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A B S T R A C T

To understand how we evaluate harm to others, it is crucial to consider the offender’s intent and the victim’s 
suffering. Previous research investigating event-related potentials (ERPs) during moral evaluation has been 
limited by small sample sizes and a priori selection of electrodes and time windows that may bias the results. To 
overcome these limitations, we examined ERPs in 66 healthy human adults using a data-driven analytic approach 
involving cluster-based permutation tests. Participants performed an implicit moral evaluation task requiring to 
observe scenarios depicting intentional harm (IHS), accidental harm (AHS), and neutral actions (NAS) while 
judging whether each scenario was set indoors or outdoors. Our results revealed two distinct clusters, peaking at 
~170 and ~250 ms, showing differences between harm scenarios (IHS and AHS) and NAS, suggesting rapid 
processing of the victim’s physical outcome. The difference between IHS and AHS scenarios emerged later, at 
~400 ms, potentially reflecting subsequent evaluation of the agent’s intentions. Source analysis showed that 
brain regions associated with empathy for pain were associated with the earlier peaks at ~170 and ~250 ms, 
while the modulation of the activity of the mentalizing network was presented at ~250 and ~400 ms. These 
findings advance our understanding of the neural mechanisms underlying implicit moral evaluation. Notably, 
they provide electrocortical new insights for models of implicit moral evaluation, suggesting an early neural 
response linked to empathy for pain, with subsequent integration of empathy response with mentalizing pro
cesses, followed by later cognitive evaluations, likely reflecting the assessment of the agent’s moral 
responsibility.

1. Introduction

Mature moral reasoning is a complex process that integrates cogni
tive, emotional, and motivational factors (Decety and Cacioppo, 2012; 
Decety and Howard, 2013; Fittipaldi et al., 2023). When evaluating the 
morality of others’ actions, particularly in situations involving harm, 
two key elements come into play: the intention behind the offender’s 
action and the suffering experienced by the victim (Young et al., 2007; 
Cushman, 2008; Greene, 2009; Reniers et al., 2012; for a review, see 
Buon et al., 2016).

Central to moral evaluation is the process of mentalizing (Knobe, 
2005), which involves constructing cognitive representations of others’ 
mental states and reasoning about their thoughts, beliefs, and emotions 
(Frith and Frith, 2005; Mitchell, 2009; Adolphs, 2009). Neuroimaging 
studies have identified a network of brain regions associated with 
mentalizing during moral judgment tasks, including the 
temporo-parietal junction (TPJ) and medial prefrontal cortex (mPFC) 
(Young et al., 2007; Ciaramelli et al., 2012; Reniers et al., 2012; for a 
review, see Young and Tsoi, 2013). TPJ appears crucial for encoding and 
integrating others’ mental states with task-relevant information (Young 
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and Saxe, 2009a, 2009b), while the mPFC is engaged during the 
perception of moral violations (Greene et al., 2001; Moll et al., 2002) 
and predicts the degree of condemnation toward offenders (Young and 
Saxe, 2009b).

Alongside mentalizing, empathy plays a role in moral evaluation, 
particularly when assessing harm scenarios. Empathy, defined as the 
ability to share and understand others’ emotional experiences (de 
Vignemont and Singer, 2006; Avenanti et al., 2009; Zaki and Ochsner, 
2012), relies on neural resonance mechanisms: when observing some
one else experiencing a sensory or emotional state, the observer’s brain 
exhibits similar patterns of activation, reflecting experience-sharing 
processes (Singer et al., 2004; Avenanti et al., 2005; for a review, see 
Zaki and Ochsner, 2012). Neural resonance encompasses experiences 
related to motor intentions (Tidoni et al., 2013; Avenanti et al., 2018; 
Patri et al., 2020), sensory experiences (Bufalari et al., 2007; Valchev 
et al., 2017), and emotional states (Singer et al., 2004; Azevedo et al., 
2013; Paracampo et al., 2018; for reviews, see Keysers et al., 2010; 
Rizzolatti and Sinigaglia, 2010; Lamm and Singer, 2010). In line with 
that, studies have revealed that perceiving others in pain actives brain 
regions associated with first-hand physical pain, including the anterior 
insula (AI) and the anterior midcingulate cortex (aMCC) (Singer et al., 
2004; Morrison et al., 2004; Botvinick et al., 2005; Jackson et al., 2005; 
Corradi-Dell’Acqua et al., 2011), as well as the sensorimotor cortex 
(Avenanti et al., 2005; Bufalari et al., 2007; Jackson et al., 2006; Benuzzi 
et al., 2018; for reviews, see Riečanský and Lamm, 2019; Bagnis et al., 
2020; Fallon et al., 2020).

Electroencephalography (EEG) studies have provided insights into 
the temporal dynamics of empathic brain response. Seminal research 
using event-related potentials (ERPs) has investigated neural responses 
to stimuli depicting pain applied to different body parts (Fan and Han, 
2008; Decety et al., 2010) or painful facial expressions (Sheng and Han, 
2012; Sheng et al., 2016). These studies suggest an early response to 
painful scenes in frontal electrodes (110–190 ms), which correlates with 
pain ratings and likely reflects experience-sharing processes. This is 
followed by later modulations in central-parietal regions (>300 ms), 
influenced by tasks demands and cognitive evaluation, likely reflecting 
mentalizing processes (Fan and Han, 2008; Decety et al., 2010; for a 
review see Zaki and Ochsner, 2012).

These neuroscientific findings appear in line with a two-component 
model of moral decision-making, as previously proposed for moral di
lemmas (Greene et al., 2001, 2004, 2008; Haidt, 2007). This model 
posits that moral judgment involves prepotent emotional responses 
stemming from automatic evaluation, followed by slower, controlled 
responses – a feature shared by general dual-systems models of 
decision-making (e.g., Kahneman and Frederick, 2002; Loewenstein 
et al., 2008). These theoretical models make a crucial prediction: the 
automatic evaluation of a painful outcome should occur early in time, 
whereas the consideration of the agent’s intention should occur later.

Despite prior attempts to characterize the neural dynamics of moral 
cognition using EEG, to date, direct neurophysiological evidence sup
porting these models remains inconclusive. ERPs studies have reported a 
heterogenous pattern of results, with modulations observed in three 
distinct ERP components related to moral evaluation: N1, P2/N2, and 
Late Positive Potential (LPP) (Decety and Cacioppo, 2012; Yoder and 
Decety, 2014; Pasion et al., 2019; Fernandes et al., 2022; for a review see 
Wagner et al., 2017). The first component, N1, appeared to be influ
enced by the emotional valence of the stimulus (Olofsson et al., 2008; 
Yoder and Decety, 2014; Gui et al., 2016). The second component, P2, 
was associated with viewing moral images compared to immoral ones, 
and high arousal compared to low arousal pictures (Tao et al., 2022), 
while its negative counterpart, N2, was associated with morally good 
actions (Yoder and Decety, 2014). Finally, LPP appeared to be critically 
associated with moral reasoning (Wagner et al., 2017), as its amplitude 
was more pronounced for intentional harm scenarios compared to 
attempted harm scenarios (Gan et al., 2016).

Taken together, these ERP results fit with two-component models of 

moral cognition. However, the lack of consistency across the studies 
makes it difficult to draw clear conclusions about the neural bases of 
moral cognition and hampers the development of a reliable theoretical 
framework for understanding how the brain processes moral informa
tion. The lack of consistency across studies could be attributed to several 
factors, including the relatively small sample size and the heterogenous 
theory-driven approaches for the selection of electrodes and time win
dows of interest in EEG signals.

To address these limitations, in this study, we report ERPs from a 
substantial sample of participants (N = 66) using a data-driven approach 
to EEG analysis. Following the methodology of previous studies (Decety 
and Cacioppo, 2012; Escobar et al., 2014; Yoder and Decety, 2014; 
Hesse et al., 2016), using a more extensive and validated set of stimuli 
(Spaccasassi et al., 2023), we presented participants with three 
consecutive and rapid frames depicting Intentional Harm Scenarios 
(IHS), Accidental Harm Scenario (AHS), and Neutral Action Scenarios 
(NAS), which allowed us to assess experience-sharing and mentalizing 
processes in the brain (Baez et al., 2014; Zaki and Ochsner, 2012). 
Participants engaged in an implicit moral evaluation task, where they 
observed these scenarios while performing an unrelated attentional task. 
Then, at the end of the experiment, participants were required to assess 
the moral permissibility, malicious intentionality, and perceived phys
ical pain associated with the actions depicted in the experimental 
videoclips.

We expected to find a modulation of ERPs across the earlier temporal 
windows identified in prior research (i.e., N1, N2/P2) when watching 
harmful scenarios (i.e., IHS and AHS) compared to innocuous actions (i. 
e., NAS), possibly reflecting fast processing of painful outcomes. In line 
with that, we also expected to find a slower differential response to IHS 
compared to AHS, reflecting later processing of the agent’s intention. 
Finally, we utilized source analysis to estimate potential neural gener
ators of our ERP components, aiming to provide a comprehensive un
derstanding of the spatiotemporal dynamics of implicit moral 
evaluation.

2. Materials and methods

We report how we determined our sample size, all data exclusions, 
all inclusion/exclusion criteria, whether inclusion/exclusion criteria 
were established prior to data analysis, all manipulations, and all mea
sures in the study. Materials and data for the study are available at htt 
ps://osf.io/hnx9d/. No part of the study procedures or analyses was 
preregistered prior to the research being conducted.

2.1. Participants

66 participants (22 males; mean age ± SD: 23.75 y ± 2.14) took part 
in the experiment. All participants were right-handed, had normal or 
corrected-to-normal vision, and were naïve to the purpose of the 
experiment. Participants provided written informed consent. The study 
procedures received approval from the Bioethics committee at the 
University of Bologna and adhered to the ethical standards outlined in 
the 1964 Declaration of Helsinki (World Medical Association, 2013).

2.2. Main experiment

Participants were seated in a quiet, dimly lit room, approximately 60 
cm away from a 15″ computer screen. They were instructed to watch 36 
videoclips validated in a previous study (Spaccasassi et al., 2023; see its 
Supplementary Material for validation data). Each videoclip consisted of 
three frames featuring two characters in three conditions: i) IHS, 
showing an active character (the agent) intentionally harming a passive 
character (the victim; Intentional Harming Scenario); ii) AHS, where the 
agent unintentionally harmed the victim; Accidental Harming Scenario; 
iii) NAS, showing neutral interaction between the two characters 
(Neutral Action Scenario). Importantly, IHS involved the agent’s 
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negative intent and a negative outcome for the victim, while AHS 
featured neutral intent but still resulted in a negative outcome for the 
victim. NAS had both neutral intent and outcome. The actors’ faces were 
not visible, and the agent’s action never resulted in the victim’s death. 
Each trial began with a 3000-ms fixation cross in the center of the 
screen. Then, the videoclips were presented in three consecutive frames: 
(i) introducing the characters and setting (500 ms); (ii) revealing the 
agent’s intention through their actions (200 ms); (iii) showing the 
outcome of the action on the victim (2000 ms) (Fig. 1). Scenarios were 
presented in a random order.

EEG was continuously recorded throughout the experiment. During 
the third frame, in a timing varying between 200 and 1200 ms from its 
onset, a pulse of transcranial magnetic stimulation (TMS) was admin
istered over a target area (right and left TPJ or right primary somato
sensory cortex). Importantly, there was an approximately 10-s inter- 
pulse interval between trials to prevent cumulative changes in neural 
activity due to TMS delivery (Valero-Cabré et al., 2017). ERPs analyzed 
in the presented study focused on EEG signal uncontaminated by TMS 
(see below), and TMS effects on EEG signal will be the focus of separate 
publications. Furthermore, additional analyses were conducted to 
ensure that our ERP results were not influenced by any TMS-related 
effects (see Supplementary Material for further details).

After presenting each scenario, participants had to report where the 
scene took place, indoors or outdoors, by pressing two keys of a 
keyboard with their right hand. All participants scored with >95% ac
curacy ensuring they paid attention to the task. Following the response, 
feedback was displayed on the screen for 2000 ms, followed by a 1000 
ms blank screen, marking the end of the trial. Each videoclip was 
repeated 8 times, resulting in 288 trials (96 per condition). Every 72 
trials participants could have a break. The whole experiment lasted 50 
min. The study was programmed using PsychtoolBox (Brainad &Vision, 
1997) within Matlab R2019b (MathWorks Inc.) to control EEG events 
and trigger the TMS.

2.3. Subjective assessment

After the main experiment, participants were reintroduced to the 
same scenarios, presented in a random order, and asked to evaluate 
them using a modified version of the Empathy for Pain Task (EPT) (Baez 
et al., 2012, 2013, 2014; Couto et al., 2013; Spaccasassi et al., 2023). 
Each trial started with a white fixation cross lasting 300 ms, followed by 
the first frame (500 ms), the second frame (200 ms), and the third frame 
(1000 ms). At the end of each videoclip, participants were asked to rate, 
on a 9 points Likert scale, the degree to which they thought (i) the 
passive character felt physical pain as a result of the agent’s action 
(Victim’s physical Pain; 1 = not at all, 9 = completely); (ii) the agent’s 
intention was malicious (Malicious Intention; 1 = not at all, 9 =
completely); (iii) the agent’s action was morally permissible (Moral 
Permissibility; 1 = not at all, 9 = completely). The whole assessment 
lasted 10 min. The experiment was programmed using PsychToolBox 
running in Matlab.

2.4. EEG recording

EEG signal was acquired using a BrainAmp DC EEG amplifier 
(BrainProducts GmBH, Germany) with 64 sintered active electrodes 
(ActiCHamp ActiCAP, Germany) mounted on an elastic cap according to 
the 10/20 coordinate system. Reference and ground electrodes corre
sponded to FCz and Az electrodes, respectively. The impedance level 
was kept below 10Ω for each electrode. The sampling rate was set at 
1000 Hz.

2.5. EEG preprocessing

EEG data were analyzed using Matlab R2019b and Fieldtrip (htt 
p://www.fieldtriptoolbox.org) (Oostenveld et al., 2011), following the 
processing pipeline outlined by Herring et al. (2015) (http://www.fiel 
dtriptoolbox.org/tutorial/tms-eeg/). Initially, the EEG signal was 
segmented into 3000-ms epochs, ranging from − 2000 ms to 1000 ms 

Fig. 1. Experimental procedure. Each trial began with a 3000-ms fixation cross, followed by the videoclip consisting of three frames: first frame (500 ms), second 
frame (200 ms) and third frame (2000 ms). Subsequently, an unrelated question appeared on the screen and remained visible until participants provided their 
responses. Afterward, visual feedback was displayed for 2000 ms. Finally, each trial ended with a 1000 ms blank screen. The three frames of the scenarios depict, 
from left to right: IHS, AHS, and NAS.
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after the onset of the first frame. These epochs fully covered the pre
sentation of the first and second frames and included only the initial 300 
ms of the third frame (for further details refer to the Main Experiment 
section). This approach minimized the impact of TMS pulse-related EEG 
noise, as TMS pulse could occur randomly between 200 ms and 1200 ms 
after the onset of the third scenario. Approximately 8% of trials con
taining TMS artifacts were excluded, relying on the verification of TMS 
delivery timing in each trial, ensuring precise artifact removal. Addi
tionally, 6% of trials were rejected using the criterium of 104 variance 
thresholds (for similar procedures see Zanon et al., 2018; Spaccasassi 
et al., 2022). Independent Component Analysis (FastICA) was employed 
to identify and discard bad components reflecting cranial muscle arti
facts (Korhonen et al., 2011), eye-blinks, and saccades (Jung et al., 
2000) through visual inspection (total rejection rate: <5%). The EEG 
signal was re-referenced to the channel average and downsampled to 
500 Hz. A band-pass filter was applied (0.01–35 Hz). Subsequently, 
time-locked analysis was performed on the processed EEG signal to 
extract event-related potentials (ERPs). ERPs were baseline-corrected 
using a 300-ms absolute baseline window (from − 301 to − 10 ms) 
taken from the fixation cross. Finally, grand averages across trials and 
participants were computed for each experimental condition.

2.6. Subjective evaluations analysis

To analyze subjective evaluations, three repeated-measures analyses 
of variance (ANOVAs) were employed, with the within-subject factor 
Scenario with 3 levels (IHS, AHS, and NAS). Post-hoc comparisons were 
conducted using the Bonferroni correction, while effect sizes were esti
mated by computing partial-eta2 (ηp

2). All behavioral analyses were 
performed with R software 3.6.2 (R Core Team, 2021) using Jamovi 
2.3.12 (Şahin and Aybek, 2019).

2.7. EEG analysis

We employed within-subject cluster-based permutation tests. Spe
cifically, we compared IHS vs. AHS, IHS vs. NAS, and AHS vs. NAS using 
Montecarlo computation in Fieldtrip (Maris and Oostenveld, 2007). 
Clusters were defined as collections of two or more neighboring elec
trodes where the t-statistic at a specific time point exceeded a threshold 
of p < 0.001 (two-tailed paired samples t-test). We performed 
cluster-based permutation tests for each comparison based on 1000 
random permutations, maintaining an alpha level below 0.05. We con
ducted these analyses by focusing on the time window corresponding to 
the first frame of the video (i.e., 0–500 ms). While prior research has 
explored how naturalistic viewing conditions influence neural process
ing of dynamic stimuli (Welke and Vessel, 2022), our approach aimed to 
minimize temporal variability that could influence ERP responses. 
Although this approach may reduce the ecological validity of the results, 
employing static images ensured consistent temporal alignment across 
all responses, thereby increasing the signal-to-noise ratio.

For effect size estimation (Cohen’s d) related to each significant 
cluster, we selected data from specific channels and time-points identi
fied as significant in the permutation test.

2.8. Regression analyses

As detailed in the results section, we identified three main ERP peaks 
within the significant clusters: two occurring around 170 and 250 ms, 
which differentiated painful (AHS and IHS) from non-painful (NAS) 
scenes; and a third peak around 400 ms, which distinguished between 
IHS and AHS. Specifically, for the early indices, we calculated the mean 
voltage of IHS and AHS relative to NAS at 170 and 250 ms using the 
following formulas: 

Δ170=
IHS170 + AHS170

2
− NAS170 

Δ250=
IHS250 + AHS250

2
− NAS250 

For the late index, associated with the discrimination of intentions, 
we computed the mean voltage at 400 ms related to the IHS vs. AHS 
difference as it follows: 

Δ400= IHS400 − AHS400 

Thus, the first two indices (Δ170 and Δ250) captured early neural 
responses to the perception of the victims’ pain, tapping into experience- 
sharing processes, whereas the later index (Δ400) was associated with 
understanding the agents’ intentions, thereby reflecting mentalizing 
processes.

To explore the relationships between electrophysiological and 
behavioral data, we conducted three regression models, using physical 
pain and malicious intentionality ratings as predictors for each of the 
three ERP indices. For each model, we computed a behavioral index 
corresponding to the respective ERP index. Specifically, to test whether 
physical pain and malicious intentionality ratings predicted ERP peaks 
associated with the perception of others’ pain (Δ170 and Δ250), we 
used the difference between the mean ratings of painful scenes (IHS and 
AHS) and non-painful scenes (NAS) for both measures. Conversely, to 
test whether physical pain and malicious intentionality predicted ERP 
peaks associated with understanding others’ intentions (Δ400) we used 
the difference between IHS and AHS scores for each rating as predictors.

2.9. Source estimation

To estimate ERP activity at the source level we used the Brainstorm 
toolbox (http://neuroimage.usc.edu/brainstorm; Tadel et al., 2011). For 
the forward solution modeling, we used the OpenMEEG BEM algorithm 
(Gramfort et al., 2010) with 15002 vertices and the ICBM 152 as a 
template anatomy. The noise covariance matrix was calculated using the 
baseline epochs (from − 301 to − 10 ms). Inverse solution estimation was 
conducted using Minimum Norm Imaging (MNI) normalization (Baillet 
et al., 2001) with sLORETA (Standardized Low Resolution Brain Elec
tromagnetic Tomography; Pascual-Marqui, Michel and Lehmann, 1994), 
and was restricted to the cortical surface using a constrained dipole 
direction. Data were rectified and spatially smoothed with a Gaussian 
kernel with a Full-Width Half Maximum (FWHM) of 3 mm. To identify 
the source of the effects observed at the sensor level, we conducted 
paired-sample t-tests on selected regions of interest (ROIs) and 
whole-brain levels at three specific time points: 170 ms, 250 ms, and 400 
ms following stimulus onset, corresponding to the three main ERP peaks 
(see Results). The first two timepoints reflect the discrimination between 
painful (IHS and AHS) and non-painful (NAS) scenarios, while the later 
timepoint reflects the discrimination between IHS and AHS. To account 
for multiple comparisons, we applied the False Discovery Rate (FDR) 
correction.

We selected 10 different ROIs subdivided into two sets: i) the bilat
eral aMCC, insula and supramarginal gyrus (SMG), as these brain re
gions are mostly associated with self-pain and pain empathy, following 
Fallon’s meta-analysis (Fallon et al., 2020); ii) the bilateral TPJ and 
vmPFC, as these areas are associated with mentalizing and, conse
quently, with the processing of moral cognition, as reported by Bzdok’s 
meta-analysis (Bzdok et al., 2012). To determine our ROIs, we identified 
coordinates reported in previous meta-analyses and selected brain re
gions based on the use of the Brainnetome Atlas (Fan et al., 2016). For 
ROI analysis, we conducted a comparison based on the maximum values 
among all vertices contained within the specific ROI (Arutiunian et al., 
2022). Due to potential ambiguities in interpreting signs in source 
estimation, significance was interpreted based on temporal and spatial 
effects, without considering the direction (Stropahl et al., 2018). 
Consequently, all statistical values will be reported in absolute terms.
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3. Results

3.1. Cluster-based Permutation Tests on ERPs

We identified six significant clusters when comparing conditions. In 
each comparison, we detected two clusters with opposite polarity, one 
with positive voltages located posteriorly and another with negative 
voltages located anteriorly.

IHS vs. NAS: we observed a left posterior cluster in the 121–419 ms 
time window (p < 0.001; Cohen’s d = − 0.68; Fig. 2a), and a mostly left 
central cluster emerging later in the 241–500 ms time window (p <
0.001; Cohen’s d = 0.54; Fig. 2b), both showing larger voltages for NAS 
compared to IHS (mean voltage ± S.D. in the posterior cluster: IHS: 4.6 

± 2.2 μV; NAS: 5.1 ± 2.3; central cluster: IHS: − 3.5 ± 1.7 μV; NAS: − 3.9 
± 1.7 μV).

AHS vs. NAS: we observed a posterior cluster in the 169–500 ms 
time window (p < 0.001; Cohen’s d = − 0.94; Fig. 2c), and a central 
cluster in the 159–500 ms time window (p < 0.001; Cohen’s d = 0.99; 
Fig. 2d), both showing larger voltages for NAS than for AHS (posterior 
cluster: AHS: 5.5 ± 2.4 μV; NAS: 6.3 ± 2.5 μV; central cluster: AHS: − 2.8 
± 1.3 μV; NAS: − 3.3 ± 1.3 μV).

IHS vs. AHS: we observed a mostly left posterior cluster (p < 0.001; 
Cohen’s d = 0.66), and a right central cluster (p < 0.001; Cohen’s d =
− 0.50), both starting at 333 ms, continuing throughout the time window 
of interest (333–500 ms) and showing greater voltages for IHS than for 
AHS (posterior cluster: IHS: 7.0 ± 3.1 μV; AHS: 6.39 ± 3.1 μV; Fig. 2e; 

Fig. 2. Significant ERPs emerging from cluster-based permutation tests. The IHS vs NAS comparisons showed two significant clusters (a) one over left posterior 
electrodes (TP9, CP5, P3, P7, O1, TP7, P1, P5, PO7, PO3) in the 121–419 ms time-window and (b) the other over left central electrodes (Fz, F3, FC5, FC1, CP1, Cz, 
AF3, F1, F5, FC3, C1, CPz) in the 241–500 ms time-window. In both clusters, IHS ERPs were smaller than NAS ERPs. The AHS vs NAS comparisons showed two 
significant clusters (c) one over posterior electrodes (T7, TP9, CP5, P3, P7, O1, Oz, O2, TP7, P5, PO7, PO3, POz, PO4, PO8) in the 169–500 ms time window and (d) 
the other over central electrodes (Fz, F3, FC1, C3, CP1, CP2, Cz, C4, T8, FC6, FC2, AF3, F1, FC3, C1, CPz, C6, FT8, F6, F2, AF4). In both clusters, AHS ERPs were 
smaller than NAS ERPs. The IHS vs AHS comparisons showed two significant clusters in the 333–500 ms time-window, (e) over posterior electrodes (Pz, P3, P7, O1, 
Oz, O2, CP3, P1, P5, PO7, PO3, POz, PO4) and (f) over right central electrodes (P8, AF4, AF8, F6, FT8, FC4, C6, TP8, F8, F4, FC6, T8, C4, TP10). In both clusters, IHS 
ERPs were larger than AHS ERPs. In all panels, shaded bands indicate standard errors around the mean and the grey areas highlight the time windows in which the 
analysis showed significant differences. Significant sensors are highlighted in the scalp maps, and violin plots and boxplots of ERP amplitudes are shown, with light 
grey lines connecting subject observations in the two conditions. IHS is represented in blue color, AHS in magenta, and NAS in green. The significance level is shown 
by asterisks (***p < 0.001).
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central cluster: IHS: − 2.8 ± 2.1 μV; AHS: − 2.2 ± 2.0 μV; Fig. 2f).

3.2. Source analysis

Source analysis was conducted on the three main ERP peaks identi
fied within the six clusters. The ROI analysis conducted on the first peak 
(i.e., at 170 ms, corresponding to the initial EEG activity distinguishing 
between painful vs. non-painful scenarios; Fig. 2a–c, d) revealed mod
ulation in two empathy-related ROIs, specifically the left SMG (t = 3.5) 
and the right insula (t = 2.7), where the mean activity during IHS and 
AHS differed from NAS (all p < 0.05, FDR corrected; Fig. 3a). No other 
significant modulation was observed across empathy or mentalizing 
ROIs. Whole brain analysis conducted on the same peak did not yield 
significant results (Fig. 4a).

The ROI analysis conducted on the second peak (i.e., at 250, aligning 
EEG activity discriminating between painful vs. non-painful scenarios, 
Fig. 2a, b, c, d) showed modulation in several empathy ROIs, including 
the left aMCC (t = 2.5), the left (t = 6.4) and right (t = 4.8) SMG, and the 
right AI (t = 2.3), where the mean activity during IHS and AHS differed 
from NAS (all p < 0.05; FDR corrected). We also found modulation in two 
mentalizing ROIs, namely the left (t = 8.1) and right (t = 4.9) TPJ (all p 
< 0.05; FDR corrected) (Fig. 3b). The whole-brain analysis also revealed 
an extended bilateral network involved in higher-order visual process
ing of social cues, encompassing the lateral occipitotemporal cortex and 
the inferotemporal cortex, and the concurrent activation of the left 
inferior parietal lobule overlapping with the ventral attentional 
network, as well as activation in the sensorimotor cortices; on the medial 
surface, we observed bilateral activation of the posterior cingulate and 
medial parietal and temporal cortex, overlapping with the DMN; addi
tionally, we observed an activation of the left aMCC and bilateral insula 
extending into the frontal and parietal opercula, involving sensorimotor 
and affective regions classically associated with first-person and 

vicarious experience of pain, with some regions implicated in salience 
processing (all p < 0.05; FDR corrected; Fig. 3b).

The ROI analysis conducted on the third peak (i.e., at 400 ms, cor
responding to the onset of EEG activity distinguishing between the IHS 
and AHS; Fig. 2e and f) did not show any differences across empathy 
ROIs, while results on the moral ROIs, showed differences in the left TPJ 
(t = 3.4, p < 0.05, FDR corrected) (Fig. 3c). Whole-brain analysis on the 
third timepoint showed an activation of the posterior cingulate and 
retrosplenial cortex, the precuneus and medial parietal regions over
lapping with the DMN (Fig. 4c).

3.3. Subjective evaluations

Physical Pain. We found a significant main effect of Scenario (F2,130 
= 1398; p < 0.001; ηp

2 = 0.96; Fig. 5a), showing that pain ratings for AHS 
(M. ± S.D. = 6.24 ± 1.00) and IHS (6.11 ± 1.01) were comparable (p =
0.25) and larger than ratings for NAS (1.03 ± 0.12; all p < 0.001).

Moral Permissibility. We found a significant main effect of Scenario 
(F2,130 = 692; p < 0.001; ηp

2 = 0.91; Fig. 5b), with the three scenarios 
significantly differing from each other (all p < 0.001); the lowest 
permissibility ratings were observed for IHS (2.36 ± 0.95), followed by 
AHS (4.56 ± 1.57), and then NAS (8.58 ± 0.50).

Malicious Intentionality. We found a significant main effect of 
Scenario (F2,130 = 971; p < 0.001; ηp

2 = 0.94; Fig. 5c), indicating that the 
three scenarios significantly differed from each other (all p < 0.001); the 
highest malicious intentionality ratings were attributed to IHS (7.51 ±
0.88), followed by AHS (3.01 ± 0.94), and then NAS (1.31 ± 1.03).

3.4. Relation between electrophysiological results and subjective ratings

We identified three main ERP peaks across the significant clusters. 
Two occurred at ~170 and ~250 ms and distinguished painful (IHS and 

Fig. 3. Source analysis on ROIs. (a) Histograms of the significant activation (absolute t values) resulting from the paired sample t-test on ROIs comparing painful 
(AHS & IHS) and non-painful (NAS) interactions at ~170 ms. (b) Histograms of the significant activation (absolute t values) resulting from the paired sample t-test on 
ROIs comparing painful (AHS & IHS) and non-painful (NAS) interactions at ~250 ms. (c) Histograms of the significant activation (absolute t values) resulting from 
the paired sample t-test on ROIs, comparing IHS and AHS at ~400 ms. Asterisks indicate statistical significance (p < 0.05). (d) ROIs selected from the Brainne
tome atlas.

K. Cenka et al.                                                                                                                                                                                                                                  Neuropsychologia 205 (2024) 109033 

6 



AHS) from non-painful (NAS) scenes, thus reflecting early neural re
sponses to the perception of the victims’ pain (Δ170, Δ250). A third, 
later peak at ~400 ms distinguished between IHS and AHS, thus 
reflecting understanding of agents’ intentions (Δ400).

To explore the relationship between our ERP data and behavioral 
results, each of the three indices was entered into a regression model 
with corresponding indices of physical pain and malicious intentionality 
as predictors.

The initial regression model for the earliest peak (Δ170) did not 
reach statistical significance (R2 = 0.06, F2,63 = 1.98, p = 0.146). 
However, after excluding four statistical outliers with standard residuals 
greater than 2 SD, the regression model became significant (R2 = 0.12, 
F2,59 = 3.92, p = 0.025). Specifically, the pain rating index positively 
predicted the modulation of Δ170 (β = 0.33, p = 0.010, Fig. 6a), while 
the malicious intentionality index did not (β = 0.06, p = 0.61, Fig. 6b). 
Neither the regression model for Δ250 (R2 = 0.06, F2,63 = 2.32, p =
0.11) nor the model for the late peak index (Δ400) reached statistical 
significance (R2 = 0.02, F2,63 = 0.92, p = 0.404).

4. Discussion

In the present study, we used ERPs to investigate the brain dynamics 
associated with implicit moral evaluation of naturalistic scenarios 
depicting harm to a victim. Our findings revealed consistent electro
cortical differences across scenarios, manifesting in two clusters with 
opposite polarities: one distributed over posterior electrodes, displaying 
a positive voltage, and the other over central electrodes, exhibiting a 
negative voltage. Notably, we observed an early ERP difference between 
scenarios involving pain (IHS and AHS, which share a common painful 
outcome) and the scenarios not involving pain (NAS), peaking at ~170 
and ~250 ms over posterior and central clusters. In contrast, the dif
ference between the IHS and AHS (which distinguish from each other in 
terms of intentionality) emerged later, with clear differences at a latency 
of ~400 ms evident across both clusters. These electrophysiological 
results provide support to two-component models of moral decision- 
making (Greene et al., 2001, 2004, 2008; Haidt, 2007), suggesting 
early automatic evaluation and emotional response triggered by the 
observation of painful outcomes, leading to a clear distinction between 
the painful and non-painful scenes around the ~170 and ~250 ms 
peaks, and, subsequently, a later cognitive evaluation of the agents’ 
mental states (i.e., intentions), resulting in a pronounced difference 
around 400 ms from stimulus onset.

Fig. 4. Whole-brain source analysis. (a) Results of paired sample t-test 
comparing painful (AHS & IHS) and non-painful (NAS) interactions at ~170 
ms. (b). Results of paired sample t-test comparing painful (AHS & IHS) and non- 
painful (NAS) interactions at ~250 ms. (c) Results of paired sample t-test 
comparing IHS and AHS at ~400 ms. The absolute values of the significant 
activations (t values, p < 0.05, FDR corrected) are depicted on a template cortex, 
revealing significant broad cortical activation at 250 ms in the comparison 
between painful and non-painful interactions and a subsequent smaller acti
vation at 400 ms when comparing IHS and AHS.

Fig. 5. Box plots depicting subjective evaluations (a.) Physical Pain ratings. (b.) Moral Permissibility ratings. (c.) Malicious Intentionality ratings. For each 
graph, the x-axis represents the three different scenarios (IHS, AHS, NAS) while the y-axis depicts the specific rating score. Significance levels are shown by asterisks 
(***p < 0.001).
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4.1. From experience sharing to mentalizing processes

Correlation analyses showed that the early ERP modulation at ~170 
ms positively predicted physical pain ratings, consistent with prior work 
on pain empathy (e.g., Fan and Han, 2008). Moreover, source recon
struction of this early pain-related response highlighted the involvement 
of the right insula and left SMG, suggesting an activation of affective and 
sensorimotor components of experience-sharing during the vicarious 
perception of others’ pain (Avenanti et al., 2006; Costantini et al., 2008; 
Benuzzi et al., 2018; Gallo et al., 2018; Zhou and Han, 2021; Vitale et al., 
2023; for reviews and meta-analyses, see Lamm et al., 2011; Jauniaux 
et al., 2019; Fallon et al., 2020). These findings are consistent with 
studies showing that the insula and sensorimotor regions predict both 
the intensity of one’s own pain (Kong et al., 2006; Moulton et al., 2012) 
and the pain attributed to others (Bufalari et al., 2007; Avenanti et al., 
2009; Gu et al., 2012).

Interestingly, our source reconstruction also revealed a nuanced 
pattern of dynamic transition between experience-sharing and mental
izing processes. The second peak (~250 ms) showed a broader recruit
ment of affective and sensorimotor empathy networks, including 
modulation of the bilateral SMG, left aMCC, and the right insula (Singer 
et al., 2004; Jackson et al., 2006; Ionta et al., 2020; for a meta-analysis 
see Lamm et al., 2011; for a review see Fallon et al., 2020). Additionally, 
we observed bilateral recruitment of the TPJ and midline regions, sug
gesting that mentalizing networks are engaged in parallel with vicarious 
pain processing (Akitsuki and Decety, 2009; Krishnan et al., 2016), at a 
stage in which outcomes and intentions are likely integrated (Young 
et al., 2007; Young and Saxe, 2009a, 2009b). The concurrent activation 
of SMG and TPJ is particularly significant, as recent discussions propose 
that the SMG, a region implicated in vicarious pain (e.g., Ionta et al., 
2020; Fallon et al., 2020) and anatomically proximate to the TPJ, may 
play a key role in integrating and balancing self and other perspectives 
within experience-sharing mechanisms (for a review see Gamble et al., 
2024). The broad engagement of distinct brain networks at ~250 ms is 
consistent with research on cross-network interactions in naturalistic 
social cognition tasks, which require the simultaneous processing of 
multiple information streams (for a meta-analysis see Maliske et al., 
2023).

During the third peak (~400 ms), which was associated with dif
ferences between IHS and AHS, we observed selectively involvement of 

the left TPJ, a brain region critically implicated in the understanding of 
social intentions (Samson et al., 2004; Ciaramidaro et al., 2007), along 
with other midline regions involved in mental state attribution. This 
pattern possibly reflects the discrimination between malicious and 
innocuous intentions (Young et al., 2007; Young and Saxe, 2009b). 
These results are consistent with the notion that later engagement of the 
TPJ might be related to internal updates based on the contextual sensory 
information (Geng and Vossel, 2013), thereby aiding the integration of 
contextual understanding required for comprehending another person’s 
perspective (Carter et al., 2013; Doricchi et al., 2022; Masina et al., 
2022).

Taken together, these findings expand our understanding of implicit 
moral cognition by illustrating a complex interplay between neural 
mechanisms responsible for experience-sharing and mentalizing. The 
brain’s response is initially dominated by affective and sensorimotor 
resonance with the victim’s pain through experience-sharing mecha
nisms, gradually integrating mentalizing aspects, and moving towards a 
comprehensive evaluation that encompasses both an emotional align
ment with the victim and a cognitive appraisal of the agent’s intention. 
Importantly, our results, although seemingly consistent with the two- 
component model of moral evaluation (Greene et al., 2001, 2004, 
2008; Haidt, 2007), provide significant new insights into a partial 
temporal overlap between these processes. Notably, our findings suggest 
that mentalizing processes, while strongly engaged during discrimina
tion between IHS and AHS occurring later in time (~400 ms), begin 
earlier (~250 ms) and seem to contribute, alongside with the 
experience-sharing processes, in distinguishing painful and non-painful 
interactions (Krishnan et al., 2016). The prompt recruitment of brain 
regions related to the processing of others’ intentions, with the TPJ 
potentially serving as the core area, aligns with a model of a feedback 
loop between experience-sharing and mentalizing systems (Gamble 
et al., 2024) and could be explained by the primeval necessity to predict 
agents’ beliefs by analyzing those social cues depicted in the scenarios 
that can reveal the underlying others’ mental states (e.g., negative state 
in the two painful scenarios).

The extensive simultaneous modulation of brain networks critical for 
mentalizing and experience-sharing likely reflects the complexity of 
social scenarios involving two interacting agents (Akitsuki and Decety, 
2009; for a review, see Gamble et al., 2024). A growing body of research 
indicates that processing rich social scenarios engages multiple 

Fig. 6. Regression analysis between neurophysiological and behavioral data. The graph illustrates the relationship between early neural responses to the 
victims’ pain (Δ170) and subjective evaluations of physical pain (a) and malicious intentionality (b). All indices were calculated as the differences between the mean 
responses to painful scenes (IHS and AHS) and non-painful scenes (NAS).
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cognitive and affective processes simultaneously (for a meta-analysis, 
see Maliske et al., 2023). Studies using naturalistic emotional sce
narios have similarly underscored the involvement of 
experience-sharing and mentalizing networks (Zaki et al., 2007, 2009; 
Decety et al., 2008; Cheetham et al., 2009), suggesting these neural 
systems co-activate and reciprocally influence each other during social 
perception (Paracampo et al., 2017, 2018).

4.2. Comparison with prior ERP research

Prior research has used EEG to investigate the temporal brain dy
namics during the observation of painful and non-painful stimuli, sug
gesting that experience-sharing processes are associated with early ERP 
modulations over fronto-central electrodes (N1, P2/N2), which are 
further influenced by the emotional valence and arousal conveyed by 
the stimuli (Fan and Han, 2008; Olofsson et al., 2008; Yoder and Decety, 
2014; Gui et al., 2016; Tao et al., 2022), while later modulations 
(P3/LPP) are associated with executive control processes that regulate 
the affective experiences (Fan and Han, 2008; Han et al., 2008; Decety 
et al., 2010; Meng et al., 2013; Fan et al., 2014; Galang et al., 2020; Chen 
et al., 2023; for a meta-analysis see Coll et al., 2018). Similar compo
nents have also been associated with moral evaluation, though findings 
remain heterogeneous across studies (Yoder and Decety, 2014; Gan 
et al., 2016; Cui et al., 2016; Tao et al., 2022; Jiang et al., 2022). While 
these studies reported distinct ERP components, either positive or 
negative, over specific electrode clusters and time windows, our study 
revealed a pattern of both positive deflections over the posterior sensors 
and negative deflections over the central sensors, persisting throughout 
the entire investigation window.

Several factors may have contributed to these effects, which were not 
readily apparent with the heterogeneous hypothesis-driven approaches 
typically used in prior ERP studies on moral cognition. These factors 
include a larger sample of participants, a data-driven approach, and the 
use of different scenarios. Regarding this last aspect, previous work on 
empathy for pain often investigated brain responses to decontextualized 
scenarios depicting isolated body parts (e.g., hands) in painful and non- 
painful conditions (Fan and Han, 2008; Han et al., 2008; Meng et al., 
2013 Fan et al., 2014; Galang et al., 2020; Chen et al., 2023) without 
considering the influence of the agent’s intention in moral evaluation. 
Importantly, our study builds on and extends these findings by using 
stimuli depicting painful and non-painful social interactions within 
different contexts (Decety and Cacioppo, 2012; Baez et al., 2012, 2013, 
2014; Spaccasassi et al., 2023), allowing us to investigate brain re
sponses related to observing pain and inferring the agent’s responsibility 
and intentions. Our findings reveal an early recruitment of 
experience-sharing mechanisms that distinguish painful (IHS and AHS) 
from non-painful scenarios (NAS), followed by a later engagement of 
mentalizing processes that discriminate between harmful actions per
formed with (IHS) or without (AHS) a malicious intention. These results 
appear consistent with the notion that the perception of other’s pain 
modulates both early ERP components reflecting automatic emotional 
responses, and later components associated with cognitive evaluation (e. 
g., Fan and Han, 2008; Decety et al., 2010). We show that this pro
gression is bridged by a transitional phase, where emotional resonance 
and cognitive evaluation are integrated during perception of harmful 
scenarios.

Our subjective evaluation results using the modified EPT task (Dec
ety et al., 2011; Baez et al., 2012, 2013, 2014; Couto et al., 2013) are in 
line with a previous study (Spaccasassi et al., 2023). Both IHS and AHS 
were perceived to evoke similar levels of pain intensity, unlike NAS, 
which elicited minimal perceived pain. This suggests that any difference 
observed between IHS and AHS in the present study should not be 
attributed to the pain attributed to the victims. Furthermore, consistent 
with prior research, our behavioral findings suggest that participants 
integrated both intention and outcome information when explicitly 
evaluating moral scenarios (Young et al., 2007; Young and Saxe, 2009b; 

Gan et al., 2016; Spaccasassi et al., 2023). Indeed, although the in
tentions were neutral in both AHS and NAS, the former was perceived to 
have a greater level of malicious intent compared to the latter, possibly 
suggesting that the negative outcomes retrospectively influenced the 
perception of the agents’ intentions. In line with this, participants 
consistently rated IHS as less morally permissible than AHS in moral 
permissibility ratings, despite the presence of a negative outcome in 
both scenarios.

4.3. Limitations and future directions

A key limitation of this study is the lower spatial resolution of EEG 
source estimation compared to other neuroimaging techniques. While 
EEG captures temporal dynamics, its ability to localize brain activity is 
limited. Thus, source reconstructions should be interpreted cautiously, 
and future studies using higher-resolution techniques are recommended.

Our study did not show involvement of the prefrontal cortex, a re
gion crucial for moral reasoning (for a review, see Forbes and Grafman, 
2010) and mentalizing (Cristiano et al., 2023; for a review, see Raichle, 
2015). Neither ROI nor whole-brain analyses showed activation in the 
vmPFC or dorsal sectors of the prefrontal cortex, which are also impli
cated in moral cognition and functionally linked to TPJ (Young et al., 
2007; Krueger and Hoffman, 2016). This null finding may be due to 
methodological factors, as our source estimation focused on three rela
tively early time points (~170 ms, ~250 ms, and ~400 ms), potentially 
preceding full prefrontal cortex involvement. Moreover, we employed 
an implicit moral judgment task, while significant prefrontal cortex 
involvement is often linked to explicit moral judgment (Moll et al., 
2005). Given the limitations of EEG source estimation and the chal
lenges in interpreting null findings, we refrain from drawing strong 
conclusions. Future research could further directly address this issue by 
using an explicit moral judgment task with EEG, as partially different 
neural mechanisms are likely involved in implicit vs explicit tasks (Tao 
et al., 2022; Borgomaneri et al., 2023, 2024).

5. Conclusion

The current study aimed to explore the temporal dynamics of moral 
cognition by recording EEG signal while participants viewed moral 
scenarios. Our findings revealed that painful scenarios, where an agent 
causes physical suffering to a victim either intentionally (IHS) or acci
dently (AHS), result in early ERP modulations. These early modulations 
are linked to the prompt engagement of sensorimotor and affective 
experience-sharing mechanisms, which are then integrated with men
talizing processes. In contrast, the difference between IHS and AHS, 
distinguished solely by the agent’s intention, emerges as a later modu
lation in ERP responses. This later modulation reflects the activation of 
the mentalizing network, highlighting the role of intention in moral 
evaluation. Overall, our findings support a dual model of moral cogni
tion, which posits that both intention and outcome processing shape 
moral judgments. Our study enriches this model by providing insights 
into the temporal dynamics and spatial localization of these processes, 
suggesting an early integration of experience-sharing and mentalizing 
mechanisms. This blending of neural processes underscores the 
complexity of moral cognition and highlights the nuanced interplay 
between different cognitive components in moral judgment.
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Ibánez, A., 2014. Brain signatures of moral sensitivity in adolescents with early 
social deprivation. Sci. Rep. 4, 5354.

Fallon, N., Roberts, C., Stancak, A., 2020. Shared and distinct functional networks for 
empathy and pain processing: a systematic review and meta-analysis of fMRI studies. 
Soc. Cognit. Affect. Neurosci. 15 (7), 709–723.

Fan, Y., Han, S., 2008. Temporal dynamic of neural mechanisms involved in empathy for 
pain: an event-related brain potential study. Neuropsychologia 46 (1), 160–173.

Fan, Y.T., Chen, C., Chen, S.C., Decety, J., Cheng, Y., 2014. Empathic arousal and social 
understanding in individuals with autism: evidence from fMRI and ERP 
measurements. Soc. Cognit. Affect. Neurosci. 9 (8), 1203–1213.

Fan, L., Li, H., Zhuo, J., Zhang, Y., Wang, J., Chen, L., Yang, Z., Chu, C., Xie, S., Laird, A. 
R., Fox, P.T., Eickhoff, S.B., Yu, C., Jiang, T., 2016. The human Brainnetome Atlas: a 

K. Cenka et al.                                                                                                                                                                                                                                  Neuropsychologia 205 (2024) 109033 

10 

https://osf.io/hnx9d/
https://doi.org/10.1016/j.neuropsychologia.2024.109033
https://doi.org/10.1016/j.neuropsychologia.2024.109033
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref1
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref1
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref2
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref2
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref3
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref3
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref3
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref3
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref4
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref4
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref5
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref5
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref5
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref6
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref6
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref6
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref7
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref7
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref7
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref8
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref8
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref8
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref8
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref9
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref9
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref9
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref10
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref10
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref10
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref10
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref11
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref11
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref11
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref11
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref12
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref12
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref12
http://refhub.elsevier.com/S0028-3932(24)00248-3/optPCAW3tCCw7
http://refhub.elsevier.com/S0028-3932(24)00248-3/optPCAW3tCCw7
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref13
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref13
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref13
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref14
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref14
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref14
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref14
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref15
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref15
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref15
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref16
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref16
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref16
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref17
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref18
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref18
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref19
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref19
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref19
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref20
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref20
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref20
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref21
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref21
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref22
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref22
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref22
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref23
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref23
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref24
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref24
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref24
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref24
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref25
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref25
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref25
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref26
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref26
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref26
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref27
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref27
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref27
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref28
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref28
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref28
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref29
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref29
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref29
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref29
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref30
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref30
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref30
http://refhub.elsevier.com/S0028-3932(24)00248-3/opt3lwnLOdS20
http://refhub.elsevier.com/S0028-3932(24)00248-3/opt3lwnLOdS20
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref31
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref31
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref33
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref33
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref34
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref34
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref35
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref35
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref37
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref37
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref37
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref38
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref38
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref40
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref40
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref40
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref41
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref41
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref41
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref41
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref42
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref42
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref42
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref43
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref43
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref44
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref44
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref44
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref45
http://refhub.elsevier.com/S0028-3932(24)00248-3/sref45


new brain atlas based on connectional architecture. Cerebr. Cortex 26 (8), 
3508–3526.

Fernandes, C., Pasion, R., Gonçalves, A.R., Almeida, R., Garcez, H., Ferreira-Santos, F., 
Barbosa, F., Marques-Teixeira, J., 2022. Awareness to utilitarian responses in later 
life: an ERP study with moral dilemmas. Neurosci. Lett. 787, 136824.

Fittipaldi, S., Armony, J.L., García, A.M., Migeot, J., Cadaveira, M., Ibáñez, A., Baez, S., 
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