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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 oscillations but remains largely unexplored in this specific context. More 
generally, chronic and neuropathic pain have been associated with increased theta-
band (4–8 Hz) power and reduced peak alpha frequency (8–13 Hz), 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 
controls, 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 the presence of 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. An exploratory analysis 
within the PLP group showed a positive association between one measure of peak 
alpha frequency and pain intensity. However, inconsistent replication across spectral 
measures and statistical approaches indicates that these amputation and pain 
intensity-related findings should be interpreted with caution and require confirmation in 
larger, well-powered studies. 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 

Introduction 
Phantom limb pain (PLP) is a condition where pain is perceived as arising from a 
missing limb. Despite the high prevalence of PLP among individuals with amputation 
(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; Makin, Scholz, et al., 2015; Raffin et al., 2016). 
Studies have additionally investigated structural and network-level changes in 
functional connectivity (Makin et al., 2013; Makin, Filippini, et al., 2015). Comparatively 
little attention has been given to neural oscillations in the context of phantom limb 
pain. Resting-state EEG captures spontaneous brain rhythms independent of task 
demands, offering a non-invasive, accessible window into intrinsic neural dynamics, 
easy to use in both clinical and research contexts. 
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Neural oscillations reflect the synchronized activity of neuronal populations and are 
critical for coordinating information processing across distributed brain networks 
(Gyorgy & Andreas, 2004). In the context of pain, oscillatory changes could be a sign of 
disrupted sensory processing, 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 
complementary insight into the neural mechanisms sustaining chronic pain.  
Prior research investigating neuro-oscillatory neural correlates of chronic pain has 
produced heterogeneous results, with few consistent patterns emerging across 
studies. Systematic reviews of resting-state EEG studies suggest that chronic and 
neuropathic pain is associated with increased theta power, alongside some evidence of 
a reduction in peak alpha frequency (Dos Santos Pinheiro et al., 2016; Mussigmann et 
al., 2022; Zebhauser et al., 2023). Other findings with tentative evidence include 
elevated gamma power and enhanced theta-band connectivity in chronic pain 
(Zebhauser 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 
(Mussigmann 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 reductions 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 the table below: 
 
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; ← reduction (left-shift) of peak 

frequency; → increase (right-shift) of peak frequency. 

Ref 
Delta 
power 

Theta 
power 

Alpha Beta 
Gamma 
power Power 

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 

 
The primary aim of the research presented here is to analyze resting state high-
resolution EEG data to investigate oscillatory patterns specific to PLP. To this end, we 



 3 

analyze data from three different groups: amputees with PLP (AmpPLP), amputees 
without PLP (AmpNoPLP) and individuals without amputation (IC, intact controls). In 
our primary research questions, we will investigate if our dataset confirms some of the 
more prominent findings from previous research on resting state EEG and pain. 
Specifically, our primary 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. 

Methods 

Participants 

This study uses data that has previously been collected and that has been made 
publicly available at:  
 
The dataset contains data from three groups: 13 amputees with PLP (AmpPLP), 6 
amputees without PLP (AmpNoPLP), and 19 controls with intact limbs (IC). Data 
collection was approved by the Swedish Ethical Review Authority (Dnr 041-17, T652-17) 
and all participants provided written informed consent. 

Data acquisition 

During data acquisition sessions, participants first completed 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. The participants were instructed to stay relaxed and awake 
during the recordings. Data was collected for 7 minutes with the participants 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 session) with approximately 4-minute breaks between 
recordings. Some participants with PLP participated at multiple recording sessions to 
capture possible differences related to varying levels of pain. Furthermore, some of 
these participants took part in a clinical trial evaluating treatments for PLP (Lendaro et 
al., 2025). 
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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 sec of each recording were truncated. The DISCOVER-EEG pre-processing 
pipeline was then run with mostly default settings 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 removal (due to better perceived 

performance of ZapLine Plus) (Klug & Kloosterman, 2022). 

Feature extraction 

The DISCOVER-EEG pipeline was used to the extract power spectrum for each channel 
and two different global measures of the peak alpha frequency, PAF-Max defined as the 
local maxima within the alpha band, and PAF-CoG defined as the center of gravity of the 
power in the alpha band.  

Data analysis and statistical comparisons 

The data analysis plan has been pre-registered at: https://osf.io/cu94x. 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 randomly reassigned while preserving the original group size 
proportions. Analyses and scripts were finalized under these blinded labels. 
 

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 following model formula: 
௜௝ߠ̅  = 0ߚ + AmpAmputee௜ߚ + PLPPLP௜ߚ + AgeAge௜ߚ + SexSex௜ߚ + ௜ݑ +   ௜ߝ 
 
where ݑ௜  is a random intercept for subject ݅. The coefficient ߚPLP represents the PLP-
specific effect and serves as the primary confirmatory test. The coefficient ߚAmp 
represents the amputation-specific effect.  
 
A subject-level linear regression model using per-subject average theta power was 

https://osf.io/cu94x
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used to verify consistency of direction 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 
replacement). 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 
(asymptotic) 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 comparing between distinct 

groups instead of between conditions 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 pairwise independent-samples regression t-statistics on the following 
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 introduce 
potential amputation effects. Therefore, this analysis 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 ߚPLP of the PAF-Max model is the primary confirmatory test for PLP-specific 
differences, 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. 
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Therefore, we treat the ߚPLP coefficient of the PAF-CoG model as secondary. Similarly, 
the ߚAmp 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 frequency, and to 
the full power spectrum (1-100 Hz) to investigate 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 associated 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 
subjects, 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://openneuro.org/datasets/ds006921  
 
 
Code for the statistical analysis is available at: 
https://doi.org/10.5281/zenodo.17977343  

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, gender 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. 
 
 
 

https://openneuro.org/datasets/ds006921
https://doi.org/10.5281/zenodo.17977343
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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 
 

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 
β_PLP = 0.466, 95% bootstrapped CI = [-0.219, 1.120]) or between AmpNoPLP and IC 
(fixed effect β_Amp = 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 (β_Sex = -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% asymptotic CIs and p-values are 
summarized in Table 3. 

Table 3 Estimated model coefficients, 95 % bootstrapped CIs, 95% asymptotic CIs and p-values for the linear mixed-

effects model predicting per-trial theta power. 

Coefficient Estimated 
effect 

Bootstrapped CI Asymptotic CI p-value ߚPLP 0.466 [-0.253, 1.104] [-0.276, 1.207] 0.2147 ߚAmp 0.081 [-0.954, 0.881] [-0.937, 1.100] 0.8741 ߚAge 0.013 [-0.334, 0.659] [-0.379, 0.404] 0.9490 ߚSex -0.734 [-1.181, -0.233] [-1.276, -0.191] <0.05 
 
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 only). The conditional R² was 0.883, reflecting the substantial 
contribution of individual differences captured by the random intercepts. Model 
diagnostics did not indicate violations 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 (β_Sex = -0.735, 95% bootstrapped CI = [-1.246, -
0.188]).  We also performed unadjusted pairwise t-tests comparing AmpPLP vs 
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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. 

 

 
Figure 1 Raincloud plot of average theta power per trial (upper) and average per subject (lower) 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. 
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Figure 2 Power spectrum in the theta band for the three pairwise comparisons. No significant clusters 

were identified. 

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 β_PLP = 0.359, 95% bootstrapped CI = [-0.496, 0.965]). However, for Amputation 
the mixed-effects model of PAF-Max did indicate a statistically significant effect (fixed 
effect β_Amp = -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. 

Table 4 Estimated model coefficients, 95 % bootstrapped CIs, 95% asymptotic CIs and p-values for the 

linear mixed-effects model predicting per-trial PAF-Max. 

Coefficient Estimated 
effect 

Bootstrapped CI Asymptotic CI p-value ߚPLP 0.359 [-0.496, 0.965] [-0.423, 1.142] 0.3628 ߚAmp -1.227 [-2.255, -0.037] [-2.391, -0.063] p < 0.05 ߚAge 0.393 [-0.341, 0.882] [-0.015, 0.802] 0.0590 ߚSex 0.171 [-0.461, 0.691] [-0.426, 0.769] 0.5685 

The mixed-effects model explained only a modest proportion of variance (marginal R² = 
0.082; conditional R² = 0.164), suggesting that the fixed predictors exert limited 
predictive influence on APF-Max (effect size Cohen’s f2 = 0.089 and approximate 
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Cohen’s d ≈ 0.6, provided for descriptive comparison only). See Supplemental Material 
for additional model diagnostics. 

The Amputation effect was not reproduced in a subject-level linear model (β_Amp = -
0.911, 95% bootstrapped CI = [-2.383, 0.174]), in which all predictors were 
nonsignificant 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). 

For the PAF-CoG measure, neither PLP (fixed effect β_PLP = 0.008, 95% bootstrapped 
CI = [-0.234, 0.251]) or Amputation (fixed effect β_Amp = -0.207, 95% bootstrapped CI = 
[-0.572, 0.186]) showed significant effects. Sex was a significant predictor of PAF-CoG 
(β_Sex = 0.333, 95% bootstrapped 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% asymptotic CIs and p-values are 
summarized in Table 5. 

Table 5 Estimated model coefficients, 95 % bootstrapped CIs, 95% asymptotic CIs and p-values for the 

linear mixed-effects model predicting per-trial PAF-CoG. 

Coefficient Estimated 
effect 

Bootstrapped CI Asymptotic CI p-value ߚPLP 0.008 [-0.234, 0.251] [-0.369, 0.385] 0.9654 ߚAmp -0.207 [-0.572, 0.186] [-0.726, 0.312]  0.4300 ߚAge -0.106 [-0.293, 0.049] [-0.305, 0.093] 0.2920 ߚSex 0.333 [0.104, 0.566] [0.056, 0.609] < 0.05 
 
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 substantial 
contribution of individual differences captured by the random intercepts. Model 
diagnostics did not indicate violations 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, amputation or age, while Sex remained a significant 
predictor of PAF-CoG (β_Sex = 0.329, 95% bootstrapped CI = [0.046, 0.623] ).  We also 
performed unadjusted pairwise t-tests comparing 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 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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Figure 3 raincloud plots of the two peak alpha frequency measures (PAF-Max and PAF-CoG) per trial and 

per-subject average in the three different groups. 

Exploratory analyses 

To further investigate possible Amputation related differences 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 significant 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 identified differences, two significant clusters were identified: 
10.6-11 Hz for channels CP6, TP8, P6 and P8, and at 11.1 Hz for channels Fp2, AF8 and 
AF4. These results are visualized in Figure 4. 

 

Figure 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. 

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 
identified for group differences in any of the pairwise comparisons in this analysis. 
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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 
(β_PainIntensity = 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 context 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 excitatory-inhibitory balance in superficial layers (Bollimunta 
et al., 2008; Hughes & Crunelli, 2005; Lopes da Silva et al., 1980). Alpha power is 
maximal during eyes-closed rest and suppresses with eye opening (the "Berger effect") 
reflecting shifts between cortical idling and active sensory processing states 
(Pfurtscheller et al., 1996). A reduction in 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 differences associated with 
amputation status. The frequency-by-channel analysis revealed alpha-band 
differences with a predominantly posterior distribution in the right hemisphere, 
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 & 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 distinguishing between two separate 
processes following amputation: (1) deafferentation-related thalamocortical 
dysrhythmia affecting all amputees, and (2) variability in the persistence of the missing 
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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 associated with preserved cortical 
representations of the missing hand (Kikkert et al., 2018; Makin et al., 2013).  In this 
framework, 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 thalamocortical 
dysrhythmia possibly due to ectopic peripheral discharge, resulting in faster alpha 
oscillations leading also to a more integrated body schema. Furthermore, this 
framework predicts that individuals without PLP and less vivid phantom sensations 
should exhibit more pronounced dysrhythmic 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 warrant caution. First, the framework rests on exploratory findings 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 phenomenology, body schema coherence, or cortical 
representation strength, limiting our ability to test the proposed mechanism directly.  
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 representational 
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. Variability in the choice of peak alpha 
frequency metric may therefore contribute to inconsistent findings in the literature on 
pain-related alpha slowing (Dos Santos Pinheiro et al., 2016; Mussigmann et al., 2022; 
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Zebhauser et al., 2023). Future studies should explicitly 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 
indicates 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 f 2=0.089). 
This magnitude 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 reproducible 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 interpreting the present findings. First, 
the sample size was modest and groups were unbalanced with respect to demographic 
and clinical characteristics, limiting statistical power and 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 replication 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 theoretical framework proposes that representational persistence 
counteracts dysrhythmia and can be driven by both phantom sensations and pain, but 
we cannot test whether individuals 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 representation 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 covariates not accounted for. Time since 
amputation represents a potentially important moderator that should be included in 
future work. 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 comparisons. Nor did we systematically control for analgesic medications or 
other concomitant treatments, antidepressants, or anticonvulsants, all of which can 
influence cortical oscillations. Medication effects may have added unexplained 
variance to our models. Incorporating more detailed measures of pain intensity, 
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duration, or variability and considering pharmacological interventions as covariates or 
stratification factors, may provide greater sensitivity to pain-related neural correlates in 
future studies. 

Conclusions 
Across all primary and sensitivity analyses the results provide 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 amputation-
related difference in the alpha band, but the exploratory nature of these analyses along 
with inconsistency in the primary analyses indicate that the findings should be 
interpreted with caution. In a secondary exploratory analysis 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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