief, all studies entailed resting phases during which 
PAF was captured. Study 1 assessed temporal summation (TS) and 
conditioned pain modulation (CPM). Study 2 assessed emotion-induced 
modulation (emotional controls of nociception task, ECON). Study 3 
assessed CPM, TS, ECON as well as chronic pain onset in a longitudinal 
design (i.e., every six months after enrollment participants were asked to 
complete a survey about their pain experiences, see section 2.10). All 
studies assessed perceptual and spinal outcomes during pain modulation 
tasks (i.e., pain report and nociceptive flexion reflex magnitudes). 
Studies 1 and 2 also captured event-related potentials in response to 
painful events, referred to here as pain-evoked potentials (PEPs) during 
CPM (study 1) and ECON (study 2). This was done to examine supra
spinal nociceptive processing.

2.4. Apparatus and physiological recording

In all three studies, testing took place in sound-attenuated, electri
cally shielded rooms. During testing, participants sat in a reclining chair 
and were monitored from an adjacent room by video camera. Partici
pants wore headphones to communicate with the experimenter and 

Fig. 1. Overview of procedures for study 1, 2, and 3. Peak alpha frequency was assessed from resting phases. Pain modulation tasks shaded in gray.
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receive instructions. Participants submitted ratings with a computer 
mouse that was shared with the experiment computer screen. Proced
ures and data collection were computer-controlled using a PC with dual 
monitor capability, A/D board (USB-6212 BNC; National Instruments, 
Austin, TX), and LabVIEW software (National Instruments).

2.4.1. NFR recording
For all studies, electromyogram (EMG) was assessed over the biceps 

femoris muscle in the leg to measure nociceptive flexion reflex (NFR)- 
related muscle activity. NFR is a reflex that provides information about 
spinal nociception. Two active Ag-AgCl electrodes were applied over the 
biceps femoris of the left leg. A bipolar stimulating electrode was applied 
over the sural nerve at participants’ left ankles to deliver electric stim
ulations over the retromalleolar pathway for select tasks, and a ground 
electrode was placed over the lateral epicondyle of the femur of the left 
leg to attenuate noise. Areas that EMG sensors were attached to were 
first cleaned using isopropyl alcohol and exfoliated using Nuprep cream 
(Weaver and Company, Aurora, CO) until the electrical impedance for 
each site was < 5 kΩ. Conductive gel was then placed on the sensors 
immediately prior to application. Electric stimuli were delivered in a 
train of 5 1-ms wave pulses (250 Hz) by an isolated Digitimer DS7A 
stimulator (Digitimer DS7A; Hertfordshire, England; max intensity = 50 
mA). Timing of stimulation delivery was computer controlled. For Study 
1, EMG signals were collected using the EMG100C BIOPAC amplifier 
(BIOPAC Systems, Inc., Goleta, CA). For studies 2 and study 3, EMG 
signals were collected, filtered, and amplified using a Grass Technolo
gies (West Warwick, RI) Model 15LT amplifier with AC Module 15A54.

2.4.2. Electroencephalogram (EEG) and Electrooculogram (EOG) 
recording

EEG was recorded during CPM and ECON for analysis of pain-evoked 
potentials as well as during resting phase for PAF analysis. For studies 1 
and 2, EEG and vertical electro-oculogram (EOG) data were collected 
using an acti32CHamp amplifier (BrainVision LLC, Morrisville, NC) and 
BrainVision Recorder Software (Version 1.21.0102; Brain Products, 
Germany). In these studies, EEG was measured from 32 electrodes 
embedded in an EEG cap that was placed on participants’ heads 
(BrainVision ActiCap, cap and active electrodes). The 32 EEG locations 
were gently abraded with the blunted tip of a syringe and high viscosity 
electrolyte gel (SuperVisc 1000 g High Viscosity Electrolyte Gel for 
Active electrodes, Brain Products, Morrisville, NC). Signals were refer
enced to electrode Fz during recording. The electrode impedances were 
less than 25 kΩ, which is sufficient for good signal quality when using 
active electrodes. To capture blinks and eye-movement artifacts unre
lated to brain activity, vertical EOG was measured using two Ag-AgCl 
sensors (one above the eye and one below the eye.) The sites of the 
EOG sensors were first cleaned using isopropyl alcohol and exfoliated 
using Nuprep cream (Weaver and Company, Aurora, CO) until an elec
trical impedance < 5 kΩ was achieved. For Study 3, EEG and vertical 
EOG were collected, filtered, and amplified using a Grass Technologies 
(West Warwick, RI) Model 15LT amplifier with AC Module 15A54. EEG 
was measured from a single electrode at the Cz location that was placed 
on participants’ heads using a passive electrode. The reference electrode 
was placed on the center of the forehead. The location of Cz and the 
reference electrode were gently abraded using a Q-tip and exfoliation 
cream (Nuprep, Weaver and Company, Aurora, CO) and attached to the 
scalp using Ten20 electrode paste (Weaver and Company, Aurora, CO). 
Impedances were kept to < 5 kΩ which is sufficient for good signal 
quality for passive electrodes. Vertical EOG was applied using the same 
procedures as in studies 1 and 2.

2.5. Determination of stimulus intensity for electric stimulations

Three procedures were used to determine the intensity (in mA) of 
electric stimulations during subsequent pain tasks: NFR threshold, 
Pain30, and three-stimulation threshold. These procedures were 

administered prior to other pain tasks to ensure that the stimulations 
had sufficient intensity to reliably elicit pain and NFRs. After each 
electric stimulation, participants rated along a visual analogue scale 
(VAS) from ‘no pain sensation’ (0) to ‘the most intense pain sensation 
imaginable’ (100).

2.5.1. NFR threshold
To determine NFR threshold, electric stimuli were delivered over the 

sural nerve using a validated protocol (France et al., 2009; Rhudy and 
France, 2007). Stimulus intensity was increased from 0 mA in 2 mA 
increments until a reflex was detected (peak), and then decreased by 1 
mA until reflex disappeared (trough). This so-called staircase procedure 
was done three times total. EMG activity of the biceps femoris of the left 
leg was recorded, and the NFR magnitude was measured in the 90–150 
ms window after stimulation of the sural nerve. NFR magnitude was 
calculated in Cohen’s d units as (mean rectified EMG of 90–150 ms of 
the post-stimulation interval minus mean rectified EMG of − 60 to 0 ms 
pre-stimulation interval) divided by average SD of both intervals (− 60 
to 0 ms pre-stimulation and 90–150 ms postimulation). The average 
intensity of the last two peaks and troughs was used to define NFR 
threshold. Stimulation intensity never exceeded 50 mA to ensure 
participant safety.

2.5.2. Pain30
If NFR threshold was achieved before participants rated their pain 

sensation at least 30 out of 100, stimulation intensity was increased in 2 
mA increments until a VAS rating of 30 or higher was recorded.

2.5.3. Three-Stimulation threshold
For three-stimulation threshold, a series of three electric stimulations 

were delivered (0.5 s between stimuli), and stimulus intensity increased 
by 2 mA until NFR was elicited in response to the third stimulus in the 
series.

2.5.4. Calculation of stimulus intensity for each pain task
Stimulus intensity varied for each pain task according to established 

criteria (Huber et al., 2022; Rhudy et al., 2020; Terry et al., 2014). For 
TS, the stimulus intensity was the higher of 120 % NFR threshold or 120 
% 3-stimulation threshold. For CPM, the highest of 120 % NFR 
threshold, 120 % 3-stimulation threshold, or 100 % Pain30 was used. 
The intensity of electric stimulations during ECON was the higher of 
120 % NFR threshold and Pain30.

2.6. Assessment of endogenous facilitation: temporal summation (TS) of 
pain and NFR

An identical TS task, based on a previously validated protocol, was 
used for studies 1 and 3 (Rhudy et al., 2011; Terry et al., 2011). In this 
task, participants received a series of three identical suprathreshold 
electric stimulations to the sural nerve in rapid succession (interstimulus 
interval = 0.5 s). There were five series of stimulations for each 
participant, and the interval between each series varied randomly be
tween 15 and 25 s. After each series of stimulations, a set of computer- 
presented pain rating scales was administered. Participants were asked 
to rate pain intensity for each of the three stimulations in the series 
individually using a computer-presented visual analog scale (VAS) 
ranging from 0 (“no pain sensation”) to 100 (“the most painful sensation 
imaginable”). The rating of the third stimulus in the series was compared 
to the pain rating in response to a single suprathreshold electric stimu
lation of identical intensity. TS of pain was defined as change in pain 
rating of the third stimulus in the series from the rating of the single 
electric stimulus. TS of NFR was defined as change in average NFR 
magnitude from the third stimulus in the series to the first. Due to the 
high level of movement in response to a train of electric stimulations, 
recording/analysis of EEG activity in response to TS was not feasible.
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2.7. Assessment of descending inhibition: conditioned pain modulation 
(CPM) of pain, NFR, and PEPs

CPM paradigms were used in studies 1 and 3 to assess endogenous 
descending inhibition of pain and nociception. For both studies, the CPM 
testing procedure was broken up into 2 phases: a baseline phase, during 
which participants received several suprathreshold electric stimulations 
over the left sural nerve, and a conditioning phase, during which par
ticipants received an identical number of suprathreshold electrical 
stimulations after submerging their right (contralateral) hand in a 
circulating, painfully cold (10 ◦C) water bath (Thermo Scientific; SC100- 
A10B). Interstimulus intervals ranged from 8 to 12 s. Although studies 1 
and 3 employed identical test and conditioning stimuli, they varied in 
the number of electric stimuli delivered in each phase. In study 1, nine 
electric stimulations were delivered during the baseline and condition
ing phases (18 stimulations total). In study 3, five electric stimulations 
were delivered during the baseline and conditioning phases (10 stimu
lations total). NFR magnitudes and pain-evoked potentials in response to 
each electric stimulation were recorded (PEPs only in study 1). Addi
tionally, participants were asked to rate their pain intensity using a NRS 
that was constantly displayed on the computer screen with the following 
anchors: 0 = no pain, 20 = mild pain, 40 = moderate pain, 60 = severe 
pain, 80 = very severe pain, and 100 = worst possible pain (Hellman 
et al., 2018; Williams et al., 2019). Participants reported their pain 
rating verbally after each stimulation, which the experimenter in the 
adjacent room recorded. The amount of pain inhibition due to cold 
water (CPM pain) was defined as pain during conditioning minus pain 
during baseline. NFR inhibition due to the cold water (CPM NFR) was 
defined as NFR magnitude during conditioning minus NFR magnitude 
during baseline. The amount of inhibition of pain-evoked potentials due 
to cold water (CPM PEP) was defined as mean N2P2 amplitude during 
conditioning minus mean N2P2 amplitude during baseline (Granovsky 
et al., 2016). For analysis of PEPs during CPM, it is standard to compare 
N2P2 difference scores between baseline and conditioning to best cap
ture the amount of inhibition during CPM.

2.8. Assessment of emotion-induced modulation of pain, NFR, and PEPs: 
emotional controls of nociception (ECON)

The emotional controls of nociception (ECON) task was administered 
in studies 2 and 3 to assess emotional modulation of pain, pain-evoked 
potentials (study 2 only), and NFR. Both studies used identical proced
ures for ECON. In the paradigm, 24 pictures from the International Af
fective Picture System (IAPS;(Lang et al., 2005)) were presented by the 
computer. The order of pictures was pseudorandomized (pictures of 
same content were not shown more than twice in a row). Each picture 
was presented for six seconds with a 12–22 s inter-picture interval. Eight 
mutilation pictures (e.g., injured bodies; negative content), eight erotica 
pictures (e.g., couples engaging in sexual acts; positive content) and 
eight neutral pictures (e.g., household objects; neutral content) were 
presented with 12 electric stimulations delivered during half of the 
pictures. These stimulations occurred three to five seconds after picture 
onset and were equally balanced across picture content. To reduce 
predictability and anticipation effects, six stimulations were delivered 
during inter-picture intervals (18 stimulations total). Participants were 
asked to rate subject valence and arousal to the pictures using a Self- 
Assessment Manikin (Lang et al., 2005).

Pain, NFR magnitude, and PEPs (i.e., N2, P2) were measured in 
response to the electric stimulations and were assessed by picture con
tent to determine whether emotional modulation occurred. To assess 
pain, participants were asked to rate their pain intensity using a 
computer-presented visual analog scale (VAS) ranging from “no pain 
sensation” to “the most pain sensation imaginable.” Ratings were con
verted to values ranging from 0 to 100, with higher scores reflecting 
higher pain intensities. Next, the mean of each outcome was calculated 
for all three picture contents. After this, two change scores were created 

for each outcome variable: one change score measured inhibition in 
response to erotica content relative to neutral pictures (i.e., erotic −
neutral), such that increasingly negative scores would indicate greater 
inhibition. The second change score measured facilitation in response to 
mutilation content relative to neutral pictures (i.e., mutilation – 
neutral), such that increasingly positive scores would indicate greater 
facilitation.

2.9. Assessment of resting peak alpha frequency (PAF)

2.9.1. Studies 1 and 2
In these studies, PAF was calculated using data collected while par

ticipants rested for 6-minutes. For study 1, PAF was collected before and 
after CPM. For study 2, PAF was collected prior to all other tasks, at the 
beginning of the study. During resting periods, participants remained 
relaxed and still, minimizing movements and blinks. Participants were 
instructed by an audio cue to open and close their eyes in alternating, 1- 
minute blocks. A fixation cross was presented on the computer screen to 
focus on during the eyes open condition. There were two resting periods 
in study 1 and one resting period in study 2.

2.9.2. Study 3
For Study 3, participants were asked to rest for 5 min. They did not 

receive any instructions about having their eyes open or closed. Resting 
EEG was assessed twice during study 3, once after CPM and once after a 
CPM “sham” condition, during which participants were instructed to put 
their hand in a warm water bath.

2.10. Assessment of chronic pain onset: follow-up surveys

Every six months after enrollment in study 3, participants were 
contacted by phone, mail, or email and asked to complete a survey about 
their pain experiences. Survey questions asked about pain at 19 different 
body sites and participants were asked if they had persistent, bother
some pain on more days than not for at least three months for each site 
(see more details here (Rhudy et al., 2021)). The sites included head, 
neck, face, shoulder, upper back, lower back, arms, elbows, wrists, 
hands, buttocks, hips, chest, abdomen/pelvis, legs, knees, ankles, feet 
and other. For chronic pain criteria to be met, pain had to be rated three 
or higher on an 11-point rating scale (0 = no pain, 10 = pain as bad as it 
could be). A dummy variable coded for chronic pain onset. If above 
mentioned criteria were met, participants were coded as 1 = chronic 
pain. If criteria for chronic pain were not met, participants were coded as 
0 = no pain. If participants reported chronic pain during one survey, but 
this pain remitted at a subsequent follow up, this was not counted as 
chronic pain but was scored as “intermittent pain” and excluded from 
analyses. Data in this study corresponded to the 2-year follow-up. This 
approach was used previously by the research team to determine 
chronic pain onset in Native Americans (Rhudy et al., 2021).

2.11. EEG data Preprocessing and Scoring

2.11.1. Peak alpha frequency
EEG resting data were preprocessed in EEGlab (Delorme and Makeig, 

2004) and analyzed in Fieldtrip (Oostenveld et al., 2010). First, exper
imenter notes were reviewed to determine if there were any notable 
influences on the EEG data or observations relevant to the EEG 
recording. Then, the EEG raw data were visually inspected to identify 
channel problems or other sources of noise that could impact the fre
quency spectrum. After filtering (between 0.2 and 100 Hz, linear FIR 
filter), eye blinks were corrected. Data was segmented into five second 
epochs. Fourier analysis was conducted on each five second epoch and a 
power distribution/spectrum for frequencies between 2–50 Hz was 
calculated in 0.2 Hz bins with the “ft_freqanalysis_mtmfft” function. A 
Hanning taper was applied to reduce edge artifacts. Next, the frequency 
spectrum of the entire trial was visually inspected to identify whether a 
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peak in the alpha band was present. Then, the frequency spectra of the 
60 single trials (spectra of five second epochs) were examined. If no peak 
in the alpha range nor alpha activity in the raw data was visible, the 
participant was excluded (n = 1 in study 1, n = 1 in study 2, n = 59 in 
study 3). Peak alpha frequency was calculated for each five sec epoch 
using the center of gravity method (Furman et al., 2020; Klimesch et al., 
1993) in the frequency range of 9–11 Hz. The 9–11 Hz range was chosen 
as it reduces the impact of 1/f EEG noise on PAF estimation (Furman 
et al., 2019, 2018). The calculation for the center of gravity method 
(CoG) is defined as 
∑n

i=1fi × ai
∑n

i=1ai 

where fi is the ith frequency bin including and above 9 Hz (e.g., 9, 9.2, 
9.4, 9.6…11 Hz), n is the number of frequency bins between 9 and 11 Hz 
and a is the spectral amplitude for the frequency bin. The output of this 
equation is the frequency bin (in Hz) where the center of spectral power 
is located in the 9- to 11-Hz range (Furman et al., 2019). The center of 
gravity method differs from the ‘peak picking’ method in several ways. 
First, instead of identifying the highest peak in the frequency range, CoG 
provides information on the distribution or shape of alpha power across 
the frequency range (Klimesch et al., 1993). In the case of several peaks 
being present in the alpha band, CoG takes both peaks into account by 
weighing each peak’s contribution and returning a frequency bin in 
between these peaks. This is especially relevant considering that there 
are multiple alpha oscillators in the brain, and research suggests that 
there are at least 2 different alpha rhythms, a “lower” and an “upper 
alpha”, each likely emerging from a different oscillator (Klimesch, 
2018). Peak picking might therefore not be the ideal parameter to 
describe the alpha frequency: instead of arbitrarily choosing one of the 
peaks, CoG takes both peaks into account, and can be used to infer 
whether there is faster or slower alpha power in the range. Thus, CoG 
measures how balanced power is across the alpha range. After calcula
tion of PAF via CoG for each 5-sec epoch, PAF estimates were averaged, 
such that a single mean PAF estimate was calculated for each channel. A 
grand mean sensorimotor PAF was averaged across channels C3, C4, and 
Cz for studies 1 and 2, and Cz only for study 3 given that this study only 
measured from Cz (in line with (Furman et al., 2020, Furman et al., 
2019, 2018)).

2.11.2. Pain-evoked potentials (PEPs)
The evoked potentials recorded have been referred to in this manu

script as “pain-evoked potentials” instead of somatosensory-evoked, 
sural nerve-evoked, or cortical-evoked potentials. This decision was 
made due to the parameters of our studies, which lead us to expect 
nociceptive processing to significantly contribute to the averaged traces, 
in addition to activated innocuous somatosensation. Specifically, the 
intensity of electric stimulations were set at or above Pain30 (>30 is 
generally agreed upon to be mild to moderate pain (Boonstra et al., 
2014)), and our median stimulation intensities were in the range of 
22.5–25 mA. For more on this topic, see (Huber et al., 2022).

For analysis of PEPs during CPM and ECON, EEG data were pre
processed and analyzed in BrainVision Analyzer Software (Version 
2.1.2.327). Eye movement and blink artifacts were removed using in
dependent component analysis (Ocular Correction ICA, FastICA algo
rithm, BrainVision Analyzer Software). Sections with non-stereotypical 
artifacts, like body movements or bursts of EMG activity were excluded 
prior to ICA to ensure optimal results of ICA. A high-pass filter was 
applied (.05 Hz for ECON and 0.3 Hz for CPM, 12 db/octave, Butter
worth Zero Phase Filters) as well as a Notch filter (60 Hz). After ICA, the 
data were visually inspected to confirm that the ICA was successful in 
removing eye movement and blink artifacts. Then, a common average 
reference was applied. For CPM and ECON analyses, the continuous EEG 
was segmented between − 200 to 700 ms after electric stimulus onset. 
Epochs were corrected relative to a 200 ms pre-stimulus baseline. The 

PEPs of interest (i.e., the N2 and the P2 potential) were quantified as 
mean amplitudes calculated over time windows based on visual in
spection and previous literature (Albu and Meagher, 2019; Goffaux 
et al., 2007; Kenntner-Mabiala et al., 2007; Kenntner-Mabiala and Pauli, 
2005). For the N2 potential, the time window was specified as 90–140 
ms post electric stimulus onset. For the P2 potential, the time window 
was specified as 280–350 ms post electric stimulus onset.

For subsequent CPM analysis of the relationship between resting PAF 
and PEPs a ‘mean peak-to-peak’ amplitude measure was used. Specif
ically, after quantifying N2 and P2 amplitudes as described above, the 
difference between N2 and P2 mean amplitudes was calculated and used 
for CPM analysis. For ECON analysis, N2 and P2 amplitudes were 
analyzed separately, due to the differences in how they are modulated in 
the context of emotion: while N2 is modulated in parallel with valence, 
P2 is modulated in parallel with arousal (Kenntner-Mabiala and Pauli, 
2005).

2.12. Data analysis

Data analyses were conducted with SPSS v28 (Statistical Package for 
the Social Sciences; IBM Corp). All variables were first examined for 
non-normality. Non-normality was addressed with log10/squared 
transformations and outliers were identified with Wilcox’s MAD-median 
procedure (threshold to identify outliers = 2.24) and winsorized. An 
alpha level of p < 0.05 was used in all analyses. Due to the influence of 
age on PAF (Kondacs and Szabó, 1999; Mierau et al., 2017), age was 
controlled for in the analyses. Given well-established sex differences in 
pain, sex was added as control variable as well (Rhudy and Williams, 
2005). Due to known effects of socioeconomic status on chronic pain 
development, education and income were controlled for in the resting 
PAF-chronic pain onset analysis (Landmark et al., 2013). Given that 
stimulus intensity was individually calibrated to participants’ reflex 
threshold, stimulation intensity was entered as covariate as well since 
this could have impacted pain modulation. All predictors were entered 
in a single step in the regression. Missing data were not imputed and 
excluded from analyses.

To establish the stability of resting PAF, test–retest reliability was 
assessed for studies 1 and 3, because both studies included two resting 
EEG periods. This is relevant to demonstrate stability of resting PAF, 
since participants in studies 1 and 3 underwent pain testing prior to 
resting PAF assessments. Study 2, however, started the experiment 
session with a resting state phase, prior to any pain testing, thereby 
providing a “true” resting state session. To estimate the impact of 
combined eyes-open/eyes-closed resting phase on PAF in study 3, the 
correlation of PAF during eyes open and PAF during eyes closed was 
calculated for study 1 (study 1 was more similar in procedure to study 
3).

2.13. Public involvement statement

A community-engaged approach was used for studies 1 and 3. All 
procedures, presentations, and manuscripts from these data are 
reviewed and approved by the Cherokee Nation and Oklahoma City Area 
Indian Health Service IRBs. Only healthy participants were included this 
this study; therefore, no patients were involved.

3. Results

3.1. Sample and background characteristics

3.1.1. Study 1
The sample included 48 participants. Three participants decided to 

end the study early due to intensity of electric stimulations. One par
ticipant’s data had to be excluded due to a technical error. One further 
participant was excluded due to lack of viable PAF value. Thus, 43 
participants were included in the analyses. The sample’s background 
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characteristics are described in supplementary Table 1.

3.1.2. Study 2
The sample included 62 participants. Nine individuals were left- 

handed and were excluded from further analysis. One additional 
participant was excluded due to lack of PAF value (see section 2.11.1; 
remaining sample = 52). The sample’s background characteristics as 
well as the excluded participants are described in supplementary 
Table 2.

3.1.3. Study 3
In all, 329 participants met inclusion criteria for the study. 59 par

ticipants ended the study early and 64 participants’ data were excluded 
due to data quality concerns. Of those, 4 participants’ data were 
excluded due to a faulty EEG channel. 1 participant’s data were 
excluded because they fell asleep during the resting phase. The 
remainder (n = 59) were excluded due to lack of identifiable alpha ac
tivity in the raw data and frequency spectrum. This is a higher propor
tion than in study 1 and 2 due to the circumstances of data collection in 
study 3. Specifically, study 3 recorded data from only 1 electrode sensor 
which made assessment of data quality more difficult. Additionally, the 
electrode in study 3 was applied with a different technique that was not 
as robust to head movement. Therefore, a higher percentage of data was 
rejected for study 3 since (1) data quality was worse than in study 1 and 
2 and (2) data of questionable quality could not be examined across 
other channels, leading to automatic rejection. Thus, for 206 partici
pants a peak alpha frequency value was identified from at least 1 of the 
EEG recording sessions (i.e., final sample = 206). Study 3′s high 
test–retest reliability suggests that the strict EEG data cleaning proced
ures were successful in maintaining the quality of the data (see section 
3.2). The sample’s background characteristics are described in supple
mentary Table 3.

3.2. Peak alpha frequency

For study 1, Pearson’s correlations of average PAF values across sites 
Cz, C3, C4 between the two phases was r = 0.92 (p < 0.001), suggesting 
high test–retest reliability. Study 2 only had 1 resting phase. For study 3, 
the correlation between the 2 sessions was r = 0.90 (p < 0.001; Cz 
sensory only). Distribution of PAF values per study (in absolute fre
quencies and as % frequencies) are depicted in supplementary Fig. 1. 
The correlation between eyes open and eyes closed PAF at sensor Cz was 
r = 0.79 for study 1. Given this high correlation and increased sample 
size of study 3, we believe relationships between mixed eyes open/ 
closed PAF and chronic pain onset should still be able to be detected.

3.3. Chronic pain onset

A logistic regression analysis with peak alpha frequency predicting 
chronic pain status (yes = 1/no = 0) while controlling for age, sex, 
education, and income was not significant χ2(5) = 1.44, p = 0.92. This 
suggests that the predictors, as a set, did not significantly distinguish 
between participants who developed chronic pain or not. Further, none 
of the variables individually predicted chronic pain outcome per the 

Wald criterion (see Table 1).

3.4. Conditioned pain modulation

Neither PAF nor any control variables were a significant predictor of 
CPM of NFR or CPM of N2P2 across studies 1 & 3 (see supplementary 
Table 4). In the model predicting CPM of pain, stimulation intensity 
emerged as the only significant predictor in studies 1 (p = 0.022) and 3 
(p = 0.003), with higher stimulation intensity being associated with less 
pain inhibition during CPM. Supplementary Fig. 2 presents the grand 
average EEG waveforms of the pain-evoked potentials for baseline and 
conditioning phases. Supplementary Table 4 presents regression results 
for CPM outcomes for studies 1 &3.

3.5. Temporal summation

Across studies 1 and 3, PAF was not significant for predicting TS of 
NFR and TS of pain. For study 3, only age (p < 0.001), stimulation in
tensity (p = 0.001) and sex (p = 0.035) emerged as significant predictors 
of TS of NFR. Higher stimulation intensity, older age, and being male 
was associated with greater temporal summation of NFR. In the model 
predicting TS of pain, only stimulation intensity emerged as significant 
predictor (p = 0.046), and only in study 3. Higher stimulation intensity 
was associated with greater temporal summation of pain. Supplemen
tary Table 5 presents the regression results for the TS outcomes for both 
studies.

3.6. Emotional controls of nociception

Table 2 presents the regression results for the modulation of pain, 
NFR, N2, and P2 by erotica content for study 2. Neither resting PAF nor 
any of the control variables emerged as significant predictors. Table 2
also presents the regression output for the modulation of NFR and pain 
by erotica content for study 3. In the model predicting NFR modulation 
by erotica, only sex emerged as a significant predictor (p = 0.03). Being 
male was associated with less erotica-induced inhibition of NFR. In the 
model predicting pain modulation by erotica, only age emerged as sig
nificant (p = 0.03), with older age being associated with less erotica- 
induced inhibition of pain.

Table 3 presents the regression results for the modulation of NFR, 
pain, N2, and P2 by mutilation content for study 2. In the model pre
dicting N2 modulation, resting PAF emerged as a significant predictor (p 
= 0.045), with higher PAF being associated with less mutilation-induced 
facilitation of N2. For all other models predicting modulation of NFR, 
pain and P2, neither resting PAF nor any of the control variables 
emerged as significant predictors. Fig. 2 depicts the grand average EEG 
waveforms of the pain-evoked potentials and Fig. 3 depicts the rela
tionship between PAF and N2 change score (mutilation-neutral). Table 3
also presents the regression output for the modulation of NFR and pain 
by mutilation content for study 3. In the model predicting NFR modu
lation, peak alpha frequency (p = 0.045) and stimulation intensity (p =
0.041) emerged as significant. Higher PAF and higher stimulation in
tensity were associated with less mutilation-induced NFR facilitation. 
Fig. 4 depicts the relationship between PAF and NFR change score. In the 
model predicting pain modulation, neither resting PAF nor any of the 
control variables emerged as significant.

4. Discussion

This study examined the relationship between resting peak alpha 
frequency (PAF) and chronic pain onset at 2-years, as well as pain 
inhibitory and pain amplifying processes. Contrary to hypotheses, 
resting PAF was not associated with chronic pain onset or most pain/ 
nociceptive outcomes. However, slower resting PAF was associated with 
greater mutilation-induced N2 facilitation in study 2 and with greater 
mutilation-induced NFR facilitation in study 3.

Table 1 
Logistic regression of chronic pain development yes/no (n = 139).

Predictors B SE Wald 
χ2

p- 
value

Odds 
Ratio

95 % CI 
L. CI U. CI

PAF − 1.01 1.48 0.47 0.49 0.36 0.02 6.66
Age 0.003 0.02 0.02 0.89 1.00 0.96 1.04
Sex − 0.31 0.51 0.37 0.55 0.74 0.27 1.99
Education − 0.00002 0.32 0.00 0.99 1.00 0.53 1.89
Income − 0.09 0.11 0.67 0.41 0.91 0.73 1.14

Note. PAF = peak alpha frequency, assessed during mixed eyes open and closed 
periods at Cz. L. = lower, U. = upper. Sex = 1 if female, 0 if male. *p < 0.05.
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Table 2 
Erotica-induced modulation of NFR, pain, N2 and P2 in studies 2 and 3.

Study 2 ​ ​ ​ ​
​ NFR (n = 51) Pain (n = 52) N2 (n = 41) P2 (n = 41)
Overall Model F(4,46) = 0.31, p = 0.87 

R2 = 0.026
F(4,47) = 0.43, p = 0.78 
R2 = 0.035

F(4,36) = 0.53, p = 0.71 
R2 = 0.056

F(4,36) = 1.15, p = 0.35 
R2 = 0.11

Predictors B SEB β B SEB β B SEB β B SEB β
PAF − 0.20 0.34 − 0.09 − 0.89 5.67 − 0.02 4.85 4.53 0.18 2.25 4.87 0.07
Stim Int 0.003 0.005 0.11 0.04 0.07 0.09 − 0.004 0.05 − 0.01 0.003 0.06 0.01
Age − 0.02 0.05 − 0.06 − 0.55 0.80 − 0.11 0.27 0.55 0.08 0.60 0.59 0.17
Sex − 0.001 0.12 − 0.001 1.14 1.96 0.09 1.50 1.49 0.17 2.95 1.60 0.30

Study 3 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
​ NFR (n = 173) Pain (n = 176) No EEG during ECON ​
Overall Model F(4,168) = 1.51, p = 0.20, R2 = 0.035 F(4,171) = 1.46, p = 0.22, R2 = 0.033 ​ ​ ​ ​ ​ ​
Predictors B SEB β B SEB β ​ ​ ​ ​ ​ ​
PAF 0.14 0.15 0.07 1.52 2.79 0.04 ​ ​ ​ ​ ​ ​
Stim Int − 0.001 0.002 − 0.04 0.01 0.04 0.03 ​ ​ ​ ​ ​ ​
Age − 0.0004 0.004 − 0.01 0.16* 0.07 0.16* ​ ​ ​ ​ ​ ​
Sex ¡0.11* 0.05* ¡0.17* 0.52 0.97 0.04 ​ ​ ​ ​ ​ ​

Note. PAF = peak alpha frequency, for study 2 assessed during eyes closed periods (Cz, C3, C4 average), for study 3 assessed during mixed eyes open and closed periods 
(at Cz). Sex = 1 if female, 0 if male. *p < 0.05.

Table 3 
Mutilation-induced modulation of NFR, pain, N2 and P2 in studies 2 & 3.

Study 2 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
​ NFR (n = 51) ​ ​ Pain (n = 52) ​ ​ N2 (n = 38) ​ ​ P2 (n = 38) ​ ​
Overall 

Model
F(4,46) = 1.13, p =
0.36 R2 = 0.09

​ ​ F(4,47) = 0.94, p 
= 0.45 R2 = 0.07

​ ​ F(4,33) = 1.34, p 
= 0.28 R2 = 0.14

​ ​ F(4,33) = 0.48, p 
= 0.75 R2 =

0.055

​ ​

Predictors B SEB β B SEB β B SEB β B SEB β
PAF 0.20 0.32 0.09 4.28 5.96 0.10 8.30* 3.99 0.34* − 1.02 6.39 − 0.03
Stim Int − 0.01 0.004 − 0.19 − 0.02 0.08 − 0.04 − 0.01 0.05 − 0.05 − 0.03 0.07 − 0.09
Age − 0.04 0.04 − 0.13 − 0.40 0.84 − 0.07 0.14 0.48 0.05 − 0.40 0.76 − 0.10
Sex 0.18 0.11 0.24 3.78 2.06 0.26 − 0.80 1.24 − 0.11 − 2.37 1.99 − 0.20

Study 3 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
​ NFR (n = 173) ​ ​ Pain (n = 176) ​ ​ No EEG during 

ECON
​ ​ ​ ​ ​

Overall 
Model

F(4,168) = 2.61, p 
= 0.037, R2 = 0.059

​ ​ F(4,171) = 0.80, p 
= 0.53, R2 = 0.018

​ ​ ​ ​ ​ ​ ​ ​

Predictors B SEB β B SEB β ​ ​ ​ ​ ​ ​
PAF ¡0.30* 0.15 ¡0.15* − 3.45 3.24 − 0.08 ​ ​ ​ ​ ​ ​
Stim Int ¡0.004* 0.002 ¡0.16* − 0.07 0.05 − 0.11 ​ ​ ​ ​ ​ ​
Age − 0.01 0.004 − 0.11 0.04 0.09 0.03 ​ ​ ​ ​ ​ ​
Sex 0.04 0.05 0.07 0.34 1.12 0.02 ​ ​ ​ ​ ​ ​

Note. PAF = peak alpha frequency, for study 2 assessed during eyes closed periods (Cz, C3, C4 average), for study 3 assessed during mixed eyes open and closed periods 
(at Cz). Sex = 1 if female, 0 if male. *p < 0.05.

Fig. 2. Grand average EEG waveforms at Cz for ECON. Time windows used for analysis of N2 (90–140 ms) and P2 (280–350 ms) are shaded.
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4.1. PAF did not predict chronic pain onset

Surprisingly, resting PAF was not associated with chronic pain onset 
which is at odds with a previous study examining postsurgical pain 
(Millard et al., 2022) and research on slowed PAF in chronic pain con
ditions (Boord et al., 2008; de Vries et al., 2013; Sarnthein et al., 2006). 
One potential explanation regarding the finding from Millard et al. 
(2022) is that the sample consisted of lung cancer patients undergoing 
surgery. Thus, participants were already experiencing some level of pain 
pre-surgery, which may have resulted in slowed resting PAF. Therefore, 
instead of a pre-existing vulnerability marker, the resting PAF assessed 
may have been a result of pre-surgery pain. This is consistent with 
findings of slowed PAF in chronic pain conditions. By contrast, our study 
collected PAF from healthy individuals before pain onset to explore if 
PAF is a premorbid risk marker. Our results suggest this may not be the 
case, especially considering samples from studies 1 and 3 include Native 
American individuals, who are at the highest risk of chronic pain 
development among all racial/ethnic groups (Rhudy et al., 2021; Zaja
cova et al., 2022).

Another potential explanation is that slowed PAF is a risk factor for 
developing specific types of chronic pain. The chronic pain most com
mon in the study 3 sample was located in the lower back, shoulders, and 
upper back (Rhudy et al., 2021). Thus, it is possible that slower PAF is 
not associated with development of musculoskeletal pain. A counter
point to this explanation is that slower PAF has been associated with a 
model of musculoskeletal pain in healthy humans (Furman et al., 2019). 
Thus, more research is necessary to resolve whether slower PAF is 
relevant for musculoskeletal pain, or for chronic pain risk at all. Given 
the prior literature and our results, PAF may be more relevant as a 
marker for clinical pain, and this should be explored in future research. 

Alternatively, it is also possible that the EEG data in study 3 were limited 
by having a mixture of eyes open and eyes closed, and that an eyes- 
closed recording prior to experimental tasks may have led to different 
results.

4.2. Slower PAF is related to mutilation-induced facilitation of spinal and 
supraspinal nociception

Our findings suggest that slower PAF is associated with mutilation 
picture-induced facilitation of spinal and supraspinal nociception, but 
not facilitation of pain. Thus, PAF was associated with 2 out of 3 noci
ceptive/pain outputs that belong to the defensive system. This suggests a 
threat-specific role for PAF.

If an electric stimulation is presented after a mutilation picture, the 
defensive system – which is already primed by the picture – amplifies the 
additional threat, leading to greater NFR, greater N2, and greater pain 
perception (Rhudy, 2016). Previous fMRI research suggests that 
emotional modulation of NFR is mediated by circuitry including left 
medial thalamus, bilateral amygdala, left pons, subgenual cingulate and 
ventromedial prefrontal cortex (vmPFC), while emotional modulation of 
pain is mediated by circuitry including the right insula and bilateral 
lingual gyri (Roy et al., 2009). While the generators of N2 are known 
(S1, S2 (Dowman and Darcey, 1994)), the circuitry responsible for 
emotional modulation of N2 is not. This complicates interpretation.

One hypothesis of how PAF interacts with the defensive system is 
that slower PAF reflects brain properties that impact N2 and NFR cir
cuitry responsible for nociceptive responding. In this hypothesis, slower 
PAF may reflect a brain with fewer synaptic connections and/or with 
greater propagation delays. This is supported by research indicating that 
PAF is associated with (1) the amount of synaptic contacts, white matter 

Fig. 3. Relationship between peak alpha frequency and N2 change score (mutilation-neutral). More positive N2 change score indicates less mutilation-induced 
facilitation.

Fig. 4. Relationship between peak alpha frequency and NFR change score (mutilation-neutral). More negative NFR change score indicates less mutilation-induced 
facilitation.
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density, membrane time constants, and propagation delays (David and 
Friston, 2003; Grandy et al., 2013a, 2013b; Jansen and Rit, 1995; Lopes 
da Silva et al., 1974) and (2) aging. (Kondacs and Szabó, 1999; Mierau 
et al., 2017) which is thought to be due to loss of white matter integrity 
(Coelho et al., 2021). Thus, slower PAF could reflect a less connected 
brain or having greater propagation delays, resulting in greater 
mutilation-induced N2 and NFR facilitation. The exact brain areas 
responsible for this are subject to speculation, but given that the thal
amus and thalamocortical connections play an important role in alpha 
rhythm (da Silva, 2013), connections to the thalamus may be affected by 
slower PAF. This could have downstream effects on the amygdala- 
thalamus-PFC connectivity that is part of NFR modulation circuitry 
and perhaps N2 modulation circuitry as well (Roy et al., 2009).

Functionally, the thalamus and amygdala are both targets of 
ascending nociceptive pathways: the amygdala is involved in detection 
and orienting towards nociceptive stimuli, as well as the degree of 
emotional arousal (Bradley et al., 2001; Pessoa, 2010; Roy et al., 2009), 
whereas the thalamus plays a role in transmission of nociceptive signals 
to prefrontal cortex (Roy et al., 2009). The mPFC contributes to affective 
evaluation and meaning attribution (Roy et al., 2009). Slower PAF could 
impact connectivity to and from mPFC and result in overinterpretation 
of threat (by mPFC) and subsequent increased representation of the 
stimulus in S1 (indexed by greater N2) and mobilization for defense, 
reflected in reduced descending inhibition and greater NFR magnitude. 
The connection between amygdala, thalamus, and mPFC is the lynchpin 
of this explanation; that pain is unaffected could be explained by lack of 
amygdala, thalamic, and mPFC involvement in the circuitry responsible 
for emotional modulation of pain (Roy, 2015).

4.3. Linking threat to chronic pain

Our results suggest that slowed PAF is associated with enhanced 
nociceptive responding in response to threat. This relationship might be 
especially relevant for development of chronic pain conditions that have 
a disrupted threat system, such as fibromyalgia (Pinto et al., 2023). In a 
recent review, Pinto et al (2023) postulate fibromyalgia is associated 
with a heightened threat system coupled with an underactive soothing- 
affiliative system. They propose this imbalance leads to a persistent 
activation of the salience network which then leads to amplification of 
negative input (such as pain). In this model, slowed PAF could either be 
part of a heightened threat system or a result of persistent activation of 
the salience network. A recent study examining PAF and resting state 
fMRI activity provides preliminary support for PAF being closely con
nected to salience network activity (i.e., a positive relationship between 
PAF and salience network activity (McLain et al., 2022)). Additionally, a 
recent study (Ho et al., 2024) has found that PAF was slowed in those 
with high fear of movement and chronic low back pain, and that pain 
intensity, disability, and fear of movement in combination predicted 
PAF. These results are consistent with our results such that slower PAF 
may be associated with enhanced nociceptive responding to movement 
in chronic low back pain, essentially interpreting any movement as 
threatening. Future studies should test these hypotheses.

4.4. Non-significance of PAF and other pain modulation

In contrast to emotional modulation results, PAF was not associated 
with temporal summation (TS) of NFR or TS-pain. This suggests slower 
PAF is not associated with increased TS-associated spinal sensitization/ 
hyperexcitability or its perceptual correlate. Temporal summation is 
thought to assess mechanisms associated with central sensitization 
(Eide, 2000; Woolf, 1996) and enhanced TS has been found in chronic 
pain patients (Eide, 2000; Eide and Rabben, 1998; Maixner et al., 1998; 
Yarnitsky, 2015). Our findings suggest slower PAF is unrelated to 
enhanced central sensitization associated with repetitive peripheral 
nociceptive input.

PAF was also not associated with inhibition of pain or nociception in 

two different supraspinally-mediated pain modulation tasks, CPM and 
ECON. Previous research has found a lack of association between PAF 
and another supraspinally-mediated pain modulation – placebo anal
gesia, i.e., ability of sham “analgesic” to reduce pain (Raghuraman et al., 
2019). Additionally, prior studies found no association between CPM 
efficiency and power in the alpha band (Simis et al., 2022; Teixeira et al., 
2022). Given that CPM and placebo analgesia are most likely mediated 
by opioidergic pathways, combined findings suggest PAF does not 
reflect the function of endogenous opioid systems (Tan and Kuner, 
2021). Further studies are necessary to assess whether our null results 
generalize to other forms of supraspinally-mediated inhibition (e.g., 
hypnosis, mindfulness).

4.5. Implications

Our results have several implications. First, although resting PAF 
appears to be reliable across testing sessions (suggesting a trait), the 
relationship between PAF and chronic pain risk and onset is not a direct 
one. Rather, slower PAF appears to impact systems (amygdala, thal
amus, PFC) that have a multitude of functions, one of which includes 
nociceptive responding (e.g., facilitation of N2/NFR). Second, resting 
PAF does not appear predictive of onset of musculoskeletal pain. How
ever, given our findings, additional research with other chronic pain 
populations, especially fibromyalgia, is needed. The potential of PAF as 
an objective clinical pain marker should be explored as well.

4.6. Limitations

Although this investigation has several strengths (data from 3 sam
ples, several pain tasks, different levels of neuraxis) there are also 
several limitations. First, only one study (study 1) had a true resting 
period for assessment of resting PAF prior to pain testing, thus carry- 
over effects of pain tasks in study 2 and 3 may have influenced re
sults. Additionally, assessment of PAF in study 3 was based on 1 elec
trode (Cz) only and the recording contained a mixture of eyes open/eyes 
closed which perhaps impacted integrity of the data. Because of this, a 
conservative approach to rejecting data was taken, resulting in a higher 
exclusion rate than the other 2 studies.

4.7. Summary

In conclusion, resting PAF was not associated with chronic pain onset 
and was also not associated with descending inhibition and pain/NFR 
facilitation, with one exception. Specifically, slower PAF was associated 
with increased threat facilitation of N2 and NFR response resulting from 
viewing pictures of mutilated/injured bodies. This suggests slower PAF 
affects N2 and NFR modulation in response to threat. This could be due 
to greater attribution of threat to electrical stimulation by the mPFC, 
leading to enhanced NFR and N2. Thus, resting PAF may be relevant for 
chronic pain disorders associated with disrupted threat responding. 
Given how few of our outcomes were associated with resting PAF, it is 
unlikely that PAF could be used as a vulnerability marker for a wide 
variety of chronic pain conditions.
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Kondacs, A., Szabó, M., 1999. Long-term intra-individual variability of the background 
EEG in normals. Clin. Neurophysiol. 110, 1708–1716. https://doi.org/10.1016/ 
S1388-2457(99)00122-4.

Landmark, T., Romundstad, P., Dale, O., Borchgrevink, P.C., Vatten, L., Kaasa, S., 2013. 
Chronic pain: One year prevalence and associated characteristics (the HUNT pain 
study). Scand. J. Pain 4, 182–187. https://doi.org/10.1016/j.sjpain.2013.07.022.

F.A. Huber et al.                                                                                                                                                                                                                                Neurobiology of Pain 18 (2025) 100180 

10 

https://doi.org/10.1016/j.ynpai.2025.100180
https://doi.org/10.1016/j.ynpai.2025.100180
https://doi.org/10.1007/s00221-019-05545-8
https://doi.org/10.1016/j.pain.2010.04.003
https://doi.org/10.1016/j.pain.2014.09.014
https://doi.org/10.1016/j.pain.2014.09.014
https://doi.org/10.1038/sj.sc.3102077
https://doi.org/10.1038/sj.sc.3102077
https://doi.org/10.1037/0894-4105.22.3.350
http://refhub.elsevier.com/S2452-073X(25)00002-9/h0030
http://refhub.elsevier.com/S2452-073X(25)00002-9/h0030
https://doi.org/10.1038/s41598-021-83983-7
https://doi.org/10.1038/s41598-021-83983-7
https://doi.org/10.15585/mmwr.mm6736a2
https://doi.org/10.1016/j.neuron.2013.10.017
https://doi.org/10.1016/j.neuroimage.2003.07.015
https://doi.org/10.1016/j.neuroimage.2003.07.015
https://doi.org/10.2147/JPR.S50919
https://doi.org/10.2147/JPR.S50919
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1007/s00508-017-1301-0
https://doi.org/10.1007/s00508-017-1301-0
https://doi.org/10.1016/0168-5597(94)90014-0
https://doi.org/10.1016/0168-5597(94)90014-0
https://doi.org/10.1053/eujp.1999.0154
http://refhub.elsevier.com/S2452-073X(25)00002-9/h0080
http://refhub.elsevier.com/S2452-073X(25)00002-9/h0080
http://refhub.elsevier.com/S2452-073X(25)00002-9/h0080
http://refhub.elsevier.com/S2452-073X(25)00002-9/h0085
http://refhub.elsevier.com/S2452-073X(25)00002-9/h0085
http://refhub.elsevier.com/S2452-073X(25)00002-9/h0085
https://doi.org/10.1016/j.neuroimage.2017.11.042
https://doi.org/10.1093/cercor/bhaa124
https://doi.org/10.1093/cercor/bhaa124
https://doi.org/10.1152/jn.00279.2019
https://doi.org/10.1016/j.jpain.2012.03.009
http://refhub.elsevier.com/S2452-073X(25)00002-9/h0110
https://doi.org/10.1186/1471-2458-11-770
https://doi.org/10.1016/j.neuroimage.2013.04.059
https://doi.org/10.1016/j.neuroimage.2013.04.059
https://doi.org/10.1111/psyp.12043
http://refhub.elsevier.com/S2452-073X(25)00002-9/h0130
http://refhub.elsevier.com/S2452-073X(25)00002-9/h0130
http://refhub.elsevier.com/S2452-073X(25)00002-9/h0130
http://refhub.elsevier.com/S2452-073X(25)00002-9/h0135
http://refhub.elsevier.com/S2452-073X(25)00002-9/h0135
http://refhub.elsevier.com/S2452-073X(25)00002-9/h0135
https://doi.org/10.1097/j.pain.0000000000003098
https://doi.org/10.1016/j.biopsycho.2022.108352
https://doi.org/10.1016/j.biopsycho.2022.108352
https://doi.org/10.1007/BF00199471
http://refhub.elsevier.com/S2452-073X(25)00002-9/h0155
http://refhub.elsevier.com/S2452-073X(25)00002-9/h0155
https://doi.org/10.1080/02699930701252249
https://doi.org/10.1111/ejn.14192
https://doi.org/10.1007/BF01128991
https://doi.org/10.1007/BF01128991
https://doi.org/10.1016/S1388-2457(99)00122-4
https://doi.org/10.1016/S1388-2457(99)00122-4
https://doi.org/10.1016/j.sjpain.2013.07.022


Lang, P.J., Bradley, M.M., Cuthbert, B., 2005. The International Affective Picture System 
(IAPS): Affective ratings of pictures and instruction manual. Technical Report A-6. 
University of Florida, Gainesville, FL.

Lautenbacher, S., Rollman, G.B., 1997. Possible deficiencies of pain modulation in 
fibromyalgia. Clin. J. Pain 13, 189.

Lopes da Silva, F.H., Hoeks, A., Smits, H., Zetterberg, L.H., 1974. Model of brain 
rhythmic activity. Kybernetik 15, 27–37. https://doi.org/10.1007/BF00270757.

Maixner, W., Fillingim, R., Sigurdsson, A., Kincaid, S., Silva, S., 1998. Sensitivity of 
patients with painful temporomandibular disorders to experimentally evoked pain: 
evidence for altered temporal summation of pain. Pain 76, 71–81.

Marcuzzi, A., Chakiath, R.J., Siddall, P.J., Kellow, J.E., Hush, J.M., Jones, M.P., Costa, D. 
S.J., Wrigley, P.J., 2019. Conditioned Pain Modulation (CPM) is Reduced in Irritable 
Bowel Syndrome: A Systematic Review and Meta-Analysis of CPM and the Role of 
Psychological Factors. J. Clin. Gastroenterol. 53, 399. https://doi.org/10.1097/ 
MCG.0000000000001181.

McLain, N.J., Yani, M.S., Kutch, J.J., 2022. Analytic consistency and neural correlates of 
peak alpha frequency in the study of pain. J. Neurosci. Methods 368, 109460. 
https://doi.org/10.1016/j.jneumeth.2021.109460.

Mierau, A., Klimesch, W., Lefebvre, J., 2017. State-dependent alpha peak frequency 
shifts: Experimental evidence, potential mechanisms and functional implications. 
Neuroscience 360, 146–154. https://doi.org/10.1016/j.neuroscience.2017.07.037.

Millard, S.K., Furman, A.J., Kerr, A., Seminowicz, D.A., Gao, F., Naidu, B.V., 
Mazaheri, A., 2022. Predicting postoperative pain in lung cancer patients using 
preoperative peak alpha frequency. Br. J. Anaesth. 128, e346–e348. https://doi.org/ 
10.1016/j.bja.2022.03.006.
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