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A B S T R A C T

The pain network must not only respond to pain but also predict its occurrence to proactively guide defensive 
response. Yet how pain-related predictions are learned and updated in the nervous system remains unclear. Using 
a Pavlovian threat conditioning task, participants learned that two different visual cues predicted painful shocks 
either to the left or right arm, while a third cue never predicted pain. After acquisition, cue–pain contingencies 
were reversed to assess prediction updating. Neural and autonomic responses were recorded during pain 
anticipation (i.e. cue presentation) using electroencephalography, skin conductance response, and double-coil 
transcranial magnetic stimulation to measure corticospinal excitability both contralateral and ipsilateral to the 
anticipated pain location. We found that skin conductance response increased bilaterally and irrespective of the 
predicted pain location, reflecting a general state of threat preparedness by the autonomic system. In contrast, 
the suppression of somatomotor alpha power and reduction of corticospinal excitability were lateralized and 
functionally coupled, suggesting precise motor tuning to the predicted pain location. During reversal, an increase 
in frontocentral theta power emerged, supporting the updating of previously learned pain predictions. Con
nectivity analyses further corroborated this, revealing dynamic interactions between somatomotor and fronto
central oscillatory activity. Together, these findings advance the understanding of the neurocognitive 
mechanisms of nociception by showing that pain anticipation is subserved by dissociable yet interacting net
works supporting general threat detection and context-sensitive defensive response.

1. Introduction

The primary function of the pain system is to drive behavioral re
sponses that mitigate bodily injury. To effectively do so, the pain system 
should not operate solely as reactive, but also as predictive—anticipat
ing potential harm based on past nociceptive experiences and continu
ously refining its predictions of future harm (Büchel et al., 2014; 
Morrison et al., 2013; Palermo et al., 2015; Seymour, 2019). Within this 
predictive coding framework, pain may operate as a learning signal that 
drives the acquisition and updating of predictions about impending 
painful inputs, to promote preemptive defensive responses aimed at 
reducing the likelihood of future injury (Büchel et al., 2014; Morrison 
et al., 2013; Seymour, 2019). Crucially, to support adaptive behavior, 
the pain system must not only predict whether a painful stimulus will 
occur, enabling threat-safety discrimination, but also anticipate where it 

will occur on the body, allowing the selection of specific responses to 
prevent or minimize harm (Cisek, 2022; Dickinson and Balleine, 2002). 
Yet, how the nervous system acquires, maintains, and updates such 
multiple, concurrent predictions about impending painful stimuli re
mains poorly understood. In particular, we still know little about how 
the nervous system anticipates both the potential occurrence of pain and 
its bodily location.

Previous studies in humans have shown that learning to predict pain 
engages a distributed network of cortical and subcortical brain regions 
(Biggs et al., 2020), alongside the autonomic nervous system (Lonsdorf 
et al., 2017; Ojala and Bach, 2020). Interestingly, the pattern of antici
patory responses suggests a functional dissociation between systems. 
While the autonomic system primarily encodes a generalized state of 
threat anticipation—supporting the discrimination between threat and 
safety cues—somatomotor circuits appear to represent more specific 
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sensory attributes of predicted pain, including its bodily location. This 
specificity likely arises from the lateralized and highly modular orga
nization of the somatomotor system (Levine et al., 2012). Among 
autonomic measures, the skin conductance response (SCR) consistently 
increases during pain anticipation in threat conditioning paradigms 
(Kuhn et al., 2022; Sjouwerman et al., 2022), independently of the 
predicted pain location (Betti et al., 2024; Zhang et al., 2016), consistent 
with the encoding of a generalized state of threat preparedness mediated 
by the amygdala (Zhang et al., 2016). In contrast, corticospinal excit
ability has been shown to decrease during pain anticipation (Dalbagno 
et al., 2025; Dubé and Mercier, 2011; Neige et al., 2018), side-congruent 
to the expected pain location (Betti et al., 2024), suggesting that the 
motor system may encode the bodily location of anticipated pain. 
Additionally, suppression of somatomotor and occipital alpha rhythms 
has been observed, possibly supporting a state of sustained vigilance 
(Babiloni et al., 2008, 2003; Bacigalupo and Luck, 2022; Chien et al., 
2017; Panitz et al., 2019; Pirazzini et al., 2023; Shner-Livne et al., 2025; 
Starita et al., 2023a), together with increased frontocentral theta power, 
which has been linked to threat vs. safety discrimination or fear 
expression (Bierwirth et al., 2023, 2021; Chen et al., 2021; Mueller et al., 
2014; Pirazzini et al., 2023; Shner-Livne et al., 2025; Sperl et al., 2019; 
Starita et al., 2023a). Despite this evidence, the specific representation 
of pain features by such oscillatory correlates of pain anticipation re
mains largely unexplored. Overall, these findings identify candidate 
brain and autonomic markers of pain anticipation. However, it remains 
unclear how these markers differentially contribute to a general pre
diction of pain occurrence versus its specific bodily location, and how 
they functionally interact to support a unified anticipatory pain state.

To address these questions, we adopted a multimodal approach 
employing a combination of electrodermal activity (EDA) recordings, 
electroencephalography (EEG), and measures of corticospinal excit
ability (CSE) via double-coil transcranial magnetic stimulation (TMS). 
Participants completed a Pavlovian threat conditioning task in which, 
during acquisition, two different visual stimuli (e.g., colored dots) pre
dicted pain either to the left (e.g., left conditioned stimulus, CS+L) or 
right (e.g., right conditioned stimulus, CS+R) arm. Then, during 
reversal, the associations between the CS+ and the side of pain delivery 
were switched (i.e., reversal of the spatial pain contingencies). Another 
visual stimulus (CS-) never predicted pain and represented the within- 
subject safety control condition.

Based on previous literature, our investigation focused on changes in 
skin conductance response (SCR), alpha (8–13 Hz) and theta (3–7 Hz) 
band brain oscillations, and CSE. We hypothesized that the SCR would 
reflect a generalized state of pain anticipation, without spatial speci
ficity. In contrast, we hypothesized that corticospinal inhibition and 
somatomotor alpha may encode the spatial properties of expected pain, 
thus mapping its anticipated location on the body. Additionally, we 
expected frontocentral theta activity to possibly also discriminate threat 
from safety, especially during the reversal of the spatial pain contin
gencies, reflecting its established role in performance monitoring and 
cognitive control (Cavanagh et al., 2012; Cavanagh and Frank, 2014). 
With the present work, we aim to clarify how these dissociable networks 
emerge as complementary involved in predicting pain.

2. Methods

2.1. Participants

Thirty healthy volunteers (17 females, 13 males; aged between 19 
and 43 years, mean age ± standard deviation 25.62 ± 6.1 years; years of 
education 15.85 ± 2.83) participated in the experiment. All participants 
were right-handed, as assessed by the Edinburgh Handedness Inventory 
(Oldfield, 1971) and had normal or corrected-to-normal visual acuity. 
Based on self-report screening questionnaires, they had no contraindi
cation to TMS stimulation (Rossi et al., 2009) nor neurological, psy
chiatric, or chronic medical condition. One participant was excluded 

from the final sample because of technical problems that occurred 
during data collection. The study was conducted in accordance with the 
Declaration of Helsinki and approved by the bioethics committee of the 
University of Bologna (protocol number 0290,289). All participants 
were naïve to the purposes of the experiment and gave written informed 
consent to participate in the study.

2.2. Pavlovian threat conditioning task

The general experimental set-up, employing double-coil TMS, EEG, 
and SCR recordings, and task structure is depicted in Fig. 1. The 
Pavlovian threat conditioning task included an acquisition and a 
reversal phase. The stimuli consisted of three dots (64 pixels diameter) 
colored blue, pink or yellow (hex code: #5698D4, #C760CA and 
#F4E634, respectively). During acquisition, participants learned to 
identify two colored dots as dangerous (e.g. pink and yellow), repre
senting the conditioned stimuli (i.e. CS+), such that their presentation 
terminated with an aversive shock (i.e. unconditioned stimulus, US) in 
70 % of the trials, delivered to participants’ left (CS+L) or right (CS+R) 
forearm. During the reversal phase, the spatial contingencies of the CSs+
and USs were switched. For example, if during acquisition the pink dot 
was designated as CS+L and the yellow dot as CS+R, then in the reversal 
phase, the pink dot became CS+R, while the yellow dot became CS+L. A 
third dot (e.g., blue) served as a within-subject control stimulus (CS-), 
never being paired with shock at any point during the task.

On each trial, the CS appeared at the center of a computer screen 
(size: 43 inches; resolution: 1920 × 1080 pixels; refresh rate: 60 Hz) for 
4500 ms. Afterwards, two TMS pulses were administered for MEP 
registration over the left and right primary motor cortices, using a 
double-coil approach (Derosiere et al., 2020), such that two supra
threshold pulses were delivered within the same trial, using a 1-ms 
inter-pulse interval to induce the concurrent depolarization of both 
corticospinal pathways. In this way, independent MEPs were elicited 
bilaterally (Grandjean et al., 2017). Then, 60 ms after the double-coil 
TMS pulses, CS presentation was terminated, and in designated CS+
trials it co-terminated with a 2 ms shock. Thus, corticospinal excitability 
(CSE) was probed on each trial during CS presentation, before shock 
administration, to obtain a neurophysiological measure of shock pre
diction in the motor system. An inter-trial interval (ITI) of 8000–10,000 
ms followed, before the beginning of the next trial. The first three 
acquisition and reversal trials included the presentation of all CSs 
(CS+L, CS+R, CS-) in random order, with all CS+ trials being reinforced 
with the shock. The remaining trials proceeded in pseudo-random order 
with no more than two consecutive CSs of the same type in a row. The 
three CSs were presented during the acquisition and reversal phases for a 
total of 20 repetitions each (thus, 60 trials per phase in total). Color 
assignment to each CS was counterbalanced among participants. A 
5-min break between the acquisition and reversal phases was given to 
participants to reduce fatigue, during which they remained seated at the 
testing station without engaging in any task.

At the end of the acquisition and reversal phases, explicit learning 
was assessed by having participants rate the valence of each CS, the CS- 
shock contingency and CS-shock expectancy on a series of 11-point 
Likert scales (ranging from 0 to 10). The following three questions 
were answered regarding each CS, which was presented in random 
order: i) “The feeling I had when the circle was this color was” (Valence 
rating; ranging from 0 = “unpleasant” to 10 = “pleasant”); ii) “ When the 
circle was this color, I expected to get the shock on my left/right arm” 
(Expectancy rating; ranging from 0 = “never” to 10 = “always”); iii) “ 
When the circle was this color, it gave me a shock on my left/right arm” 
(Contingency rating; from 0 = “never” to 10 = “always”).

Participants were instructed to observe the screen and try to un
derstand which color would give them the shock, while keeping their 
hands and arms relaxed, without executing any motor response. No in
formation was provided regarding the specific color-shock contin
gencies, and participants learned them through experience.
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A PC running the OpenSesame software (Mathôt et al., 2012) con
nected through a NI USB-6281 device (National Instruments, Austin, 
TX), to a BIOPAC MP-150 System (Goleta, CA), a Magstim Bistim2 

(Magstim Co., Whitland, UK), a Digitimer Stimulator (Digitimer Ltd., 
UK) and Brain Vision Recorder (Brain Products GmbH, Munich, Ger
many) controlled the flow of the task.

2.2.1. Painful electrotactile stimulation
The painful stimulation involved a 2 ms electrotactile shock gener

ated by a Digitimer Stimulator (Model DS7A, Digitimer Ltd., UK) and 
delivered to the participants’ left or right forearm, proximal to the 
extensor carpi radialis (ECR; Betti et al., 2024; Dalbagno et al., 2025) 
muscle (see Fig. 1c), through pre-gelled Ag/AgCl electrodes (Friendship 
Medical, SEAg-S-15,000/15 × 20). The shock intensity was calibrated 
following previously validated procedures (Betti et al., 2024; Dalbagno 
et al., 2025; Pirazzini et al., 2023; Starita et al., 2023b, 2023a, 2022). In 
detail, for each participant the shock was set to a level deemed at the 
threshold between highly unpleasant and painful, such that participants 
would rather not experience it if they knew it was coming. Calibration 
commenced at 0 mA, increasing in 5 mA steps using an ascending 
staircase procedure. When the participant reported that the shock in
tensity level was reached, they rated the shock on a Likert scale from 
0 (no sensation) to 10 (intolerably painful). If a score of 8 was reported, 
that intensity was maintained for the experiment. If a lower score was 
reported, participants were asked if they were comfortable with 
increased intensity until reaching a score of 8. Stimuli did not exceed 
individual tolerance limits, in line with the International Association for 
the Study of Pain (IASP) guidelines (Charlton, 1995). This procedure 
resulted in a shock intensity of (mean±SD) 57.77±29.51 mA and 58.47 
±30.33 mA and a rating of 7.71±1.31 and 7.62±1.12 for the left and 

right forearm, respectively.

2.3. Physiological measures

Fig. 1c shows the physiological measures recorded during the task.

2.3.1. EEG recording
EEG data were collected from 64 Ag/AgCl scalp electrodes and the 

right mastoid with Brain Vision recorder software (Brain Products, 
Munich, Germany). The ground electrode was placed on the right cheek, 
while the left mastoid served as an online reference. The electrooculo
gram (EOG) was recorded from above and from the outer canthus of the 
right eye. During the recording, a band-pass filter of 0.01–100 Hz was 
used, along with a sampling rate of 1000 Hz. The impedance of all 
electrodes was kept below 10 kΩ.

2.3.2. Double-coil transcranial magnetic stimulation
Double-coil TMS pulses were administered using two small 50 mm 

figure-of-eight coils, each connected to a Magstim monophasic stimu
lator (i.e., the coils stimulating the left and right hemispheres were 
connected to a Bistim2 and a 2002 magnetic stimulator, respectively; 
Magstim Co., Whitland, UK). On each experimental trial, two consecu
tive pulses (1 ms delay, see Derosiere et al., 2020; Grandjean et al., 
2017) were delivered to the left and right primary motor cortices (M1) of 
the participant 60 ms before CSs offset, in correspondence with the 
target muscle representations. This procedure enables to simultaneously 
assess bilateral changes in corticospinal excitability (Derosiere et al., 
2020). Small coils were used so that they could be simultaneously placed 
on the M1 of each hemisphere. The hemisphere receiving the first pulse 
was counterbalanced, so that in half of the trials it was the left and in the 

Fig. 1. (A) Trial structure of the Pavlovian threat conditioning task. In each trial, a colored dot appeared at the center of the screen for 4500 ms while skin 
conductance responses (SCR) were recorded. Subsequently, a double-coil single-pulse TMS was delivered, and motor-evoked potentials (MEPs) were elicited in the 
target muscles of the left and right first dorsal interosseous (FDI). Sixty milliseconds after TMS, the stimulus remained on screen and could co-terminate with an 
electrotactile shock to the forearm on a subset of designated trials. (B) Stimuli used during the two experimental phases: acquisition and reversal. During acquisition, 
participants observed colored dots (pink, yellow, or blue) and learned to associate one color with an electric shock delivered to the right arm (CS+R), another with a 
shock to the left arm (CS+L), while a third color was never paired with shock (CS-). During the reversal phase, the associations between CSs+ and shock side were 
switched. (C) Summary of physiological measures and lateralized associations used for analyses. EEG, EMG, and electrodermal activity were continuously recorded 
throughout the task. In the example, a shock is delivered to the right forearm. EEG activity from the hemisphere contralateral to the shock is displayed on the left side 
of the head model, and ipsilateral activity on the right. Somatomotor alpha and frontocentral theta oscillations were probed using C3 and C4, and FCz electrodes, 
respectively, during CS presentation. MEPs from the right (shock-side ipsilateral) FDI were elicited by stimulating the left (contralateral) motor cortex, and vice versa 
for the left FDI. SCRs were recorded from both the ipsilateral and contralateral hands during CS presentation.
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remaining half the right hemisphere.
For each M1, the optimal scalp position (OSP), that is the best po

sition for the coil on the scalp at which the lower intensity of stimulation 
elicits the largest MEP in the target muscle, was determined by moving 
the coil in approximately 0.5 cm steps around the presumed hand motor 
area. Once found, the OSP for each hemisphere was then marked, 
ensuring correct coil placement throughout the experiment. The OSP 
resulted in the proximity of electrode C3 and C4 according to the 10–20 
EEG system. For each participant and hemisphere, the resting motor 
threshold (rMT) was then determined as the lowest stimulation intensity 
inducing MEPs with at least ≥ 50 μV peak-to-peak amplitude in a relaxed 
muscle in 5 out of 10 consecutive stimulations. During the experiment, 
the intensity of TMS stimulation was then set at 120 % of each individual 
rMT. The rMTs ranged from 45 to 92 % (M = 62.5 %, SD = 9.8) of the 
maximum stimulator output for the left hemisphere and from 40 to 85 % 
(M = 57.6 %, SD = 9.8) for the right hemisphere. The left- and right- 
hand MEPs recorded during the experiment were then preprocessed 
and analyzed as described in the statistical analysis section.

Before the beginning and at the end of the conditioning task, double- 
coil TMS stimulation was used to measure baseline corticospinal excit
ability by acquiring 15 MEPs (inter-pulse interval 9–10 s) while partic
ipants passively observed a fixation cross on a screen to exclude any non- 
specific, long-lasting changes in basal corticospinal excitability. No 
difference emerged when comparing MEPs recorded during the initial 
(left FDI: M = 1.053, 95 % confidence interval (CI) [0.83 1.28]; right 
FDI: M = 1.096, CI [0.770 1.422]) and final (left FDI: M = 1.198, 95 % CI 
[0.99 1.41]; right FDI: M = 1.148, 95 % CI [0.86 1.44]) baseline phases 
(left FDI: t28=− 1.913, p=.07; right FDI: t28=− 0.554, p=.58;).

2.3.3. Electromyography recording
Surface EMG activity was recorded at 5000 Hz simultaneously from 

both hands for the left and right first dorsal interosseous (FDI) muscle, 
through two pairs of Ag/AgCl electrodes (BIOPAC EL501) placed in a 
belly-tendon montage connected to an EMG100C module of the BIOPAC 
MP-150 System (Goleta, CA). After skin preparation, a small amount of 
isotonic hyposaturated conductant gel (Lectron III Gel, NEUROSPEC) 
was added to the electrodes, which were placed and fixed on the target 
positions. The active electrode was placed over the muscle belly, 
determined by palpation during maximum voluntary contraction, the 
reference was placed over the proximal interphalangeal juncture, and 
the ground electrode was placed over the radial styloid process.

2.3.4. Electrodermal activity recording
Electrodermal activity was recorded at 5000 Hz, with a 10 Hz low

pass filter, from two pairs of Ag/AgCl electrodes (BIOPAC EL501) filled 
with isotonic hyposaturated conductant gel (GEL101 model; BIOPAC 
System), attached to the hypothenar eminence of participants’ left and 
right hands, and connected to two EDA100C modules of the BIOPAC MP- 
150 System (Goleta, CA).

2.4. Experimental procedures

Participants were tested individually in a single experimental session 
lasting approximately three hours. Participants were comfortably seated 
in a silent room in front of a computer screen, at a 57 cm viewing dis
tance, and informed consent was collected. Then, EEG, EMG, and EDA 
electrodes were attached to the participants. After this, coil position and 
TMS stimulation intensity were determined, and baseline corticospinal 
excitability was measured. Then, shock electrodes were applied and 
shock intensity calibrated. The Pavlovian threat conditioning task was 
then completed. Finally, baseline CSE was measured again to assess any 
changes in basal excitability.

2.5. Dependent variables

2.5.1. Explicit ratings
Responses of participants regarding the CSs’ valence and CS-shock 

expectancy and contingency after acquisition and reversal phases were 
analyzed to confirm the explicit acquisition of pain expectations and 
their body location.

2.5.2. Threat conditioned skin conductance response
The digitalized electrodermal activity signal was processed using 

Autonomate 2.8 (Green et al., 2014) running in MATLAB (The Math
works) to obtain trough-to-peak skin conductance response (SCR) 
values. The digitalized signal was down-sampled at 625 Hz, and an SCR 
was considered valid if the trough-to-peak response occurred between 
500 and 4500 ms following CS onset, lasted for a maximum of 5000 ms, 
and was greater than 0.02 µS. Raw SCR data were z-transformed and 
values exceeded ± 2 SD of the sample mean were excluded as outliers 
(for the acquisition phase: CS-: 3.3 % and 4.1 %; CS+L: 4.7 % and 4.3 %; 
CS+R: 5.3 % and 5.0 %; for the reversal phase: CS-: CS-: 2.6 % and 2.9 %; 
CS+L: 4.3 % and 3.6 %; CS+R: 4.5 % and 5.2 %; for the left and right 
hand, respectively). To examine lateralized skin conductance responses, 
CS+L and CS+R trials were recorded according to whether the hand was 
contralateral or ipsilateral to the expected shock, and then averaged into 
a single CS+ condition, with two levels (contralateral and ipsilateral 
hand), for the statistical analysis

2.5.3. Somatomotor alpha and frontocentral theta power
EEG data were pre-processed using custom-made routines in MAT

LAB R2023b (The Mathworks, Natick, MA, USA). Data were re- 
referenced offline to the average of all electrodes and filtered with a 
0.5–50 Hz pass-band. After applying the filter, epochs from − 5000 ms 
before to 1000 ms after the time of US occurrence were extracted and 
baseline corrected for the − 5000 ms to − 4500 ms interval pre-US pre
sentation window, which corresponds to 500 ms before CS presenta
tion.. Artifact-contaminated trials were excluded via the pop_eegthresh 
function in EEGLAB v2023.0, which excludes high-voltage trials (fluc
tuations larger than 800 mV). Trials identified as outliers (trials with 
data values outside ±5 SD, via the pop_jointprob function) were 
excluded. Channels with strong artifacts were identified and interpo
lated using the pop_interp function with the spherical interpolation 
method. An average of 10.66 % (SE = 1.03 %) of trials were excluded. 
Residual ocular artifacts were corrected using a linear regression 
method as implemented in the EEGLab function lms_regression with the 
following parameters: order of adaptive filter = 3, learning rate = 1e- 
008 (Trajkovic et al., 2023). After rejection and correction procedures, 
participants with <5 trials in either one experimental condition were 
excluded from the EEG analyses (i.e. 3 participants).

Frontocentral theta (3–7 Hz) and somatomotor alpha (8–13 Hz) 
oscillation amplitudes were analyzed during CS presentation, before US 
delivery, over frontocentral (Fz) and central electrodes (C3 and C4), 
respectively. Because we aimed to test whether somatomotor alpha ac
tivity in anticipation of pain shows hemispheric lateralization relative to 
upcoming aversive shock, we recoded electrode positions as contralat
eral versus ipsilateral to the arm of expected shock delivery. This 
resulted in all contralateral activity being on one side, which was 
conventionally defined to be the left side, as all participants were right- 
handed. Consequently, CS- and CS+R data remained unchanged; in 
contrast, CS+L data from the right and left electrodes were flipped, as 
for CS+L the right hemisphere represents the contralateral one and the 
left hemisphere the ipsilateral one. Additionally, data of the two CSs+
were averaged together to obtain a contralateral and an ipsilateral 
condition independently of the CS+ type. This because our analyses 
focused on lateralization rather than on potential differences between 
CS+L and CS+R, and we therefore had no a priori hypothesis to consider 
them as distinct conditions as also confirmed by the absence of signifi
cant differences between the two CSs+ (alpha acquisition: p=.329, 
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reversal: p=.205; theta acquisition: p=.243, reversal: p=.223).
Alpha and theta amplitudes were calculated separately for each 

subject and condition by time-frequency analyses of epoched data 
(epoch time window from − 5000 ms before to 1000 ms after the time of 
US occurrence). Long epochs prevent edge artifacts from contaminating 
time-frequency power in the time windows of interest. Spectral EEG 
activity was assessed by time-frequency decomposition using a complex 
sinusoidal wavelet convolution procedure (linearly increasing across 34 
linear-spaced frequencies from 2.0 Hz to 35.0 Hz with 3 cycles at the 
lowest frequency, increasing to 0.5 Hz at the upper frequency) with the 
newtimef function from EEGLAB v2023.0 and custom routines in 
MATLAB. Such cycles parameters were based on field standards and 
were already used in previous studies both to quantify theta (Di Gregorio 
et al., 2018) and alpha amplitudes (Trajkovic et al., 2024).

We then applied cluster-based permutation tests to identify windows 
of statistical interest in the time-frequency data related to the difference 
between CS types and Phases over electrodes C3 and C4 for somato
motor alpha and electrode Fz for frontocentral theta. The tests used 1000 
permutations and a cluster threshold value of 0.1. This approach is 
commonly used in the analysis of multi-channel and time-series EEG 
data (Brodbeck et al., 2015; Endevelt-Shapira et al., 2021; Verschueren 
et al., 2020) to identify time windows showing significant differences 
across subjects between specific experimental conditions. Significance 
level was set at p<.05, and Bonferroni correction was applied for mul
tiple testing. Once windows of statistical interest were identified across 
subjects and conditions, frontocentral theta and somatomotor alpha 
powers were calculated as the mean values within the identified time 
windows. The resulting power was normalized by decibel (dB=10*log10 
[-power/baseline]) transformation at each frequency.

2.5.4. Frontocentral and somatomotor electrodes connectivity
Functional connectivity among frontocentral and somatomotor 

electrodes was calculated for each participant, using Granger Causality 
(GC) (Bressler and Seth, 2011; Ding et al., 2006; Geweke, 1982; Granger, 
1969; Stokes and Purdon, 2017). GC provides a measure of directional 
statistical dependency between time series based on a multivariate 
autoregressive (AR) modeling framework (Ursino et al., 2022).

The GC quantifies the causal interaction between two electrode ac
tivities as the predictability of the activity of one electrode over the 
other at time sample n. In the GC, the time lag (expressed in time 
samples) and the maximum lag (model order) define the maximum time 
lag used to estimate the GC between electrodes. Thus, the current value 
of one electrode at one time point n is predicted by the t past values (at 
time samples n − 1, n − 2, …, n− maximum lag).

To quantify the interaction between somatomotor alpha and fron
tocentral theta activity during the acquisition and reversal of pain pre
dictions, we employed a cross-frequency GC approach (Zhang et al., 
2022). GC is an established measure of directed functional connectivity 
based on multivariate autoregression (Bressler and Seth, 2011; Granger, 
1969). Within this approach, the GC quantifies the cross-frequency in
teractions between two electrodes as the predictive value of one fre
quency activity in one electrode over another frequency and electrode. 
Specifically, we investigated whether alpha activity over the somato
motor electrode contralateral to the expected shock predicts theta ac
tivity over the frontocentral electrode and vice versa, during acquisition 
and reversal, during CS+ presentation and during CS- as a control. 
Larger GC values correspond to a better prediction when using infor
mation from the t past values. A larger GC value is interpreted as a 
stronger causal influence of a frequency specific activity in one electrode 
over another frequency and electrode.

For each participant, two directional measures of GC were computed 
for each pair of electrodes (i.e. C3 or C4 and Fz) and for each frequency 
of interest (i.e. alpha and theta), for acquisition and reversal separately. 
This resulted in a 2 × 2 matrix of connectivity for each participant. In all 
cases, the maximum lag (t) of the AR models was set equal to 10, cor
responding to 10 ms time span at 500 Hz sampling rate for GC 

calculation. This maximum lag parameter was determined based on the 
following formula: maximum lag = 0.2*(data length), set to optimize 
temporal specificity (Cohen and Van Gaal, 2013; Gaillard et al., 2009). 
To further validate the lag selection procedure, we performed a simu
lation specifically designed to mimic EEG cross-frequency amplitude 
interactions. Two signals were generated to reproduce theta- and 
alpha-band oscillatory activity, whose amplitude envelopes were 
extracted using the Hilbert transform. A unidirectional causal de
pendency was introduced by allowing the theta-band amplitude to 
modulate the alpha-band amplitude, while preserving realistic temporal 
autocorrelation and noise levels. Granger causality was estimated using 
the same modeling framework adopted for the empirical data. The 
Bayesian Information Criterion (BIC) was computed across a range of 
model orders (1 to 40), and the effective lag was identified using a 
ΔBIC-based elbow criterion, defined as the first model order for which 
the change in BIC fell below 5 % of the maximum ΔBIC. This procedure 
consistently identified an optimal lag of 9 samples, closely matching the 
lag selected for the experimental data. This convergence between 
simulated and empirical results supports the appropriateness and 
robustness of the chosen lag range.

For each participant and each GC computation, an F statistic value 
(F) and a critical F value were extracted (c_v). The distributions of F 
values were compared using paired-samples t-tests. For F > c_v the null 
hypothesis of not significant cross-frequency Granger Causality between 
electrode pairs was rejected.

2.5.5. Threat conditioned corticospinal response
EMG data were preprocessed offline in MATLAB using custom-made 

scripts. First, for MEP identification and analysis, epochs from the time 
of the TMS pulse to 60 ms after it were extracted from the continuous 
data, and epochs from –100 ms to the time of the TMS pulse were 
extracted to identify any muscular preactivation, before TMS delivery. 
For each epoch, the min and max MATLAB functions were then used to 
identify the minimum and maximum peaks in the EMG signal. The signal 
was then visually inspected to ensure the correctness of the automatic 
procedure. Muscular preactivations were defined as trials in which 
peaks of EMG activity in the 100 ms window preceding the TMS pulse 
exceeded 2 SD from the mean background EMG activity. MEPs preceded 
by such preactivation were discarded to prevent contamination of the 
MEP measurements (for the acquisition and the reversal phase, a total of 
5 % and 4.7 % and 5.3 % and 5.2 % of MEPs were excluded for left and 
right FDI, respectively). For the remaining trials, individual peak-to- 
peak MEP amplitudes (mV) for the FDI and ECR muscles were calculated 
and considered as a proxy for corticospinal excitability during threat 
learning. Then, MEPs’ whose amplitude exceeded ± 2 SD of the mean 
amplitude for each experimental condition were excluded as outliers 
(for the acquisition phase, CS-: 4.3 % and 2.8 %; CS+L: 4.0 % and 3.3 %; 
CS+R: 3.8 % and 4.5 %; for the reversal phase, CS-: 4.5 % and 4.1 %; 
CS+L: 3.3 % and 5.2 %; CS+R: 4.1 % and 3.6 %, for left and right FDI, 
respectively). To control for interindividual variability in MEP ampli
tudes, the raw MEP amplitudes were z-transformed using the average 
and standard deviation calculated on all CS conditions, separately for 
each participant and each muscle (Betti et al., 2024; Dalbagno et al., 
2025). This normalization ensures that any condition-related modula
tion of corticospinal excitability is assessed independently of baseline 
inter-individual differences in MEP amplitude. To examine lateralized 
corticospinal responses, CS+L and CS+R trials were recoded according 
to whether the stimulated hemisphere was contralateral or ipsilateral to 
the expected shock, and then averaged into a single CS+ condition, with 
two levels (contralateral and ipsilateral hemisphere), for the statistical 
analysis.

2.6. Statistical analyses

2.6.1. Analysis of variance
All the analyses were performed with JASP 0.16.3 (JASP Team, 
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2022). Repeated-measures analyses of variance (RM ANOVA) were used 
to investigate differences between more than two conditions, followed 
by planned contrasts in case of significant main effects or interactions 
involving CSs or by Bonferroni corrected post-hoc tests for interaction 
where we had no a priori hypothesis. Marginal means and standard 
errors of significant effects are reported. Degrees-of-freedom and 
p-values were Greenhouse–Geisser corrected; whenever a violation of 
the sphericity assumption occurred, corrected p-values will be reported 
alongside uncorrected degrees of freedom. Partial eta-squared (η2

p) was 
computed as estimates of effect sizes for the ANOVAs’ main effects and 
interaction. A statistical significance threshold of p < .05 was adopted 
for all analyses.

2.6.2. Correlations
Pearson correlation estimates were used to investigate the relation

ships between somatomotor alpha amplitude and MEPs amplitude. A 
statistical significance threshold of p < .05 was adopted for all analyses.

2.6.3. Sample size and sensitivity analysis
Final sample sizes for each measure were determined by the reported 

data quality exclusion criteria, resulting in n = 20 for SCR, n = 24 for 
EEG (alpha and theta), and n = 29 for corticospinal excitability. To 
evaluate the sensitivity of our study design, we conducted a sensitivity 
power analysis (Lakens, 2022) using MorePower 6.0.4 (Campbell and 
Thompson, 2012). Assuming α = 0.05 and power = 0.80, the analysis 
indicated that given the structure of the RM ANOVAs, the minimum 
detectable effect sizes were η2

p = 0.315 for SCR (n = 20), η2
p = 0.271 for 

EEG alpha and theta (n = 24), and η2
p = 0.231 for corticospinal excit

ability (n = 29), for both main effects and interactions. These values fall 
within or below the 90 % confidence intervals of the observed effect 
sizes reported in the results section, indicating that our sample size was 
sufficient to capture such effects.

3. Results

3.1. Explicit ratings confirm the acquisition and reversal of pain 
predictions

At the end of acquisition and reversal, participants rated the valence 
as well as the shock expectancy and contingency for each CS, to ensure 
explicit learning of the CS-shock associations.

3.1.1. Valence ratings
The 3 (CS Type: CS+L, CS+R, CS-) x 2 (Phase: acquisition, reversal) 

RM ANOVA on valence ratings (n = 29, Table 1) showed a significant 
main effect of CS Type, indicating that the CS- (Marginal Mean (MM)=
6.448, SE=0.372) was rated as more pleasant than the CS+L 
(MM=2.362, SE=0.285; p<.001) and the CS+R (MM=2.431, SE=0.374; 
p<.001) while no difference emerged between the CSs+ (p=.874). 
Moreover, a significant main effect of Phase emerged, indicating higher 
ratings for acquisition (MM=4.046, SE=0.321) than reversal 
(MM=3.448, SE=0.223). The CS Type x Phase interaction effect was not 
significant.

3.1.2. Expectancy ratings
The 3 (CS Type: CS+L, CS+R, CS-) x 2 (Phase: acquisition, reversal) x 

2 (Laterality: Left, Right arm) RM ANOVA on the expectancy ratings (n =
29, Table 2) showed a significant main effect of CS Type, indicating that 
the CS- was associated with a lower contingency to the shock 
(MM=0.741, SE=0.317) compared to the CS+L (MM=4.612, SE=0.180, 
p<.001) and the CS+R (MM=4.940, SE=0.207, p<.001), while no dif
ference emerged between the CSs+ (p=.093). Moreover, a significant CS 
x Laterality interaction effect emerged, indicating that participants ex
pected the CS+L associated with the shock delivered on the left arm 
(MM=8.448, SE=0.202) but not the right one (MM=0.776, SE=0.347; 
p<.001), participants expected the CS+R associated with the shock 
delivered on the right arm (MM=8.707, SE=0.158) but not the left one 
(MM=1.172, SE=0.416; p<.001), while the CS- was expected as not 
associated to shock on either arm (left: MM=0.759, SE=0.296; right: 
MM=0.724, SE=0.383; all ps=0.932). No other main effects or inter
action effects emerged as significant.

3.1.3. Contingency ratings
The 3 (CS Type: CS+L, CS+R, CS-) x 2 (Phase: acquisition, reversal) x 

2 (Laterality: Left, Right arm) RM ANOVA on the contingency ratings (n 
= 29) showed a significant main effect of CS Type, indicating that the 
CS- was associated with a lower contingency to the shock (MM=0.543, 
SE=0.219) compared to the CS+L (MM=4.129, SE=0.163, p<.001) and 
the CS+R (MM=4.267, SE=0.125, p<.001), while no difference 
emerged between the CSs+ (p=.446). Moreover, a significant CS x Phase 
interaction effect emerged, indicating that, despite the contingency 
ratings for the CS- were lower than both the CS+L and CS+R in acqui
sition (MM=4.224, SE=0.206; MM=4.276, SE=0.237, respectively) and 
reversal (MM=4.224, SE=0.206; MM=4.276, SE=0.237, respectively; 
all p<.001), it was higher for the CS- in acquisition (MM=0.897, 
SE=0.397) compared to reversal (MM=0.190, SE=0.219, p=.031), 
while no differences emerged for the CSs+ among phases (all p≥.553). 
Finally, a significant CS x Laterality interaction effect emerged, indi
cating that participants associated the CS+L with the shock delivered on 
the left arm (MM=7.741, SE=0.234) but not the right one (MM=0.517, 
SE=0.214; p<.001), the CS+R with the shock delivered on the right arm 
(MM=8.034, SE=0.168) but not the left one (MM=0.500, SE=0.221; 
p<.001), while the CS- was not associated to shock on either arm (left: 
MM=0.586, SE=0.246; right: MM=0.500, SE=0.209; all ps=0.741). No 
other main effects or interaction effects emerged as significant.Table 3

These results confirm the explicit acquisition of pain expectations 
that accurately encoded both the occurrence and bodily location of the 
anticipated pain.

3.2. Skin conductance response (SCR) predicts pain occurrence, but not 
its bodily location

The 2 (CS Type: CS+, CS− ) × 2 (Phase: acquisition, reversal) × 2 

Table 1 
Results of the 3 (CS Type: CS+L, CS+R, CS-) x 2 (Phase: acquisition, reversal) RM 
ANOVA on valence ratings (n = 29).

Effect df F p η²p 90 % CI η²p

CS Type 2, 56 58.783 < 0.001a 0.667 [0.545, 0.745]
Phase 1, 28 4.723 .038 0.144 [0.004, 0.333]
CS Type × Phase 2, 56 2.196 .135a 0.073 [0, 0.466]

a Greenhouse–Geisser corrected p-value.

Table 2 
Results of the 3 (CS Type: CS+L, CS+R, CS-) x 2 (Phase: acquisition, reversal) x 2 
(Laterality: Left, Right arm) RM ANOVA on expectancy ratings (n = 29).

Effect df F p η²p 90 % CI η²p

Phase 1, 
28

0.062 .805 0.002 [0, 0.085]

Laterality 1, 
28

0.146 .706 0.005 [0, 0.110]

CS Type 2, 
56

295.942 < 
0.001a

0.914 [0.0873, 
0.932]

Phase ✻ Laterality 1, 
28

1.457 .238 0.049 [0, 0.214]

Phase ✻ CS Type 2, 
56

1.876 .163 0.063 [0, 0.164]

Laterality ✻✻ CS Type 2, 
56

276.258 < 0.001 
a

0.908 [0.865, 
0.927]

Phase ✻ Laterality ✻ 
CS Type

2, 
56

1.081 .346 0.037 [0, 0.123]

a Greenhouse–Geisser corrected p-value.
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(Laterality: Ipsilateral, Contralateral Hand) RM ANOVA on SCR (n = 20, 
Fig. 2, Table 4) showed a main effect of CS Type, with greater SCR for 
CS+ (MM=0.067, SE=0.019) compared to CS- (MM=− 0.137, 
SE=0.041; see Fig. 2D). No other main effects or interaction effects 
emerged as significant. These results indicate that SCR discriminated 
threat of pain from safety, but not its location on the body, nor did it 
show any changes associated with the reversal of pain-N related spatial 
contingencies (see also supplementary materials for trial-by-trial ana
lyses and a statistical comparison of SCR between early and late reversal 
segments).

3.3. Somatomotor alpha and corticospinal excitability predict pain 
location

3.3.1. Somatomotor alpha
The 2 (CS Type: CS+, CS− ) × 2 (Phase: acquisition, reversal) × 2 

(Laterality: Ipsilateral, Contralateral Hemisphere) RM ANOVA on 
somatomotor alpha power (n = 24, Fig. 3A, Table 5) showed a main 
effect of CS Type, with stronger alpha suppression (i.e., lower alpha 
power) for CS+ (MM=11.616, SE=0.832) than CS- (MM=12.309, 
SE=0.878). Crucially, there was a significant CS Type x Laterality 

interaction. Planned contrasts showed stronger alpha suppression for 
CS+ than CS- over the hemisphere contralateral to the predicted shock 
location (t(23)=2.41, p=.024; CS+contra: MM=11.732, SE=0.875; 
CS-contra: MM=13.348, SE=1.206) but not over the ipsilateral one 
(t(23)=0.61, p=.551; CS+ipsi: MM=11.501, SE=0.799; CS-ipsi: 
MM=11.271, SE=0.667).

Additionally, the significant main effect of Phase indicated an in
crease in alpha power during reversal (MM=12.617, SE=0.891) 
compared to acquisition (MM=11.309, SE=0.822). The significant main 
effect of Laterality indicated greater alpha power in the contralateral 
(MM=12.540, SE=0.999) than ipsilateral hemisphere (MM=11.386, 
SE=0.711). The significant Phase x Laterality interaction indicated that 
the increase in alpha power from acquisition to reversal was primarily 
driven by a change in the ipsilateral hemisphere (acquisitionipsi: 
MM=10.577, SE=0.693; reversalipsi: MM=12.194, SE=0.770; 
pbonf<0.001) rather than contralateral one (acquisitioncontra: 
MM=12.041, SE=0.989; reversalcontra: MM=13.039, SE=1.044; 
pbonf=0.092). No other interaction effects emerged as significant.

Taken together, these findings indicate that somatomotor alpha 
suppression encodes pain prediction with spatial specificity, reflecting 
the anticipation of pain at its predicted bodily location (see also sup
plementary materials for trial-by-trial analyses and a statistical com
parison of alpha response between early and late reversal segments).

3.3.2. Corticospinal excitability
Corticospinal excitability exhibited modulations similar to alpha 

power (Fig. 2C). The 2 (CS Type: CS+, CS− ) × 2 (Phase: acquisition, 
reversal) × 2 (Laterality: Ipsilateral, Contralateral Hemisphere) RM 
ANOVA on motor evoked potentials (n = 29, Fig. 3B, Table 6) showed a 
significant main effect of CS Type, with greater corticospinal inhibition 
(i.e., reduced MEPs amplitude) for CS+ (MM=− 0.078, SE=0.022) than 
CS- (MM=0.147, SE=0.043). Additionally, the significant main effect of 
Laterality indicated greater corticospinal inhibition when CSE was 
probed from the hemisphere contralateral to the predicted shock loca
tion (MM=− 0.010, SE=0.016) than from the ipsilateral one 
(MM=0.079, SE=0.016).

Crucially, there was a significant CS Type x Laterality interaction. 
Planned contrasts showed greater corticospinal inhibition for CS+ than 
CS- when CSE was probed from the hemisphere contralateral to the 
predicted shock location (t(28)=− 4.57, p<.001; CS+contra: MM=− 0.193, 
SE=0.035; CS-contra: MM= 0.173, SE=0.049) but not from the ipsilateral 
one (t(28)=− 1.34, p=.191; CS+ipsi: MM=0.037, SE=0.027; CS-ipsi: 
MM=0.121, SE=0.042). No other main effects or interaction effects 
emerged as significant.

Thus, similarly to somatomotor alpha, these findings indicate that 
corticospinal inhibition encodes pain prediction with spatial specificity, 
reflecting the anticipation of pain at its predicted bodily location (see 
also supplementary materials for trial-by-trial analyses and a statistical 
comparison of CSE response between early and late reversal segments).

Table 3 
Results of the 3 (CS Type: CS+L, CS+R, CS-) x 2 (Phase: acquisition, reversal) x 2 
(Laterality: Left, Right arm) RM ANOVA on contingency ratings (n = 29).

Effect df F p η²p 90 % CI η²p

Phase 1, 
28

1.142 .294 0.039 [0, 0.198]

Laterality 1, 
28

0.828 .371 0.029 [0, 0.178]

CS Type 2, 
56

276.000 < 
0.001a

0.908 [0.865, 
0.927]

Phase ✻ Laterality 1, 
28

1.952 .173 0.065 [0, 0.238]

Phase ✻✻ CS Type 2, 
56

4.64 .025a 0.138 [0.015, 
0.260]

Laterality ✻✻ CS Type 2, 
56

598.295 < 
0.001a

0.955 [0.934, 
0.965]

Phase ✻ Laterality ✻ CS 
Type

2, 
56

1.622 .212a 0.055 [0, 0.152]

a Greenhouse–Geisser corrected p-value.

Fig. 2. Group means and standard errors of SCR amplitude (z-scored) for CS+
(averaged CS+L and CS+R) and CS- as a function of shocked arm, i.e. contra
lateral or ipsilateral, and conditioning phase, i.e. acquisition or reversal. The 2 
(CS Type: CS+, CS− ) × 2 (Phase: acquisition, reversal) × 2 (Laterality: Ipsi
lateral, Contralateral Hand) RM ANOVA showed a main effect of CS Type with 
greater SCR for CS+ relative to CS-, regardless of the arm (n = 20; η²p=

.380). *p<.05.

Table 4 
Results of the 2 (CS Type: CS+, CS− ) × 2 (Phase: acquisition, reversal) × 2 
(Laterality: Ipsilateral, Contralateral Hand) RM ANOVA on skin conductance 
response (n = 20).

Effect df F p η²p 90 % CI η²p

Phase 1, 19 0.170 .685 0.009 [0, 0.157]
Laterality 1, 19 0.477 .498 0.024 [0, 0.204]
CS Type 1, 

19
11.639 .003 0.380 [0.096 

0.568]
Phase ✻ Laterality 1, 19 1.517 .233 0.074 [0, 0.285]
Phase ✻ CS Type 1, 19 1.011 .327 0.051 [0, 0.252]
Laterality ✻ CS Type 1, 19 1.168 .293 0.058 [0, 0.263]
Phase ✻ Laterality ✻ CS 

Type
1, 19 0.287 .599 0.015 [0, 0.179]

F.D. Gregorio et al.                                                                                                                                                                                                                             NeuroImage 332 (2026) 121909 

7 



3.3.3. Correlations between somatomotor alpha and corticospinal 
excitability

Given that both alpha power and corticospinal excitability encode 
predictions about the location of impending pain, we further examined 
their potential relationship during CS+ presentation. Correlation ana
lyses showed a positive relationship between somatomotor alpha and 
MEP amplitudes (Fig. 2E). Greater somatomotor alpha suppression was 
associated with stronger corticospinal inhibition contralateral to the 
expected pain location (contralateral alpha-contralateral corticospinal 
excitability: Pearson r = 0.325, p=.024; ipsilateral alpha-contralateral 
corticospinal excitability: Pearson r = 0.328, p=.023). Additionally, to 
assess whether this coupling differed across learning phases, we con
ducted separate correlations for acquisition and reversal (n = 24). Re
sults showed that the strength of the alpha–MEP relationship was 
comparable across phases: contralateral alpha–contralateral cortico
spinal excitability during acquisition Pearson r = 0.326, and during 
reversal Pearson r = 0.332 (Fisher z = –0.022, p = .491); ipsilateral 

alpha–contralateral corticospinal excitability during acquisition Person 
r = 0.371, and during reversal r = 0.310 (Fisher z = 0.224, p = .411).

In contrast, no significant correlation emerged between somatomo
tor alpha power and corticospinal excitability ipsilateral to the expected 
pain location (all Pearson r < 0.021, all ps>0.892). Overall, these results 
suggest that corticospinal excitability contralateral to the predicted site 
of pain relates to somatomotor alpha activity over both hemispheres, but 
not corticospinal excitability ipsilateral to it. Additionally, they indicate 
that such relationship reflects a stable anticipatory mechanism for 
encoding predicted pain location, rather than a phase-specific phe
nomenon.Fig. 4

3.4. Frontocentral theta supports the updating of predictions of pain 
location

The 2 (CS type: CS+, CS-) x 2 (Phase: acquisition, reversal) RM 
ANOVA on theta power (n = 24, Table 7, Fig. 5) showed a main effect of 

Fig. 3. (A) Alpha power time-frequency plots and topographies for the difference between CS+ (averaged CS+L and CS+R) and CS-. A significant cluster of dif
ferential activation is observed during both acquisition and reversal, but only in the somatomotor electrode contralateral to the expected pain location. C3 and C4 
electrodes were analyzed; all contralateral activity is represented in the left hemisphere and ipsilateral activity in the right hemisphere. Black boxes denote regions of 
statistically significant permutation test (*p<.05, Bonferroni corrected) between conditions. The 2 (CS Type: CS+, CS− ) × 2 (Phase: acquisition, reversal) × 2 
(Laterality: Ipsilateral, Contralateral Hemisphere) RM ANOVA showed a significant CS Type x Laterality interaction, with stronger alpha suppression for CS+ than 
CS- over the hemisphere contralateral to the predicted shock location, regardless of phase (n = 24; η²p= .159). (B) Group means and standard errors of MEP 
amplitude (z-scored) for the difference between CS+ (averaged CS+L and CS+R) and CS- as a function of hemisphere, i.e. contralateral or ipsilateral and conditioning 
phase, i.e. acquisition or reversal. Corticospinal excitability is reduced when probed from the hemisphere contralateral to the expected pain location. The 2 (CS Type: 
CS+, CS− ) × 2 (Phase: acquisition, reversal) × 2 (Laterality: Ipsilateral, Contralateral Hemisphere) RM ANOVA showed a significant CS Type x Laterality interaction, 
with greater corticospinal inhibition for CS+ than CS- when CSE was probed from the hemisphere contralateral to the predicted shock location, regardless of phase (n 
= 29; η²p= .469). *p<.05.

Table 5 
Results of the 2 (CS Type: CS+, CS− ) × 2 (Phase: acquisition, reversal) × 2 
(Laterality: Ipsilateral, Contralateral Hemisphere) RM ANOVA on somatomotor 
alpha power (n = 24).

Effect df F p η²p 90 % CI η²p

Phase 1, 
23

15.116 < 
0.001

0.397 [0.133, 
0.569]

Laterality 1, 
23

7.413 .012 0.244 [0.033, 
0.444]

CS Type 1, 
23

4.713 .040 0.170 [0.004, 
0.375]

Phase ✻✻ Laterality 1, 
23

4.331 .049 0.158 [0.0005, 
0.364]

Phase ✻ CS Type 1, 
23

0.047 .831 0.002 [0, 0.090]

Laterality ✻✻ CS Type 1, 
23

4.364 .048 0.159 [0.001, 
0.364]

Phase ✻ Laterality ✻ CS 
Type

1, 
23

0.121 .732 0.005 [0, 0.123]

Table 6 
Results of the 2 (CS Type: CS+, CS− ) × 2 (Phase: acquisition, reversal) × 2 
(Laterality: Ipsilateral, Contralateral Hemisphere) RM ANOVA on motor evoked 
potentials (n = 29).

Effect df F p η²p 90 % CI η²p

Phase 1, 
28

1.819 .188 0.061 [0, 0.232]

Laterality 1, 
28

13.313 .001 0.322 [0.097, 
0.497]

CS Type 1, 
28

11.633 .002 0.294 [0.076, 
0.473]

Phase ✻ Laterality 1, 
28

1.414 .244 0.048 [0, 0.212]

Phase ✻ CS Type 1, 
28

2.210 .148 0.073 [0, 0.248]

Laterality ✻✻ CS Type 1, 
28

24.764 < 
0.001

0.469 [0.227, 
0.614]

Phase ✻ Laterality ✻ CS 
Type

1, 
28

0.190 .666 0.007 [0, 0.119]
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Phase, with greater theta power for reversal (MM=25.479, SE=3.26) 
than acquisition (MM=22.86, SE=2.95). In contrast, the main effect of 
CS type or CS X Phase interaction was not significant, thus no evidence 
was found that frontocentral theta discriminated threat of pain from 
safety, during either the acquisition or reversal (see also supplementary 
materials for trial-by-trial analyses and a statistical comparison of theta 
response between early and late reversal segments).

3.5. Somatomotor alpha and frontocentral theta form a functional 
network for pain prediction

During CS+ presentation in the acquisition phase, Granger causality 
analyses (n = 24) showed a unidirectional connectivity from somato
motor to frontocentral electrodes (Fig. 2F), with somatomotor alpha 
activity predicting frontocentral theta activity (t(23) = 2.27, p = .032, 
d = 0.475). No significant connectivity was observed in the opposite 
direction, with frontocentral theta failing to predict somatomotor alpha 
activity (t(23) = 1.37, p = .183, d = 0.286).

In contrast, during CS+ presentation in the reversal phase, a bidi
rectional connectivity loop emerged between somatomotor and fronto
central electrodes (Fig. 2F). Somatomotor alpha activity continued to 
predict frontocentral theta activity (t(23) = 2.07, p = .049, d = 0.433), 
while frontocentral theta activity also significantly predicted somato
motor alpha activity (t(23) = 2.46, p = .022, d = 0.513). Importantly, 
these connectivity effects were observed exclusively during CS+ pre
sentation and were absent during CS− trials (all ps > 0.071).

These results demonstrate a robust interaction between somatomo
tor and frontocentral activity during pain anticipation and for the 
acquisition and reversal of predictions related to the expected pain 
location on the body. Notably, while during acquisition only alpha ac
tivity influenced theta activity, during reversal, when pain predictions 
required updating due to a change in terms of CS-US spatial contin
gencies, also theta activity influenced alpha activity.Fig. 6

3.6. Discussion

This study investigated the neural mechanisms by which the pain 
network learns to predict the occurrence and bodily location of 
impending pain, and to update such predictions when contingencies 
change. To this aim, participants completed a Pavlovian threat condi
tioning paradigm in which they learned that different visual cues pre
dicted lateralized painful shocks to the left or right arm, while a third 
cue never predicted pain. After acquisition, a reversal phase followed in 
which cue-shock associations were switched. Neural and autonomic 
responses were recorded to track the acquisition and updating of 
location-tuned pain predictions using electroencephalography, skin 
conductance response, and double-coil transcranial magnetic stimula
tion to measure corticospinal excitability, both contralateral and ipsi
lateral to the anticipated pain location.

Our findings show that dissociable, yet complementary neural net
works support pain prediction. The first is a network that enables a 
generalized state of threat preparedness, reflected in autonomic arousal, 
while the second is a spatially tuned somatomotor network that encodes 
the expected location of impending pain to support context-sensitive 
motor adjustments. In addition, a frontocentral network promoted the 
updating of pain predictions during contingency reversal. Together, 
these systems formed a dynamic predictive network for pain 
anticipation.

In detail, skin conductance responses (SCRs), reflecting sympathetic 
nervous system activity, encoded the imminent occurrence of pain, but 
lacked spatial specificity (i.e., no lateralized responses were observed). 
Indeed, SCR reliably showed increased amplitude during pain antici
pation, consistent with previous research (Lonsdorf et al., 2017; Ojala 
and Bach, 2020), confirming the effectiveness of our paradigm in elic
iting anticipatory threat responses. Crucially, however, SCRs increased 
bilaterally and did not differentiate between pain locations or their 

Fig. 4. Scatterplots representing the correlations between somatomotor alpha 
power and corticospinal excitability. Pearson’s correlations showed that greater 
somatomotor alpha suppression was associated with stronger corticospinal in
hibition contralateral to the expected pain location (contralateral alpha- 
contralateral CSE: r = 0.325; ipsilateral alpha-contralateral CSE: r = 0.328), 
but not with corticospinal excitability ipsilateral to it (all r < 0.021). *p<.05.

Table 7 
Results of the 2 (CS Type: CS+, CS− ) × 2 (Phase: acquisition, reversal) RM 
ANOVA on frontocentral theta power (n = 24).

Effect df F p η²p 90 % CI η²p

Phase 1, 23 10.111 .004 0.305 [0.066, 0.496]
CS Type 1, 23 0.301 .589 0.013 [0, 0.134]
Phase ✻ CS Type 1, 23 0.002 .961 1.043 × 10–4 [0, 0]

Fig. 5. Theta power time-frequency plot and topography for the difference 
between acquisition and reversal. A significant cluster of differential activation 
is observed over the frontocentral electrode (Fz). Black boxes denote regions of 
statistically significant permutation test (*p<.05, Bonferroni corrected) be
tween conditions. The 2 (CS type: CS+, CS-) x 2 (Phase: acquisition, reversal) 
RM ANOVA showed a main effect of Phase with greater theta power for reversal 
than acquisition (n = 24; η²p= .305).
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change during reversal. This pattern is consistent with accounts positing 
that SCRs track the motivational salience or threat value of predicted 
events, rather than their sensory attributes (Zhang et al., 2016). Indeed, 
while previous reversal-learning studies have demonstrated the sensi
tivity of SCRs when cues acquire or lose threat value (i.e. CS+ to CS- 
reversal), our design required participants to update predictions con
cerning the location—but not the value—of the cues. In this context, 
SCRs remained insensitive to the spatial dimension, supporting the 
interpretation that autonomic responses reflect a generalized state of 
(threat) preparedness, encoding the motivational value but not the 
detailed sensory features of impending (painful) outcomes (Pool et al., 
2023, 2019; Zhang et al., 2016).

In contrast to autonomic arousal, somatomotor alpha oscillations 
and corticospinal excitability (CSE) demonstrated precise spatial tuning 
to the predicted pain location. Alpha suppression and CSE reduction 
were consistently stronger over the hemisphere contralateral to the ex
pected shock, directly reflecting the side of the body where pain was 
expected. Additionally, both markers were flexibly modulated when 
cue–pain contingencies were reversed, showing plastic adaptation to the 
current contextual demands. Remarkably, these markers were func
tionally coupled, showing a significant positive correlation with greater 
alpha suppression relating to stronger corticospinal inhibition. These 
results corroborate the role of these neural markers in pain anticipation 
(Betti et al., 2024; Dalbagno et al., 2025; Pirazzini et al., 2023; Starita 
et al., 2023a). Crucially, they also advance previous work by demon
strating their flexible tuning to the specific location of the predicted 
pain, during both acquisition and reversal, and their potential functional 
coupling during pain anticipation.

Somatomotor alpha suppression has been associated with enhanced 
cortical excitability (Romei et al., 2010, 2008a, 2008b) and attentional 
orienting (e.g., Posner (Friston and Kiebel, 2009; Klimesch, 2012; 
Trajkovic et al., 2023)). In particular, in spatial prediction contexts, 
stronger pre-stimulus suppression in the hemisphere contralateral to an 
expected stimulus is thought to indicate heightened attentional orien
tation towards the predicted stimulus location (Friston and Kiebel, 2009; 
Klimesch, 2012; Trajkovic et al., 2023). Similarly, previous studies in the 
context of threat conditioning found stronger alpha-band suppression in 
occipitoparietal and somatomotor regions during cue presentation, 
indicating a state of sustained vigilance during threat detection 
(Bacigalupo and Luck, 2022; Chien et al., 2017; Panitz et al., 2019; 
Pirazzini et al., 2023; Shner-Livne et al., 2025; Starita et al., 2023a). 
Thus, rather than reflecting a pain-specific response, these effects may 
index spatially selective anticipatory processes that are here engaged 
during pain anticipation. In particular, the lateralization of somatomo
tor alpha suppression may reflect the mobilization of attentional re
sources of the somatomotor system toward the expected site of pain, to 
possibly limit responses that could exacerbate harm. In our experimental 
setting, where pain could not be avoided or acted upon, the concurrent 
reduction in CSE may serve an adaptive role by limiting reflexive or 

maladaptive movements that could worsen the experience of the 
impending pain. This suggests that the observed corticospinal inhibition 
may reflect a predictive defensive adjustment, rather than preparation 
for overt movement. This aligns with predictive coding models of pain 
(Seymour and Mancini, 2020; Song et al., 2021; Tabor et al., 2017; 
Tabor and Burr, 2019), which propose that the nervous system contin
uously updates and maintains priors about potential harm to optimize 
protective behavior. Our findings also extend previous evidence from 
studies probing CSE during and after acute experimental pain (Bank 
et al., 2013; Burns et al., 2016; Chowdhury et al., 2022; Rohel et al., 
2021) to the anticipatory phase, showing a similar reduction in CSE. 
Critically, we also show that this inhibitory corticomotor response is 
flexibly modulated when cue–pain contingencies are reversed, poten
tially acting as an adaptive mechanism to protect the pain-afflicted area 
(Hodges and Tucker, 2011). The correlation between alpha suppression 
and CSE inhibition suggests a functionally integrated somatomotor 
predictive system that fine-tunes its activity in anticipation of localized 
acute pain. Thus, when sensory cues signal the likelihood of imminent 
pain, somatomotor alpha suppression may orient attentional and 
perceptual resources toward the expected threat location, whereas CSE 
inhibition may fine-tune motor activity to minimize reflexive move
ments and reduce the potential for further pain. Importantly, the later
alized somatomotor effects observed here may overlap with 
well-established mechanisms of spatial attention and anticipatory ori
enting. Rather than reflecting a pain-specific code in isolation, these 
effects likely index spatially selective anticipatory processes that are 
engaged when pain is predicted. From a predictive coding perspective, 
pain anticipation may recruit domain-general attentional and motor 
systems to bias processing toward the threatened body location, thereby 
supporting adaptive defensive behavior.

While SCR, alpha, and CSE modulations were observed across both 
acquisition and reversal, frontocentral theta power selectively increased 
during reversal, marking the updating of previously learned spatial 
predictions. This effect did not reflect pain anticipation per se, as it 
emerged when contrasting reversal to acquisition, regardless of cue 
type, i.e. pain or safety predictive cue. Instead, the increase in fronto
central theta power supported the revision of internal predictive models 
when spatial pain contingencies changed. This result diverges from prior 
studies that linked theta to threat vs. safety discrimination or fear 
expression during either threat conditioning acquisition, reversal or 
recall (Bierwirth et al., 2023, 2021; Chen et al., 2021; Mueller et al., 
2014; Pirazzini et al., 2023; Shner-Livne et al., 2025; Sperl et al., 2019; 
Starita et al., 2023a). In fact, our results indicate a domain-general role 
for frontocentral theta in predictions updating, consistent with 
well-established theories linking frontocentral theta to cognitive con
trol, conflict monitoring, and internal model updating . Although a 
comparison with a non-pain reversal task would be necessary to more 
clearly establish any domain specificity of theta response, our results 
open the possibility that observed changes in theta power reflect a 

Fig. 6. Granger causality connectivity analysis showed a unidirectional connectivity pathway from the somatomotor to the frontocentral electrodes during acqui
sition (t-test, n = 24, d = 0.475). In contrast, during reversal, a bidirectional connectivity loop was found between somatomotor and frontocentral electrodes (t-test, n 
= 24, alpha → theta: d = 0.433, theta → alpha: d = 0.513).
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domain-general updating mechanism here observed during pain antic
ipation, rather than a pain-specific signal. Future studies could directly 
address this issue by incorporating a non-pain reversal control task, 
enabling to dissociate between domain-general and pain-specific 
contributions.

Connectivity analyses additionally revealed that such pain pre
dictions relied on a dynamic somatomotor–frontocentral network. 
During acquisition, somatomotor alpha activity, contralateral to the 
expected pain, predicted subsequent theta activity, suggesting that 
somatomotor regions conveyed spatial prediction signals to frontocen
tral areas as stimulus-outcome contingency rules were established. 
During reversal, the connectivity became bidirectional. Somatomotor 
alpha likely continued to encode expected pain location while fronto
central theta provided feedback to update these predictions when they 
were violated by the sensory evidence. Given the use of Granger Cau
sality analysis, these findings should be interpreted as reflecting direc
tional statistical dependencies rather than mechanistic causation. 
Additionally, because applying Granger causality to scalp EEG is sus
ceptible to volume conduction and common source artifacts, our results 
should be cautiously interpreted and corroborated by future studies. 
Nevertheless, the transition from unidirectional to bidirectional in
teractions is consistent with a flexible integration of sensory predictions 
with higher-order cognitive updating mechanisms when contingencies 
change.

These findings have implications for understanding adaptive and 
maladaptive pain processing. Spatially specific predictive signals within 
the somatomotor system may contribute to accurate pain localization 
and appropriate defensive responses in healthy individuals; disruptions 
to this system could underlie altered body representations or maladap
tive protective behaviors in chronic pain. Similarly, impaired fronto
central theta dynamics may contribute to the rigidity of maladaptive 
pain predictions observed in persistent pain conditions.

Future studies should explore how individual differences in anxiety, 
vigilance, or pain sensitivity modulate these systems, and how they 
might be altered in clinical pain populations to identify potential targets 
for intervention. Additionally, given that all our participants were right- 
handed, the generalizability of our results to left-handed or mixed- 
handed populations remains open for investigation. Future studies 
should assess whether similar lateralized predictive encoding of pain 
location occurs in non-right-handed individuals, whose hemispheric 
representation and functional organization of sensorimotor network 
may differ.

In conclusion, this study advances current models of nociceptive 
processing, corroborating the predictive nature of the pain network and 
showing that pain anticipation is subserved by multiple, dissociable but 
interacting networks. Autonomic arousal provides a general threat 
signal, while somatomotor regions generate spatially specific pre
dictions that prepare the motor system for defensive response, in concert 
with frontocentral areas, which enable flexible updating of these pre
dictions when contingencies change. Together, these findings support a 
model in which pain anticipation emerges from the coordinated inter
action of general threat-detection mechanisms and spatially tuned 
somatomotor processes, enabling adaptive defensive response in dy
namic environments.
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