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Abstract
Phantom limb pain (PLP) affects a substantial portion of individuals with limb amputation, yet its neural mechanisms 
remain poorly understood. While neuroimaging studies have predominantly employed functional magnetic resonance 
imaging and magnetoencephalography, resting-state EEG could offer complementary insight into intrinsic brain oscil-
lations but remains underexplored in this context. More generally, neuropathic pain has been associated with increased 
theta-band power and slowing of peak alpha frequency but whether these patterns extend to PLP is unknown. Here, we 
conducted a pre-registered, cross-sectional investigation of high-density resting-state EEG (58 channels) in 19 intact con-
trols, 6 amputees without PLP, and 13 amputees with PLP. We employed mixed-effects models with bootstrap inference, 
multiple sensitivity analyses, and exploratory cluster-based permutation testing. Across primary and sensitivity analyses, 
we found no evidence for a robust association between PLP and either theta power or peak alpha frequency. Amputation-
related differences in the alpha band reached statistical significance in some analyses, suggesting possible alpha-band 
alterations associated with limb loss rather than pain per se. Exploratory analyses showed a positive association between 
one measure of peak alpha frequency and pain intensity. However, inconsistent replication across spectral measures and 
tests indicates that these amputation and pain intensity-related findings should be interpreted with caution. For instance, 
results differed depending on the metric used (spectral maximum vs. center of gravity), highlighting the sensitivity of 
peak alpha frequency analyses to methodological choices. Together, these results suggest that resting-state EEG markers 
commonly reported in chronic pain do not straightforwardly generalize to PLP.

Keywords  Phantom limb pain · Amputation · Resting-state · EEG · Electroencephalography · BIDS · Theta · Alpha 
oscillations · Peak alpha frequency · Chronic pain · Thalamocortical dysrhythmia · Alpha slowing
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(Limakatso et al. 2020), the underlying mechanisms of 
this painful condition are poorly understood (Schone et 
al. 2022). A considerable body of neuroimaging studies 
on PLP have investigated changes in neural activation in 
somatosensory and motor cortices in response to imagined 
or executed movement or tactile stimulation (Andoh et al. 
2020; Birbaumer et al. 1997; Flor et al. 1995; Foell et al. 
2014; Grüsser et al. 2001; Huse et al. 2001; Karl et al. 2001; 
Kikkert et al. 2018; Knecht et al. 1995; Lotze et al. 2001; 
MacIver et al. 2008; Makin et al. 2013, 2015a, b; Raffin 
et al. 2016). Studies have additionally investigated struc-
tural and network-level changes in functional connectivity 
(Makin et al. 2013, 2015a, b). Comparatively little atten-
tion has been given to neural oscillations in the context of 
phantom limb pain. Resting-state EEG captures spontane-
ous brain rhythms independent of task demands, offering 

Introduction

Phantom limb pain (PLP) is a condition where pain is per-
ceived as arising from a missing limb. Despite the high 
prevalence of PLP among individuals with amputation 
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a non-invasive, accessible window into intrinsic neural 
dynamics, easy to use in both clinical and research contexts.

Neural oscillations reflect the synchronized activity 
of neuronal populations and are critical for coordinating 
information processing across distributed brain networks 
(Gyorgy and Andreas 2004). In the context of pain, oscilla-
tory changes could be a sign of disrupted sensory process-
ing, altered attention allocation, or maladaptive learning 
processes that contribute to chronic pain maintenance 
(Ploner et al. 2017). Therefore, investigating resting-state 
oscillatory patterns can provide additional and complemen-
tary insight into the neural mechanisms sustaining chronic 
pain.

Prior research investigating neuro-oscillatory neural cor-
relates of chronic pain has produced heterogeneous results, 
with few consistent patterns emerging across studies. Sys-
tematic reviews of resting-state EEG studies suggest that 
chronic and neuropathic pain is associated with increased 
theta power, alongside some evidence of a slowing of the 
peak alpha frequency (Dos Santos Pinheiro et al. 2016; 
Mussigmann et al. 2022; Zebhauser et al. 2023). Other find-
ings with tentative evidence include elevated gamma power 
and enhanced theta-band connectivity in chronic pain (Zeb-
hauser et al. 2023), and decreased power within the high-
alpha to low-beta range (10–20  Hz) and increased peak 
frequencies in the beta range in neuropathic pain (Mussig-
mann et al. 2022).

The only prior study we could find on resting state EEG 
and phantom limb pain demonstrated a decrease in beta 
and gamma activity, as well as decrease in theta and delta 
power in posterior temporal regions during eyes-open, with 
decreased delta power on the right side during eyes-closed 
(Bagheri et al. 2023). We summarize these findings in Table 
1.

As illustrated in the table above, the existing findings are 
heterogeneous and do not converge on a single consistent 
oscillatory signature of chronic pain. Nevertheless, two 
patterns appear repeatedly across studies: increased theta-
band power and a slowing of peak alpha frequency. These 

oscillatory changes have been attributed to several mecha-
nisms. One influential account is the concept of thalamo-
cortical dysrhythmia, which proposes that partial sensory 
deafferentation alters the firing patterns of thalamic relay 
neurons, shifting thalamocortical network activity from the 
normal alpha range toward slower theta-frequency oscilla-
tions (Llinás et al. 1999). In this model, reduced thalamic 
input destabilizes thalamocortical circuits and weakens 
inhibitory gating, leading to increased low-frequency activ-
ity and abnormal cortical excitability that may contribute 
to persistent percepts such as chronic pain. Because limb 
amputation results in a loss of peripheral sensory input, 
similar thalamocortical mechanisms might plausibly be 
engaged in PLP. Within this framework, PLP could therefore 
be associated with increased theta activity and a slowing of 
peak alpha frequency, motivating the present investigation 
of these oscillatory patterns.

To investigate if these oscillatory patterns replicate in 
PLP, we analyze resting state high-resolution EEG data 
from three different groups: amputees with PLP (AmpPLP), 
amputees without PLP (AmpNoPLP) and individuals with-
out amputation (IC, intact controls). Specifically, our pri-
mary research questions are:

RQ1: Is resting state EEG theta band power increased 
in individuals with phantom limb pain?

RQ2: Is there a slowing of resting state EEG peak 
alpha frequency in individuals with phantom limb 
pain?

We also perform exploratory analysis of additional potential 
differences between the groups in our dataset.

Table 1  Summary of neuro-oscillatory biomarkers of chronic, neuropathic and phantom limb pain as identified in systematic reviews and studies. 
Symbols: ↑  increase in power; ↓  decrease in power; ←  slowing (left-shift) of peak frequency; →  quickening (right-shift) of peak frequency
Ref Delta power Theta 

power
Alpha Beta Gamma 

powerPower Peak frequency Power Peak frequency
Systematic review – chronic pain
(Dos Santos Pinheiro et al. 2016)

↑ ↑ ↑ ← ↑

Systematic review – neuropathic pain
(Mussigmann et al. 2022)

↑ ↓ ← Low ↓
High ↑

→

Systematic review – chronic pain
(Zebhauser et al. 2023)

↑ ← ↑ ↑

Study on PLP
(Bagheri et al. 2023)

↓  for EO 
and EC
(in different 
regions)

↓  for EO ↓  for EO ↓  for 
EO
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Methods

Participants

The dataset contains data from three groups: 13 amputees 
with PLP (AmpPLP), 6 amputees without PLP (AmpNo-
PLP), and 19 controls with intact limbs (IC). Data collec-
tion was approved by the Swedish Ethical Review Authority 
(Dnr 041 − 17, T652-17) and all participants provided writ-
ten informed consent.

Data Acquisition

During data acquisition sessions, participants first com-
pleted clinical and demographic questionnaires. For this 
study, the following demographic variables are used: age, 
sex, side and level of amputation. Participants with PLP also 
completed a questionnaire to quantify and characterize their 
pain. The list of questions and responses are included in the 
data repository. For the purposes of this analysis, we used 
the numeric rate scale (NRS) score evaluated at the time of 
the recording.

At each recording session EEG data was collected for two 
resting state conditions: eyes closed and eyes open, however 
we only analyzed the eyes-closed data in this study. The par-
ticipants were instructed to stay relaxed and awake during 
the recordings. Data was collected for 7 min with the partic-
ipants sitting comfortably in a chair in a quiet room. In the 
eyes open condition participants were instructed to rest their 
eyes on a white cross on a black background displayed in 
front of them on a screen. At most sessions two recordings 
were collected for each condition (total 4 recordings per ses-
sion) with approximately 4-minute breaks between record-
ings. Some participants with PLP participated at multiple 
recording sessions to capture possible differences related to 
varying levels of pain. Furthermore, some of these partici-
pants took part in a clinical trial evaluating treatments for 
PLP (Lendaro et al. 2025).

EEG data was collected with 64 or 128 electrodes placed 
according to the international 10/10 system using the 
g.GAMMAcap2 from g.tec medical engineering GmbH and 
with a g.HIamp amplifier from the same company. During 
data analysis only the 58 common electrodes between the 
two montages are used. Data was sampled at 2400 Hz with 
no real-time processing or filtering.

Data Preprocessing

EEG recordings were preprocessed using the DISCOVER-
EEG pipeline for biomarker discovery in resting state 
EEG data (Gil Ávila et al. 2023). Prior to applying the 
DISCOVER-EEG pre-processing pipeline recordings were 

reduced to the 58 electrodes that are common between the 
two montages (64 and 128 channels) and the first and last 
30  s of each recording were truncated. Then, in the DIS-
COVER-EEG pipeline, line noise was removed, the data 
was high-passed with transition band of 0.25 to 0.75  Hz, 
and artifactual channels were automatically detected and 
removed if they were flat for more than 5  s, had a noise-
to-signal ratio larger than 4, or were poorly correlated with 
other channels (< 80% of the time). Data were re-referenced 
to the common average and subjected to independent com-
ponent analysis. Components identified as muscle or eye 
artifacts (probability > 80%) were subtracted from the data. 
Removed channels were then interpolated using spherical 
splines to maintain consistent dimensionality across par-
ticipants. To address transient artifacts, artifact subspace 
reconstruction was applied to remove segments with vari-
ance 20 times higher than a clean calibration period. Finally, 
the continuous data were segmented into 5-second epochs 
with 50% overlap, and any epochs containing remaining 
discontinuities were rejected. The DISCOVER-EEG pre-
processing pipeline was then run with mostly default set-
tings except for the following modifications:

	● Epoch length 5  s instead of 2  s (for better frequency 
resolution).

	● 5 ICA repetitions instead of 10 (to speed up 
pre-processing),

	● ZapLine Plus instead of CleanLine for line noise re-
moval (due to better perceived performance of ZapLine 
Plus) (Klug and Kloosterman 2022).

Feature Extraction

Frequency analysis was also performed using the DIS-
COVER-EEG pipeline (Gil Ávila et al. 2023). Continu-
ous EEG data were segmented into 5-second epochs with 
a 50% overlap. This epoch length was chosen specifically 
to enhance frequency resolution compared to the pipe-
line’s 2-second default. Power spectral density was com-
puted between 1 and 100 Hz using Slepian multitapers with 
+/−1 Hz frequency smoothing. The resulting frequency res-
olution was 0.2 Hz. Power spectra were computed indepen-
dently for every epoch and then averaged across epochs to 
form a single power spectrum per channel. Finally, a grand 
average power spectrum per trial was computed by averag-
ing across the 58 channels.

Peak alpha frequency was identified within the 8–12.9 Hz 
range using two distinct criteria: (1) PAF-Max, defined 
as the frequency of the local maximum (highest power) 
within the alpha band, and (2) PAF-CoG, calculated as the 
center of gravity (the weighted average of frequencies by 
their power) to provide a more robust estimate in cases of 
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multiple or broad peaks. Theta band power was calculated 
by averaging the power spectral density across the 4–7.9 Hz 
range.

Data Analysis and Statistical Comparisons

The data analysis plan has been pre-registered at: ​h​t​t​p​s​:​/​/​o​s​
f​.​i​o​/​r​w​2​m​a​​​​​. To prevent bias during development of analysis 
scripts, all group labels were randomly permuted prior to 
running any statistical models. Specifically, the labels for 
Amputee and PLP (nested within Amputees), were ran-
domly reassigned while preserving the original group size 
proportions. Analyses and scripts were finalized under these 
blinded labels. In this study we only analyzed data from the 
eyes-closed recordings.

RQ1 – Theta Power

To investigate potential differences in theta band power 
used a linear mixed-effects model with random intercepts 
for subjects to account for within-subject correlation and 
varying numbers of trials. The dependent variable was the 
log-transformed per-trial theta power averaged across the 
whole frequency band (4–7.9  Hz). Fixed effects included 
Amputee (0 = intact control, 1 = amputee), PLP (1 = PLP 
group, 0 = otherwise), Age, and Sex, resulting in the follow-
ing model formula:

−
θ ij = β 0 + β AmpAmputeei + β PLPPLPi

+ β AgeAgei + β SexSexi + ui + ϵ ij

where ui​ is a random intercept for subject i. The coefficient 
β PLP represents the PLP-specific effect and serves as the 
primary confirmatory test. The coefficient β Amp represents 
the amputation-specific effect.

A subject-level linear regression model using per-subject 
average theta power was used to verify consistency of direc-
tion and effect size of the mixed-effects models in the main 
analysis. Unadjusted pairwise t-tests comparing AmpPLP 
vs. AmpNoPLP and AmpNoPLP vs. IC are also reported for 
transparency.

Considering the limited sample size of our dataset 95% 
confidence intervals (CIs) for fixed effects were estimated 
using bootstrapping (resampling subjects with replace-
ment). For mixed models, bootstrapping was performed at 
the subject level to preserve the within-subject correlation 
structure.

Because the sample size is limited, and normality 
assumptions may be fragile, statistical inference is based 
on bootstrap CIs. If the bootstrap and model-based (asymp-
totic) CIs disagree, interpretation rely on the bootstrap CI, 

as it makes fewer distributional assumptions. We still report 
model-based p-values for transparency, but they do not 
determine significance.

To explore finer frequency-specific effects within the 
theta band we performed a secondary analysis using cluster-
based permutation test (CBPT) across frequencies within 
the theta range. This analysis is adapted from the validation 
analysis from Fig. 4. in the DISCOVER-EEG publication 
(Gil Ávila et al. 2023) which uses the FieldTrip toolbox 
(Oostenveld et al. 2011). Our adaptation of the analysis 
involves three significant changes:

	● we limit our analysis only to the theta band range 
(4–7.9 Hz),

	● we use independent samples CBPT since we are com-
paring between distinct groups instead of between con-
ditions within a group,

	● we use one-tailed t-test since our hypothesis is 
directional.

The analysis uses the Fieldtrip toolbox in Matlab. To our 
knowledge the toolbox currently does not support multiple 
independent variables in the CBPT. Therefore, we use pair-
wise independent-samples regression t-statistics on the fol-
lowing comparisons:

i.	 AmpPLP vs. NoAmpPLP for PLP specific differences,
ii.	 NoAmpPLP vs. IC for amputation specific differences,
iii.	 If comparison ii. shows no significant differences (no 

clusters with p < 0.05): AmpPLP vs. [NoAmpPLP + IC]. 
Pooling increases sample size and statistical power for 
detecting PLP-related neural differences but may intro-
duce potential amputation effects. Therefore, this analy-
sis is only conducted if the secondary analysis indicates 
that such effects are negligible.

We infer statistical significance if the p-values from the 
cluster-based permutation test are lower than 0.05 for any 
clusters.

RQ2 – Peak Alpha Frequency

To investigate potential differences in peak alpha frequency 
trial-level linear mixed-effects models were fitted using the 
same fixed and random effects structure as for RQ1. We fit 
one model per peak alpha frequency measure (PAF-Max 
and PAF-CoG). The coefficient β PLP of the PAF-Max 
model is the primary confirmatory test for PLP-specific dif-
ferences, as this measure is most commonly used in prior 
studies. The PAF-CoG is also a recognized but somewhat 
less utilized measure of peak alpha frequency. Therefore, 
we treat the β PLP coefficient of the PAF-CoG model as 

https://osf.io/rw2ma
https://osf.io/rw2ma
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secondary. Similarly, the β Amp coefficients are examined 
for amputation-specific effects.

Robustness check and inference criteria follow the same 
procedure as for RQ1.

Deviations from Pre-registered Analysis

We used 5000 bootstrapping samples instead of 2000 for the 
CIs, for improved robustness of the estimates.

Exploratory Analyses

To further explore potential differences in power we expand 
the CBPT analysis from RQ1. In particular, we apply the 
analysis to the alpha band (8–13 Hz) to further investigate 
potential differences contributing to shifts in peak alpha fre-
quency, and to the full power spectrum (1–100 Hz) to inves-
tigate any other potential differences in power. Additionally, 
we extend the analysis to frequency-by-channels space to 
identify spatial location of differences. For this analysis we 
will use two-tailed t-test since we do not have a specific 
hypothesis about the direction of differences.

As an additional exploratory analysis, we examined 
whether theta power or peak alpha frequency were asso-
ciated with pain intensity within the group of amputees 
reporting PLP. Pain intensity ratings, available for a subset 
of recordings, were entered as a continuous predictor in a 
trial-level linear mixed-effects model restricted to PLP sub-
jects, with random intercepts for subjects and adjustment 
for age and sex. Analyses were limited only to sessions with 
available pain ratings and were not part of the preregistered 
primary hypotheses.

Code and Data Availability

The data is available open access in BIDS-EEG format at: 
https:/​/openne​uro.org​/data​sets/ds006921.

Code for the statistical analysis is available at: ​h​t​t​​p​s​:​/​​/​d​o​​
i​.​o​​r​g​/​1​0​.​5​2​8​1​/​z​e​n​o​d​o​.​1​7​9​7​7​3​4​3​​​​​.​​

Results

Demographic and Clinical Variables

Overall demographics pertaining to age, sex, amputation 
side and limb are presented in Table 2. The groups are not 
balanced regarding size, sex or age, with the IC group being 
larger and skewing younger and more female than the two 
groups of amputees. While these discrepancies are adjusted 
for in the statistical analysis, they may affect the statistical 
power of the analyses.

Research Question 1: Theta Power

As the primary analysis we fitted a linear mixed-effects 
model predicting per-trial theta power from PLP, Amputee, 
Age, and Sex, with a random intercept for subject. Theta 
power did not differ significantly between AmpPLP and 
AmpNoPLP groups (fixed effect βPLP = 0.466, 95% boot-
strapped CI = [-0.219, 1.120]) or between AmpNoPLP and 
IC (fixed effect βAmp = 0.081 with 95% bootstrapped CI = 
[-0.963, 0.885]). Sex was a significant predictor of theta 
power, with males showing lower theta power than females 
( βSex = -0.734, 95% bootstrapped CI = [-1.181, -0.233]). 
This effect was not part of our pre-registered hypotheses and 
is therefore interpreted as a covariate adjustment outcome. 
Age showed no association with theta power.

Model coefficients, 95% bootstrapped CIs, 95% asymp-
totic CIs and p-values are summarized in Table 3.

The marginal R² was 0.271, indicating that the fixed 
effects (Amputation, PLP, Age, Sex) accounted for 27.1% 
of the variance after accounting for subject-level random 
effects (effect size Cohen’s f2 = 0.372 and approximate 
Cohen’s d ≈ 1.22, provided for descriptive comparison 

Table 2  Demographics of the subjects included in the dataset
n Mean Range Sex

ratio M: F
Amp side
ratio L: R

Amp limb
ratio UL: LL

IC 19 25.3 (22–28) 6:13 – –
AmpNoPLP 6 49.7 (39–77) 5:1 3:3 4:2
AmpPLP 13 48.8 (27–66) 9:4 2:9

+ 2 bilateral
7:5
+ 1 quadruple

Table 3  Estimated model coefficients, 95% bootstrapped CIs, 95% 
asymptotic CIs and p-values for the linear mixed-effects model pre-
dicting per-trial theta power
Coefficient Esti-

mated 
effect

Bootstrapped 
CI

Asymptotic CI p-value

β PLP
0.466 [-0.253, 1.104] [-0.276, 1.207] 0.2147

β Amp
0.081 [-0.954, 0.881] [-0.937, 1.100] 0.8741

β Age
0.013 [-0.334, 0.659] [-0.379, 0.404] 0.9490

β Sex
-0.734 [-1.181, -0.233] [-1.276, -0.191] < 0.05

https://openneuro.org/datasets/ds006921
https://doi.org/10.5281/zenodo.17977343
https://doi.org/10.5281/zenodo.17977343
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only). The conditional R² was 0.883, reflecting the substan-
tial contribution of individual differences captured by the 
random intercepts. Model diagnostics did not indicate vio-
lations severe enough to invalidate the resulting inferences, 
see Supplemental Material for details.

As a robustness check we repeated the above analysis on 
per-subject averages of theta power using a linear regression 
model. This analysis was consistent with the mixed-effects 
model – no significant effects for PLP, amputation or age, 
while Sex remained a significant predictor of theta power ( 
βSex = -0.735, 95% bootstrapped CI = [-1.246, -0.188]). We 
also performed unadjusted pairwise t-tests comparing Amp-
PLP vs. AmpNoPLP (p = 0.0855, CI = [-0.124, Inf], right-
tailed) and AmpNoPLP vs. IC (p = 0.5248, CI = [-1.190, 
0.624], two-tailed). These tests were consistent with the 
main analysis indicating no significant effect of amputation 
or PLP on theta power. Figure 1 shows raincloud plots of 
the theta power per trial and per-subject average in the three 
different groups.

Finally, we performed a one-tailed independent-samples 
cluster-based permutation test (CBPT) across the theta 
range (4–7.9 Hz) using subject-level averaged spectra. No 
significant clusters were detected for any of the pairwise 

comparisons, adjusted or unadjusted. Figure  2 shows the 
power spectrums in each comparison.

Research Question 2: Peak Alpha Frequency (PAF)

Using the same fixed and random effects structure as for 
RQ1, the two different measures of peak alpha frequency 
(PAF-Max and PAF-CoG) were modeled at the trial level, 
with PAF-Max as the primary confirmatory test.

PAF-Max did not differ significantly between AmpPLP 
and AmpNoPLP groups (fixed effect βPLP = 0.359, 95% 
bootstrapped CI = [-0.496, 0.965]). However, for Ampu-
tation the mixed-effects model of PAF-Max did indicate a 
statistically significant effect (fixed effect βAmp = -1.227, 
95% bootstrapped CI = [-2.391, -0.063]). Neither Sex nor 
Age showed associations with PAF-Max. See Table 4 for 
model coefficients, 95% bootstrapped CIs, 95% asymptotic 
CIs and p-values.

The mixed-effects model explained only a modest pro-
portion of variance (marginal R² = 0.082; conditional R² 
= 0.164), suggesting that the fixed predictors exert lim-
ited predictive influence on APF-Max (effect size Cohen’s 
f2 = 0.089 and approximate Cohen’s d ≈ 0.6, provided for 

Fig. 1  Raincloud plot of average theta power per trial (upper) and average per subject (lower) in the three different groups
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descriptive comparison only). See Supplemental Material 
for additional model diagnostics.

The Amputation effect was not reproduced in a subject-
level linear model ( βAmp = -0.911, 95% bootstrapped CI 
= [-2.383, 0.174]), in which all predictors were nonsig-
nificant and the adjusted R² was negative, or in unadjusted 
pairwise t-tests (AmpPLP vs. AmpNoPLP: p = 0.4485, CI = 
[-0.829, Inf], right-tailed; AmpNoPLP vs. IC: p = 0.5899, CI 
= [-1.242, 0.724], two-tailed).

Table 4  Estimated model coefficients, 95% bootstrapped CIs, 95% 
asymptotic CIs and p-values for the linear mixed-effects model pre-
dicting per-trial PAF-Max
Coefficient Esti-

mated 
effect

Bootstrapped 
CI

Asymptotic CI p-value

β PLP
0.359 [-0.496, 0.965] [-0.423, 1.142] 0.3628

β Amp
-1.227 [-2.255, -0.037] [-2.391, -0.063] p < 0.05

β Age
0.393 [-0.341, 0.882] [-0.015, 0.802] 0.0590

β Sex
0.171 [-0.461, 0.691] [-0.426, 0.769] 0.5685

Fig. 2  Power spectrum in the theta band for the three pairwise comparisons. No significant clusters were identified
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For the PAF-CoG measure, neither PLP (fixed effect βPLP 
= 0.008, 95% bootstrapped CI = [-0.234, 0.251]) or Ampu-
tation (fixed effect βAmp = -0.207, 95% bootstrapped CI 
= [-0.572, 0.186]) showed significant effects. Sex was a 
significant predictor of PAF-CoG ( βSex= 0.333, 95% boot-
strapped CI = [0.104, 0.566]). This effect was not part of 
our pre-registered hypotheses and is therefore interpreted as 
a covariate adjustment outcome. Age showed no association 
with APF-CoG.

Model coefficients, 95% bootstrapped CIs, 95% asymp-
totic CIs and p-values are summarized in Table 5.

The marginal R² was 0.236, indicating that the fixed 
effects (Amputation, PLP, Age, Sex) accounted for 23.6% 
of the variance after accounting for subject-level random 
effects (effect size Cohen’s f2 = 0.309 and approximate 
Cohen’s d ≈ 1.11, provided for descriptive comparison 
only). The conditional R² was 0.861, reflecting the substan-
tial contribution of individual differences captured by the 

random intercepts. Model diagnostics did not indicate vio-
lations severe enough to invalidate the resulting inferences, 
see Supplemental Material for details.

The subject level linear model was consistent with the 
mixed-effects model – no significant effects for PLP, ampu-
tation or age, while Sex remained a significant predictor of 
PAF-CoG ( βSex = 0.329, 95% bootstrapped CI = [0.046, 
0.623] ). We also performed unadjusted pairwise t-tests com-
paring AmpPLP vs. AmpNoPLP (p = 0.5618, CI = [-0.345, 
Inf], right-tailed) and AmpNoPLP vs. IC (p = 0.3139, CI 
= [-0.670, 0.225], two-tailed). These tests were consistent 
with the main analysis indicating no significant effect of 
PLP or Amputation on PAF-CoG.

Figure 3 raincloud plots of the two peak alpha frequency 
measures (PAF-Max and PAF-CoG) per trial and per-sub-
ject average in the three different groups.

Exploratory Analyses

To further investigate possible Amputation related differ-
ences related to the peak alpha frequency, we performed 
a similar CBPT as described above, but in the alpha band 
instead of the theta band. This analysis yielded a signifi-
cant positive cluster in the frequency range 9.7–12.1  Hz, 
p < 0.05, in which AmpNoPLP have lower power than IC. 
When we expanded the CBPT to the channel-by-frequency 
space to explore possible regional specificity of the iden-
tified differences, two significant clusters were identified: 
10.6–11  Hz for channels CP6, TP8, P6 and P8, and at 

Table 5  Estimated model coefficients, 95% bootstrapped CIs, 95% 
asymptotic CIs and p-values for the linear mixed-effects model pre-
dicting per-trial PAF-CoG
Coefficient Esti-

mated 
effect

Bootstrapped 
CI

Asymptotic CI p-value

β PLP
0.008 [-0.234, 0.251] [-0.369, 0.385] 0.9654

β Amp
-0.207 [-0.572, 0.186] [-0.726, 0.312] 0.4300

β Age
-0.106 [-0.293, 0.049] [-0.305, 0.093] 0.2920

β Sex
0.333 [0.104, 0.566] [0.056, 0.609] < 0.05

Fig. 3  shows raincloud plots of the two peak alpha frequency measures per trial and per-subject average in the three different groups
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11.1 Hz for channels Fp2, AF8 and AF4. These results are 
visualized in Fig. 4.

The CBPT was also expanded to the full frequency range 
(0–100 Hz) to explore possible differences in power at other 
frequencies. However, no significant clusters were identi-
fied for group differences in any of the pairwise compari-
sons in this analysis.

In the exploratory analysis of pain intensity within the 
PLP group no significant associations were observed for 
theta power or PAF-Max. However, pain intensity did show 
a small but statistically significant positive association with 
PAF-CoG ( βPainIntensity= 0.05 Hz per pain unit, p < 0.05), 
indicating that higher reported pain intensity was associated 
with slightly faster PAF-CoG frequencies within individuals 
with PLP.

Discussion

The present study investigated resting-state spectral EEG 
markers previously associated with chronic pain in the con-
text of PLP. Across primary and sensitivity analyses, we 
found no robust evidence for PLP-specific alterations in 
either theta power or peak alpha frequency. An amputation-
related shift in PAF-Max reached statistical significance in 
the primary mixed-effects model but was not reproduced in 
subject-level sensitivity analyses or in the complementary 
PAF-CoG measure.

Alpha oscillations arise from reciprocal thalamocortical 
interactions and intrinsic cortical circuits involving excit-
atory-inhibitory balance (Bollimunta et al. 2008; Hughes 
and Crunelli 2005; Lopes da Silva et al. 1980). Although 
early models emphasized superficial cortical generators, 
laminar recordings demonstrate that alpha activity spans 
multiple cortical layers and reflects coordinated interactions 
across thalamocortical and intracortical circuits (Haegens 
et al., 2015). Alpha power is maximal during eyes-closed 

rest and suppresses with eye opening (the “Berger effect”) 
reflecting shifts between cortical idling and active sen-
sory processing states (Pfurtscheller et al. 1996). A slow-
ing of peak alpha frequency has been attributed to several 
mechanisms but the most relevant here is what Llinás et al. 
(1999) termed thalamocortical dysrhythmia (Llinás et al. 
1999). Thalamocortical dysrhythmia, originally proposed to 
explain tinnitus and neuropathic pain, proposes that loss of 
peripheral input triggers compensatory changes in thalamic 
neuron excitability and connectivity, leading to pathological 
low-frequency oscillations in the theta-alpha range that may 
generate abnormal percepts. The present results raise the 
possibility that alpha-band alterations following amputation 
may reflect consequences of sensory deafferentation that are 
not specific to the absence or presence of pain.

Exploratory CBPT analyses revealed alpha-band differ-
ences associated with amputation status. The frequency-
by-channel analysis revealed alpha-band differences with 
a predominantly posterior distribution in the right hemi-
sphere, independent of side of amputation. This posterior 
involvement is broadly consistent with cortical regions 
implicated in visuospatial attention and body representation. 
Speculatively, posterior alpha-band alterations may relate 
to changes in networks supporting body representation 
following limb loss. In particular, the right parietal cortex 
has been implicated in bodily awareness and body schema, 
as evidenced by its role in hemispatial neglect and related 
disorders (Heilman et al. 2000; Karnath et al. 2001; Vallar 
and Perani 1986).This raises the possibility that alpha-band 
alterations following amputation may relate to altered body 
schema representations following sensory deafferentation. 
A secondary exploratory analysis restricted to amputees 
with PLP showed a small positive association between pain 
intensity and PAF-CoG.

In summary, these findings may be reconciled by dis-
tinguishing between two separate processes following 
amputation: (1) deafferentation-related thalamocortical 

Fig. 4  CBPT in the alpha band. The left panel shows the comparison of grand averages across channels, and the right panel shows the resulting 
significant clusters from the corresponding channel ×  frequency space analysis
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dysrhythmia affecting all amputees, and (2) variability in 
the persistence of the missing limb’s cortical representation, 
which may be influenced by pain outcomes. Amputation-
related alpha-band alterations, particularly in right posterior 
regions implicated in body schema integration, may reflect 
the primary consequence of sensory deafferentation (akin 
to the body schema disruptions observed in hemispatial 
neglect following right parietal damage). However, within 
this context of disrupted input there may exist individual 
variation in the persistence of the cortical representation of 
the missing limb. Some studies suggest that PLP is associ-
ated with preserved cortical representations of the missing 
hand (Kikkert et al. 2018; Makin et al. 2013). In this frame-
work, the positive association between pain intensity and 
PAF-CoG observed in our exploratory analysis may reflect 
the strength or integrity of the maintained representation: 
higher pain intensity may be the result of less thalamocor-
tical dysrhythmia possibly due to ectopic peripheral dis-
charge, resulting in faster alpha oscillations leading also to a 
more integrated body schema. Furthermore, this framework 
predicts that individuals without PLP and less vivid phan-
tom sensations should exhibit more pronounced dysrhyth-
mic patterns, and slower alpha frequencies. Future research 
should directly test this by relating individual differences 
in representational persistence (assessed via measures of 
phantom sensations or via implicit and explicit measures of 
prosthetic embodiment when a prosthesis is used(Zbinden 
et al. 2022) ) to oscillatory dynamics.

The theoretical framework outlined above should be 
interpreted as a hypothesis-generating proposal rather than a 
validated mechanistic account. Several considerations war-
rant caution. First, the framework rests on exploratory find-
ings with inconsistent replication: the amputation-related 
PAF-Max effect did not replicate in sensitivity analyses or 
for PAF-CoG, and the pain intensity–PAF-CoG association 
was modest, measure-specific, and absent for theta power 
and PAF-Max. Second, our inferences about body schema 
integrity, representational persistence, and thalamocortical 
dysrhythmia are derived from spatial patterns and spectral 
shifts rather than direct measurement of these constructs. 
We did not independently assess phantom sensation phe-
nomenology, body schema coherence, or cortical repre-
sentation strength, limiting our ability to test the proposed 
mechanism directly. Third, although peak alpha frequency 
is known to decrease with age in healthy populations, we 
did not observe a robust age-related effect in the present data 
(Gil Ávila et al. 2023; Merkin et al., 2023; Park et al., 2024). 
This likely reflects limited statistical power and collinearity 
between age and amputation status in our sample and under-
scores the need for cautious interpretation of PAF-related 
findings in this cohort. Finally, the framework represents 
a post-hoc integration constructed to reconcile disparate 

findings, which carries risk of overfitting explanations to 
sample-specific patterns. Direct tests, including longitudinal 
tracking of oscillations alongside phantom phenomenology, 
multimodal integration of EEG with measures of represen-
tational persistence, and experimental manipulation of body 
schema via prosthetic embodiment or virtual reality will be 
critical to validate, refine, or refute this proposal.

Our findings highlight that different measures of peak 
alpha frequency may yield divergent results. While PAF-
Max showed an amputation-related effect in the primary 
analysis, this effect was absent for PAF-CoG. Conversely, 
in exploratory analyses within the PLP group, pain intensity 
was positively associated with PAF-CoG but not with PAF-
Max. These measures differ in their sensitivity to spectral 
shape and noise: PAF-Max is driven by the single frequency 
bin with maximal power, whereas PAF-CoG reflects the 
weighted center of mass across the alpha band. While PAF-
Max aims to identify the true peak frequency, it doesn’t 
consider that there could be multiple peaks within the alpha 
range or that the peak could be very small in power. Addition-
ally, even within the same metric there may exist variability 
in estimates based on methodological choices (Corcoran et 
al., 2018). Variability in the choice of peak alpha frequency 
metric and method of estimation may therefore contribute to 
inconsistent findings in the literature on pain-related alpha 
slowing (Dos Santos Pinheiro et al. 2016; Mussigmann et al. 
2022; Zebhauser et al. 2023). Future studies should explic-
itly justify the selected measure and, where possible, report 
multiple estimates to improve comparability across studies.

The present study was powered to detect moderate to 
large effects, as indicated by the pre-registered effect size 
estimates. Post-hoc inspection of effect size estimates indi-
cates that the amputation-related shift in PAF-Max observed 
in the primary mixed-effects model corresponds to a small-
to-moderate partial effect (Cohen’s f2=0.089). This magni-
tude is below the minimum effect size the present study was 
powered to detect with conventional power (80%), making 
the lack of consistent replication across sensitivity analyses 
and PAF-CoG unsurprising. While this effect size may be 
sufficient to yield statistically significant results under some 
analytic approaches, it is unlikely to be detected reliably 
in modest samples. Power calculations based on this effect 
size suggest that substantially larger samples (on the order 
of n ≥ 70 subjects) would be required for robust and repro-
ducible detection. Together, these findings suggest that the 
observed amputation-related alpha-band effect may reflect a 
genuine but modest phenomenon that warrants confirmation 
in larger, well-powered cohorts.

Several limitations should be considered when interpret-
ing the present findings. First, the sample size was modest 
and groups were unbalanced with respect to demographic 
and clinical characteristics, limiting statistical power and 
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increasing uncertainty around effect estimates. Second, 
although mixed-effects modeling and resampling-based 
inference were used to mitigate these limitations, the results 
should be interpreted as preliminary and in need of rep-
lication in larger, better-balanced cohorts. Furthermore, 
scalp EEG has inherent spatial resolution limitations, and 
effects attributed to specific regions should be interpreted 
cautiously.

A critical limitation is that we did not systematically 
assess non-painful phantom sensations (e.g., phantom limb 
awareness, movement sensations, telescoping). Our theo-
retical framework proposes that representational persistence 
counteracts dysrhythmia and can be driven by both phantom 
sensations and pain, but we cannot test whether individu-
als without PLP differ in non-painful phantom experiences. 
This prevents us from distinguishing between ‘no phantom 
sensation’ and ‘phantom sensation without pain,’ limiting 
our ability to definitively attribute alpha changes to repre-
sentation strength versus pain specifically. Additionally, 
prosthesis use and embodiment were not systematically 
assessed; prosthetic integration may also modulate the body 
schema.

Finally, there may exist additional influential covari-
ates not accounted for. Time since amputation represents 
a potentially important moderator that should be included 
in future work. Similarly, amputation limb (upper or lower 
extremity), side (left or right) and level are all factors that 
may influence the spatial location and extent of alterations in 
cortical oscillations. These factors may be particularly rel-
evant in studies further investigating potential biomarkers 
with hemispheric lateralization. We did not control for pain 
intensity in the main analysis. Pain intensity and cortical 
activity fluctuate over time, and repeated-measures designs 
tracking within-subject variability may be more sensitive to 
pain-related changes than cross-sectional group compari-
sons. Nor did we systematically control for analgesic medi-
cations or other concomitant treatments, antidepressants, or 
anticonvulsants, all of which can influence cortical oscilla-
tions. Medication effects may have added unexplained vari-
ance to our models. Incorporating more detailed measures 
of pain intensity, duration, or variability and considering 
pharmacological interventions as covariates or stratification 
factors, may provide greater sensitivity to pain-related neu-
ral correlates in future studies.

Conclusions

Across all primary and sensitivity analyses the results pro-
vide no evidence for a robust association between PLP and 
either theta power or peak alpha frequency. An amputation-
related shift in PAF-Max reached significance in the primary 

mixed-effects model but the effect did not replicate in the 
subject-level sensitivity or PAF-CoG analyses. Additional 
exploratory analyses support the existence of an amputa-
tion-related difference in the alpha band, but the explor-
atory nature of these analyses along with inconsistency in 
the primary analyses indicate that the findings should be 
interpreted with caution. In a secondary exploratory analy-
sis restricted to amputees with PLP, pain intensity showed 
a small positive association with PAF-CoG. However, this 
effect was modest in magnitude and did not generalize to 
other spectral measures, and should therefore be interpreted 
cautiously.
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