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ABSTRACT 

Empathy is a critical component of social interaction that enables individuals to understand 

and share the emotions of others. We report a pre-registered experiment in which 240 

participants, including adolescents, young adults and older adults, viewed images depicting 

hands and feet in physically or socially painful situations (vs. non-painful). Empathy was 

measured using imagined pain ratings and EEG mu suppression. Imagined pain was greater 

for physical vs. social pain, with young adults showing particular sensitivity to social pain 

events compared to adolescents and older adults. Mu desynchronisation was greater to pain 

vs. no-pain situations, but the physical/social context did not modulate pain responses. Brain 

responses to painful situations increased linearly from adolescence to young and older 

adulthood. These findings highlight shared activity across the core empathy network for both 

physical and social pain contexts, and an empathic response that develops over the lifespan 

with accumulating social experience. 

 

 

Keywords: empathy; aging; physical and social pain; EEG; sensorimotor mirror system  
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Empathy refers to the ability to share and understand others’ emotional states, thoughts and 

feelings (Davis, 1980), and therefore plays a crucial role in human social behaviour 

(Ferguson & Wimmer, 2023). Empathy can be divided into affective and cognitive branches. 

Affective empathy refers to the ability to share another’s emotional state, including feeling 

compassion for others and experiencing personal distress (i.e., self-focused emotional 

responding; Bailey et al., 2020; Beadle & De La Vega, 2019), whilst cognitive empathy 

involves an evaluation and understanding of another’s experience (thus implicating 

perspective-taking and Theory of Mind (ToM) processes). Both affective and cognitive 

empathy enable accurate responding to social situations (Frith & Frith, 2005; Stietz et al., 

2019). Whilst a great deal of research has been conducted to examine empathic responses 

among healthy young adults, how they develop in infancy, or how they are disrupted in 

clinical disorders, the extent to which empathy responses and neural signatures change over 

the healthy lifespan remains relatively unexplored. In this paper, we examine how the brain’s 

responses to others experiencing pain (i.e., affective empathy) develops from adolescence 

through to young and older adulthood. 

 

Empathising with others in pain 

Neuroscientific research has identified a neural network in the sensorimotor cortex, 

commonly known as the mirror neuron system (Gallese et al., 1996; Pellegrino et al., 1992), 

that is especially active when humans are understanding or imitating others’ actions or 

empathising with others in pain (Arnett et al., 2019; Cattaneo & Rizzolatti, 2009; Ferrari & 

Rizzolatti, 2014; Jackson et al., 2005; Lamm & Majdandžić, 2015; Schulte-Rüther et al., 

2007; Woodruff, 2018). It has been suggested that the mirror neuron system underlies 

empathy because seeing or imagining another person in pain activates our own experience of 

a similar situation, and this generates a shared physiological response (Preston & de Waal, 
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2002). Indeed, brain imaging research has revealed overlapping brain activation patterns over 

the anterior insula (AI) and anterior cingulate cortex (ACC) when people observe others 

experiencing physical pain and when they experience physical pain themselves (Adolphs, 

2009; Craig, 2009; Lamm et al., 2010; Singer et al., 2004). 

Electroencephalography (EEG) provides a reliable means of measuring neural changes 

underlying empathy (Fox et al., 2016; Pineda, 2005; Puzzo et al., 2011; Woodruff, 2018). 

The mu rhythm – which has been proposed to reflect activity of the mirror neuron system 

(Pineda, 2005) – is elicited by the sensorimotor and premotor areas of the brain around the 

central sulcus within the alpha frequency range of 8-13 Hz, and also within the beta 

frequency range of 13-35 Hz. When the sensorimotor areas become activated, the mu rhythm 

is suppressed, known as event-related desynchronisation (ERD; Pfurtscheller & Neuper, 

1997). Observing others’ actions or empathising with them, particularly empathy for pain or 

unpleasant events, creates motor resonance in the sensorimotor and premotor areas of the 

brain which causes suppression of the mu rhythm (Chen et al., 2014; Fabi & Leuthold, 2017; 

Fan et al., 2014; Jackson et al., 2005; Lamm et al., 2011; Lepage & Théoret, 2006; Woodruff 

et al., 2011; Yang et al., 2009). 

Studies that have examined empathy for others’ pain typically present participants with 

static images or short video clips depicting hands and feet in physically painful (e.g., a needle 

piercing skin) and non-painful (e.g., a cotton bud pressing on skin) situations, and have 

revealed consistent evidence that mu desynchronisation is greater in response to painful 

versus non-painful stimuli (Arnett et al., 2019; Cheng et al., 2014; Fan et al., 2014; Perry et 

al., 2010). Interestingly, the brain’s empathic response to others’ pain is known to be 

modulated by a range of factors including in-group effects (Fox et al., 2013; Hein et al., 2010; 

Lübke et al., 2020), the intensity of pain (Lamm et al., 2010), observer gender (Yang et al., 
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2009), and bodily self-attribution (Riečanský et al., 2020; i.e., how much the actor’s hand is 

perceived to be the observer’s own).  

While the majority of research on empathy has focused on responses to physical pain, a 

number of studies have shown that similar neural circuits are activated when people 

experience social pain (Eisenberger, 2012a; e.g., rejection, exclusion, embarrassment, death 

of a loved one). For example, Eisenberger and Lieberman (2004; see also Bolling et al., 2011; 

Eisenberger et al., 2003) conducted a study in which participants were excluded from a 

virtual ball-toss game (cyberball) and Krach and colleagues (2015; see also Kross et al., 

2007) recorded fMRI while participants were shown static images of situations depicting 

social pain. Across these studies, social exclusion and viewing others in social pain led to 

activation in the dorsal ACC and AI, similar to that seen in response to physical pain 

(Eisenberger et al., 2003). Moreover, participants who self-reported greater feelings of social 

pain or who were predisposed to be more sensitive to social pain also showed greater brain 

activity in these areas. A processing overlap between physical and social pain is further 

demonstrated by research which has found that behavioural and neural responses to social 

exclusion are lowered when physical pain thresholds have been pharmaceutically suppressed 

(DeWall et al., 2010).  

Processing of both physical and social pain requires multimodal cognitive processes, 

including detecting a threat and reacting appropriately in the given context, and both rely on a 

circuit of brain regions in engaging this processing (e.g., the ‘social brain network’ and the 

‘pain network’; Dalgleish et al., 2017; Iannetti et al., 2013). Despite the strong evidence for a 

functional overlap between empathy for physical and social pain, to our knowledge, no 

studies to date have directly compared the two in the same participants using a matched 

design and stimuli (but see Flasbeck et al., 2023 for a comparison of ERP responses to 

viewing physical and psychological interactions). In the current study, we addressed these 
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questions using EEG as a measure of the neural changes underlying empathy since it has 

been shown to be sensitive to both physical and social pain. For example, Fraser et al. (Fraser 

et al., 2020) found that mu suppression was increased when children viewed films depicting 

social injustice/victimisation (a form of social pain) relative to neutral film segments. It has 

also been suggested that the somatosensory cortex is preferentially activated in response to 

physical pain (Akitsuki & Decety, 2009), and that pain ratings are greater when observing 

others in physical than social pain (Flasbeck et al., 2023). These findings suggest that, whilst 

brain regions responding to both social and physical pain overlap, neural and behavioural 

responses might be greater when empathising with people in physical than social pain, 

reflecting adaptation to potential danger present in different contexts, such as perceiving 

physical pain as posing a more immediate threat than social pain (e.g., Akitsuki & Decety, 

2009; Kross et al., 2011). 

 

Developing empathy across the lifespan 

Developmental studies on empathy have largely relied on behavioural measures and have 

revealed that the affective component of empathy first emerges in early childhood (from ~3 

years old; Cheng et al., 2014; Decety, 2010; Decety & Michalska, 2010), continues to 

develop throughout adolescence (from ~10 years old; Burnett et al., 2009; Kim et al., 2020; 

Levy & Feldman, 2017), then remains stable or increases though adulthood and older age 

(Bailey et al., 2020; Beadle & De La Vega, 2019; Sun et al., 2018; Sze et al., 2012; Ze et al., 

2014). However, the majority of these studies have examined developmental changes in a 

single age group (e.g., adolescence) or compared across just two age groups. To our 

knowledge, no experimental studies have systematically tested the development of affective 

empathy across the lifespan (De Lillo & Ferguson, 2023; Dorris et al., 2022; e.g., childhood 

to old age; though such studies have been conducted on cognitive empathy), making it 
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difficult to reliably infer the trajectory of affective empathy as it changes with age or whether 

the empathic responses to physical and social pain develop along the same lifespan trajectory. 

Adolescence is a period of significant social and emotional development, and learning 

to empathise with others is a crucial aspect of this process. Research has shown that 

adolescents experience difficulties relative to adults in understanding the emotions of others 

(Blakemore, 2008; Dumontheil et al., 2010; Steinberg & Morris, 2001), and show a decline in 

prosocial behaviour during adolescence (i.e. between 13 and 17 years old) before increasing 

again into young adulthood and beyond (Carlo et al., 2007; Matsumoto et al., 2016). Changes 

in empathic responses during adolescence have been attributed in part to ongoing 

development of the prefrontal cortex (Blakemore & Choudhury, 2006), which impacts their 

understanding of complex emotions, such as those involving moral reasoning or social norms. 

Adolescents report experiencing more intense and unstable emotions than adults and can be 

more emotionally reactive (Bailen et al., 2018). Together, these findings suggest that 

affective empathy follows an extended period of development through adolescence and 

young adulthood (i.e. that empathy responses increase from adolescence to adulthood), and 

that adolescents may be especially variable in their empathy responses. 

Adulthood is characterized by greater emotional stability and cognitive development, 

which leads to increased empathic ability. Adults tend to be more skilled at understanding 

others’ emotions and are better able to regulate their own emotions in response to others 

(Eisenberg & Fabes, 1990), perhaps due to increasing life experience and a peak in socio-

cognitive functioning in young adulthood (Bradford et al., 2023; De Lillo et al., 2021; 

DeLillo & Ferguson, 2023). Evidence is more mixed regarding affective empathy 

development in later life. Some studies suggest that affective empathy remains fairly stable 

with increasing age (Beadle & De La Vega, 2019; Stietz et al., 2019). Older adults report 

higher state emotional empathy (Richter & Kunzmann, 2011) and enhanced facial mimicry 
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(Bailey et al., 2020) compared to younger adults when viewing empathy-eliciting film clips. 

In contrast, neuroimaging studies have shown that older adults consistently elicit a reduced or 

even absent neural response to others in pain compared with young adults (Chen et al., 2014; 

Guay et al., 2018; Riva et al., 2018), which suggests that the neural mechanisms that underlie 

affective empathy may decline in older age in parallel with declines in cognitive empathy 

(ToM; Bailey & Henry, 2008; Bernstein et al., 2011; Bradford et al., 2023; De Lillo et al., 

2021; DeLillo & Ferguson, 2023; Henry et al., 2013). It remains unclear how these age-

related reductions in empathic neural activity are associated with the relatively intact 

behavioural responses and enhanced prosocial behaviours seen in older adults (Charles & 

Carstensen, 2010; Lockwood et al., 2021).  

 

The current study 

In this paper, we aimed to examine how empathic responses to other people in physical and 

social pain changes across a wide age range that spanned adolescence (10-19 years old), 

young adulthood (20-40 years old) and older adulthood (60+ years old). We adapted a 

paradigm that has been commonly used to investigate empathy for pain, in which participants 

viewed photographs of hands and feet in physically or socially painful (e.g., a needle piercing 

skin or a hand resting on a coffin) and non-painful (e.g., a cotton bud pressing on skin or a 

hand resting on a table) situations. Empathy was measured using behavioural ratings of 

imagined pain and EEG measures of mu suppression (alpha and low beta ranges), and the 

effect of age was modelled as a continuous variable.  

Replicating the basic effects seen in previous studies (Cheng et al., 2008; Jackson et 

al., 2005; Perry et al., 2010), we predicted that behavioural pain ratings and mu 

desynchronisation would reflect the stimuli’s affective content, with higher ratings and 

greater mu desynchronisation for pictures that show painful situations compared to no-pain 
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situations. Moreover, based on recent research that has examined neural responses to 

vicarious social pain (Flasbeck et al., 2023; Fraser et al., 2020; Krach et al., 2011, 2015), we 

predicted that this pain vs. no-pain difference would be elicited by both physical and social 

content, but expected to see greater pain ratings for physical than social pain, and distinct 

neural responses between the two (i.e., a greater pain difference and increased sensorimotor 

desynchronisation for physical versus social content, and possibly more widespread neural 

responses for social pain reflecting a broader circuit of brain networks for these complex 

emotions). Finally, in line with evidence for a peak in social cognitive and empathising 

ability in young adulthood (Cheng et al., 2014; Decety & Michalska, 2010; De Lillo & 

Ferguson, 2023), we predicted that responses to pain (i.e., greater differences in pain vs. no-

pain ratings and greater mu desynchronization in response to painful stimuli) would be 

greatest during young adulthood compared to adolescence and older adulthood. 

 

METHODS 

All methodological procedures were pre-registered on the Open Science Framework (OSF) 

web pages (https://osf.io/guf6k).  

 

Participants 

A total of 273 participants, aged between 10-19 years (adolescents), 20-40 years (younger 

adults), and 60-80 years old (older adults) were recruited for this study. Middle aged adults 

(aged 41-59 years) were not collected in this study due to time-restrictions for the project, and 

the focus of our research questions on developmental changes between adolescence and 

young adults, and young to older adulthood (informed by prior research indicating key time 

periods for change, e.g., Bradford et al., 2020; De Lillo & Ferguson, 2023; Grainger et al., 

2018). Participants were eligible for inclusion if they were in the relevant age range, had 

https://osf.io/guf6k
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normal or corrected to normal vision, were native English speakers, had no learning 

disabilities, no current mental health diagnoses, no diagnoses of autism, epilepsy or dementia 

and had no history of stroke. Of the total sample, 33 participants were excluded according to 

pre-registered criteria: nine were excluded for having MoCA scores below 23 (Carson et al., 

2018), 22 were excluded due to excessive noise on the EEG recordings or too few segments 

for the EEG analysis (more than 25% data loss), and two were excluded due to computer 

failure. This resulted in a final sample of 240 participants. Table 1 presents participant 

characteristics in three age groups, though data was analysed with age as a continuous 

variable: 74 adolescents , 83 younger adults, and 83 older adultsa. Participants completed the 

empathy task as part of a larger task battery and were paid £50 for their time. Participants 

were recruited from a community sample in the local area of Kent, U.K., using a variety of 

recruitment strategies (e.g., newspaper adverts, local groups, word-of-mouth, Kent Child 

Development Unit). Of the participants who took part, 217 reported their ethnicity: 88% were 

white, 4% were Asian, 2% were black, 5% were mixed/multiple ethnic groups, and 1% stated 

‘other’ (details not provided). Sample size was pre-registered based on previous research, and 

time constraints to complete a PhD.  The Ethical Committee of the School of Psychology, 

University of Kent, U.K., approved the study.  

 

 

Table 1: Participant characteristics by age group (mean values, with standard deviations in 

parenthesis). SES = Socio-economic status; IQ (assessed using the Wechsler Abbreviated 

Scale of Intelligence; Wechsler, 1999) = Intelligence Quotient; MoCA = Montreal Cognitive 

Assessment (Nasreddine et al., 2005). 

 Adolescents Young Adults Older Adults 

 
a We note that our pre-registration planned to include N=80 in each age range, however, we were unable to meet 

the target in the adolescent group due to lab closures during the COVID-19 pandemic. The total planned sample 

size was therefore achieved by including an additional three participants in each of the young and older adult 

age groups. 
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N 74 83 83 

Age (years) 15.1 (2.8) 27.3 (5.5) 67.7 (5.1) 

Gender (F:M) 44:30 55:28 55:28 

SES Index 9.8 (3.9) 10.6 (2.8) 11.1 (2.6) 

Full Scale IQ 102.8 (10.5) 101.3 (13.1) 109.9 (11.2) 

Verbal IQ 100.7 (8.9) 99.2 (9.4) 107.3 (12.7) 

Perceptual Reasoning IQ 105.7 (11.8) 103.4 (11.8) 110.2 (13.4) 

MoCA 28.1 (1.8) 27.9 (1.7) 27.2 (1.8) 

 

Physical and social pain stimuli 

The main task was based on the basic design used in Jackson et al. (2005); participants 

viewed images depicting others in painful and non-painful situations while brain activity was 

measured using EEG. Specifically, we compared the brain’s response to images of hands and 

feet in physical and social pain, as an indicator of empathy for others. Stimuli were taken 

from stock images online and photographed events with real actors. Physical pain images 

depicted pain caused by pressure, thermal, sharp objects, etc, and social pain images depicted 

situations of embarrassment, grief, misery, etc (see Table 2). Each pain image was paired 

with a no-pain image that depicted an equivalent scene (e.g., a hand in a candle flame versus 

a hand lighting a candle). All images were selected through a pre-test (see Supplementary 

Materials) and edited to the same size (320 x 240 pixels). 

In sum, the task employed a mixed design, crossing the between-subjects factor Age 

Group (adolescents vs. young adults vs. older adults) with the within-subjects factors Type 

(Painful vs. Non-painful) and Content (Physical vs. Social). Three dependent variables were 

analysed: explicit pain ratings, mu/alpha (8-13Hz) and mu/beta (13-35Hz) suppression.  
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Table 2: Example stimuli used to depict physical and social pain and their corresponding no-

pain images. 

 

 

Procedure 

Participants were informed about the EEG procedure and experimental tasks. The empathy 

for pain task consisted of 160 trials, 40 in each of the four conditions, and EEG activity was 

recorded throughout. Each image was shown four times over the experiment. As shown in 

Figure 1, trials began with a central fixation cross for 500 ms, followed by an image for 3,000 

ms. On 25% of trials (i.e., once per image) a subsequent screen prompted participants to rate 

the level of pain that the person in the picture was feeling on a visual analogue scale from 0 

(no pain) to 100 (worst possible pain); responses were made using the mouse. A blank screen 

                                                                        Content 

         Physical Social 

T
y
p

e 

Pain 
  

   

  

   

No Pain 
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was presented between trials using a variable inter-stimulus interval between 500 and 1,500 

ms to prevent expectancy effects on oscillatory rhythm.  

Trials were presented in a randomized order, over four blocks (two showing physical 

pain/no pain images, and two showing social pain/no pain images); each image appeared 

twice in each of the relevant blocks. Social and physical pain images were presented in 

separate blocks (the rating question asked either ‘how PHYSICALLY painful was this 

situation?’ or how SOCIALLY painful was this situation?’, for the relevant the block) in a 

counterbalanced order. This task lasted 40 minutes on average, including EEG setup.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic trial sequence used to present stimuli in the pain rating task. Note that 

participants were only prompted to rate pain on 25% of trials. 

 

EEG recording and analysis 

Electroencephalographic (EEG) activity was recorded during the empathy for physical and 

social pain task from 30 active electrodes using a Brain Vision Quickamp amplifier system, 

 

How PHYSICALLY painful was 

this situation? 

Fixation cross 

(500ms) 

Image (3,000ms) 

Pain rating scale 

(25% of trials) 

Variable blank screen 

ITI (500-1,500ms) + 

+ 
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and subsequently processed using Brain Vision Analyzer 2.1. EEG activity containing blinks 

was corrected using a semi-automatic ocular ICA correction approach (see Supplementary 

Materials for full details of EEG pre-processing steps).  

EEG data was time-locked to the onset of each stimulus image, and data was 

segmented into a 500ms baseline period (-500-0ms from stimulus onset) and a 2s pain 

observation period (500 – 2,500ms from stimulus onset), as shown in Figure 1. Semi-

automatic artefact detection software was run, to identify and discard segments with non-

ocular artefacts (drifts, channel blockings, EEG activity exceeding ± 50µV). A fast-fourier 

transformation, with 10% Hanning window, was then applied to each segment, and the signal 

was averaged for each condition and electrode.  

The average mu/alpha (8-13Hz) and mu/beta (13-35Hz) power for each condition was 

calculated for the electrodes of interest over the central (C3, Cz, C4) and occipital electrodes 

(O1, Oz, O2). This allowed us to test whether changes in alpha and beta desynchronization 

were specific to empathy-related influences on sensorimotor processing (i.e. over central 

sites) and distinct from alpha and beta desynchronization over occipital sites (Hobson & 

Bishop, 2017a,b; Perry et al., 2010; Whitmash et al., 2011). A measure of the percentage 

change in power was calculated for each experimental condition (physical pain, physical no-

pain, social pain trials, and social no-pain) relative to the baseline period in that same 

condition for each electrode of interest in both alpha and beta bands, using the formula: 

((baseline-experimental)/baseline)*100. Data from electrodes C3, Cz and C4 was averaged 

for the central electrode site, and data from electrodes O1, Oz and O2 was averaged for the 

occipital electrode site. Positive values indicate mu/alpha and mu/beta desynchronization, and 

negative values indicate mu/alpha and mu/beta synchronization. 

 

RESULTS 
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Analysis procedures were pre-registeredb, and the full datasets and analysis scripts are 

available on the Open Science Framework web pages (https://osf.io/f9c2r/). Statistical 

analyses were conducted in R version 4.2.2.  

 

Pain ratings 

Pain ratings were analysed using a general linear mixed effects model (since the rating data 

were found to be non-normally distributed, Shapiro-Wilk test W = .86, p < .001), using the 

glmer function in the lme4 package in R (Bates, Machler, Bolker, & Walker, 2015). The 

model included the within-subjects variables Type (pain vs. no-pain) and Content (physical 

vs. social) as fixed effects (using deviation contrast coding), random effects for participant 

and image, and random slopes for Type and Content on the participant random effect. Age 

was entered into the model as a continuous predictor variable, including both linear and 

quadratic terms to examine the nature of developmental changes (i.e. consistent a linear 

increase/decrease with age, or quadratic increase/decrease to a vertex in young adulthood). 

Model comparison showed that including the quadratic age term significantly improved 

model fit, X2 = 20.92, p < .001). The pain ratings data are plotted in Figure 2 and full 

statistical effects are reported in Table 3. 

 

 
b Note that our pre-registered analysis plan proposed to use ANOVAs, with age group as a between subjects 

variable, with three levels (adolescents, young adults and older adults). However, in line with more recent 

statistical norms in the field (Baayen et al., 2008), we adapted this plan to use linear mixed models since this 

allowed us to include random effects for both participants and image, and to apply a maximal random effects 

structure. We also adapted the model to include age as a continuous predictor since discretizing continuous 

variables reduces statistical power (cf. Rucker et al., 2015). The pre-registered ANOVA analysis is reported in 

Supplementary Materials for transparency. 

https://osf.io/f9c2r/
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Table 3: Statistical effects for pain ratings. Asterisks show significance of effects, where * p 

< .05; ** p < .01; *** p < .001. 

 b SE t p 

Age (linear) 80.33 56.14 1.43 .152 

Age (quadratic) 183.67 55.61 3.30 <.001*** 

Type 42.08 1.43 29.48 <.001*** 

Content -5.64 1.24 -4.55 <.001*** 

Age (linear) x Type 224.68 95.20 2.36 .018* 

Age (quadratic) x Type -253.99 94.16 -2.70 .007** 

Age (linear) x Content -119.00 66.01 -1.80 .071 

Age (quadratic) x Content -224.15 65.05 -3.45 <.001*** 

Type x Content -6.99 2.26 -3.10 .002** 

Age (linear) x Type x Content -136.84 86.84 -1.57 .116 

Age (quadratic) x Type x Content -261.32 84.62 -3.09 .002** 
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PHYSICAL Content         SOCIAL Content 

  

Figure 2: Pain ratings for each condition and across the age range. The plots show raw data 

points (averaged across trials for each participant for visualisation), a quadratic line of best fit 

for age (red line = no pain, blue line = pain), and the standard error around this line of best fit 

(grey shading). 

 

Results revealed significant effects for the Type and Content of pain. The effect of 

Type revealed that participants judged images depicting pain as more painful (M = 57.4) than 

no-pain images (M = 14.7), and the effect of Content showed that participants judged 

physical stimuli as more painful (M = 38.9) than social stimuli (M = 33.1). In addition, the 

effect of age was significant on the quadratic model, showing that younger adults gave higher 

overall ratings of pain than adolescents and older adults. As predicted, the Type x Content 

interaction was significant. Follow up analyses showed that the Type effect (pain minus no-

pain) was larger when participants rated physical stimuli (MDiff = 45.4) compared to social 

stimuli (MDiff = 39.5), V = 9586, p < .001.  
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The 3-way interaction between Age (quadratic), Type and Content was significant, 

and Age (quadratic) modulated the effects of Type and Content separately. Post-hoc analysis 

of this 3-way interaction revealed that the Type effect (pain minus no-pain) showed a 

significant quadratic fit with age for social content (b = -72.46, SE = 20.09, t = -3.61, p  < 

.001) but this quadratic effect of age did not reach significance for physical content (b = -

43.70, SE = 23.39, t = -1.87, p  = .063). That is, young adults showed a larger Type effect 

(i.e. larger difference in pain ratings between pain and no pain images) to social images 

compared to adolescents and older adults, but the Type effect was stable across the age range 

for physical images. 

 

Mu desynchronisation 

Alpha (8-13Hz) and beta (13-35Hz) desynchronisation was analysed using separate general 

linear mixed effects models (since the data were non-normally distributed, Shapiro-Wilk test 

W = .98, p < .001 and W = .99, p < .001, for alpha and beta bands respectively), using the 

glmer function in the lme4 package in Rc. The model included the within-subjects variables 

Type (pain vs. no-pain) and Content (physical vs. social) as fixed effects (using deviation 

contrast coding), random effects for participant, and random slopes for Type, Content and 

Electrode on the participant random effect. Image was not included as a random effect in the 

analysis of EEG data because percentage change in power needed to be calculated over trials 

in each experimental condition; there were not enough instances of each image to reliably 

calculate power change from baseline (maximum segments per image/participant = 4). We 

report analyses with Age as a continuous linear predictor variable since model comparisons 

showed that including the quadratic age term did not significantly improve model fit (alpha: 

 
c Reliability of the alpha and beta desynchronisation data was verified by running a split-half analysis. This 

reliability check is summarised in the Supplementary Materials; condition effects are consistent across the full 

sample and the two split-half samples. 
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X2 = 13.3, p = .103; beta: X2 = 9.15, p = .330). Data are plotted for alpha and beta in Figures 

3 and 4, respectively, and full statistical effects are reported in Table 4. 

 

Table 4: Statistical effects for alpha and beta wavebands. Asterisks show significance of 

effects, where * p < .05; ** p < .01; *** p < .001. 
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Age (linear) -1.02 0.22 -4.63 < .001*** 

Type 1.17 0.23 5.09 < .001*** 

Content -1.07 0.26 -4.19 < .001** 

Electrode 0.37 0.33 1.12 .264 

Age (linear) x Type 0.62 0.23 2.68 .007** 

Age (linear) x Content -1.11 0.26 -0.41 .679 

Age (linear) x Electrode -2.48 0.33 -7.54 < .001*** 

Type x Content 0.22 0.29 0.78 .435 

Type x Electrode -0.23 0.29 -0.80 .424 

Content x Electrode -0.16 0.29 -0.57 .568 

Age (linear) x Type x Content 0.36 0.28 1.28 .200 

Age (linear) x Type x Electrode -0.13 0.28 -0.47 .641 

Age (linear) x Content x Electrode -0.40 0.28 -1.42 .155 

Type x Content x Electrode -0.06 0.57 -0.10 .919 

Age (linear) x Type x Content x Electrode -0.83 0.57 -1.47 .142 

B
et
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Age (linear) -0.91 0.12 -7.67  < .001*** 

Type 0.33 0.12 2.83 .005** 

Content -0.44 0.13 -3.46 < .001*** 

Electrode 0.24 0.17 1.37 .170 

Age (linear) x Type 0.29 0.12 2.48  < .013* 

Age (linear) x Content -0.12 0.13 -0.95  .341 

Age (linear) x Electrode -0.20 0.17 -1.19 .236 

Type x Content 0.15 0.15 1.02 .307 
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Type x Electrode -0.12 0.15 -0.79 .433 

Content x Electrode 0.28 0.15 1.87 .061 

Age (linear) x Type x Content -0.29 0.15 -1.94  .052 

Age (linear) x Type x Electrode -0.06 0.15 -0.39 .700 

Age (linear) x Content x Electrode 0.06 0.15 0.40 .690 

Type x Content x Electrode 0.30 0.30 1.00 .318 

Age (linear) x Type x Content x Electrode -0.17 0.30 -0.56 .573 

 

Alpha Analysis of alpha oscillations revealed a significant effect of Type, reflecting greater 

mu/alpha desynchronisation for images that depicted pain (M = 82.0%) compared to no-pain 

(M = 80.9%). A significant effect of Content showed that alpha desynchronisation was 

greater for physical stimuli (M = 82.0%) than social stimuli (M = 80.9%). A significant effect 

of Age revealed that overall, alpha desynchronisation decreased linearly with advancing age. 

Crucially, Age significantly modulated alpha desynchronisation in response to Type 

of pain. Follow-up analyses revealed that the size of the Type effect (pain minus no-pain) 

increased linearly with advancing age (b = 0.59, SE = 0.18, t = 3.34, p  < .001); older adults 

showed a larger difference in alpha desynchronisation between pain and no pain images than 

adolescents. The Age x Electrode interaction was also significant: overall alpha 

desynchronisation decreased linearly with advancing age over the occipital electrodes (b = -

2.26, SE = 0.48, t = -4.76, p  < .001), but did not change with age over the central electrodes 

(b = 0.20, SE = 0.30, t = 0.67, p  = .50). 

Beta Analysis of beta oscillations revealed a significant effect of Type, reflecting greater 

beta desynchronisation for pictures that depicted pain (M = 81.0%) than no-pain (M = 

80.7%). The significant effect of Content showed that beta desynchronisation was greater for 
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physical (M = 81.1%) than social stimuli (M = 80.6%). The significant effect of Age revealed 

that overall, beta desynchronisation decreased linearly with advancing age. 

Once again, Age significantly modulated beta desynchronisation in response to Type 

of pain. Follow-up analyses revealed that the size of the Type effect (pain minus no-pain) 

increased linearly with advancing age (b = 0.29, SE = 0.09, t = 3.22, p  = .001); older adults 

showed a larger difference in beta desynchronisation between pain and no pain images than 

adolescents. In addition, the 3-way interaction between Age, Type and Content just missed 

significance (p = .052); since this was a key predicted effect we ran exploratory analyses to 

examine the underlying patterns. These post-hoc analyses revealed that the Type effect (pain 

minus no-pain) showed a significant linear fit with age for physical content (b = 0.44, SE = 

0.13, t = 3.49, p  < .001) but not for social content (b = 0.14, SE = 0.12, t = 1.20, p  = .228). 

That is, older adults showed a larger Type effect (i.e. larger difference in beta 

desynchronisation between pain and no pain images) to physical images compared to 

adolescents, but the Type effect was stable across the age range for social images. 
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Figure 3: Alpha desynchronisation for each electrode site and condition across the age range. 

The plots show raw data points (averaged across trials for each participant for visualisation), 

a linear line of best fit for age (red line = no pain, blue line = pain), and the standard error 

around this line of best fit (grey shading).  
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Figure 4: Beta desynchronisation for each electrode site and condition across the age range. 

The plots show raw data points (averaged across trials for each participant for visualisation), 

a linear line of best fit for age (red line = no pain, blue line = pain), and the standard error 

around this line of best fit (grey shading).  

 

 

Correlations between pain ratings and mu desynchronisation 

To test whether individuals’ subjective ratings of pain in physical and social contexts were 

related to their neural responses to pain, we computed correlations between the Type effect 

(pain minus no-pain) on each measure. Given the number of variables included in the 

correlation, the alpha level for significance was set to .01. Significant associations are shown 

in Figure 5. Analyses revealed a strong correlation between behavioural ratings for physical 

and social pain, however, these behavioural ratings of pain did not correlate with pain 

responses on any of the neural measures d. Mu desynchronisation correlated moderately 

between the alpha and beta bands for both physical and social pain, and a weak correlation 

was found between physical and social pain in the alpha band.  

 

 
d Note that when correlations were run separately for each age group, there was a significant positive correlation 

between behavioural ratings of social pain and alpha desynchronisation for social pain among adolescents (r(74) 

= .268, p = .021), such that the greater adolescents rated the social pain in the image, the more alpha 

desynchronization they exhibited. No other correlations were found between behavioural ratings and mu 

desynchronization among adolescents, young or older adults. 
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Figure 5: Correlation matrix between behavioural pain ratings and mu desynchronisation 

(alpha and beta bands), separately for physical (P) and social (S) content. Coloured cells 

indicate a significant correlation (p < .01), and values show the correlation coefficient (r). 

 

 

 

GENERAL DISCUSSION 

Previous research has shown that seeing other people in pain activates brain areas associated 

with empathy (Eisenberger, 2011, 2012b; Lamm et al., 2010; Singer et al., 2004; i.e., AI, 

ACC, and somatosensory cortex), and that these neural circuits are sensitive to both physical 

and social pain. In this paper, we employed a pain ratings EEG task to directly compare 

empathic responses to other people in physical and social pain, and examined whether these 

responses change from adolescence (10-19 years old) to young (20-40 years old) and older 

(60+ years old) adulthood. We predicted that empathy responses would reflect the stimuli’s 

affective content, with higher ratings and greater mu desynchronisation for pictures that show 

painful situations compared to no-pain situations. In addition, we predicted that this pain vs. 

no-pain difference would be elicited by both physical and social content, but expected to see 

distinct neural responses between the two (i.e., a greater pain difference and increased 
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sensorimotor desynchronisation for physical versus social content). Finally, we predicted that 

young adults would show greater responses to pain (i.e., greater differences in pain vs. no-

pain ratings and greater mu desynchronization in response to painful stimuli) compared to 

both adolescents and older adults. 

Overall, our results replicated the basic findings from previous studies that have tested 

empathic responses to others in pain: participants clearly distinguished between pain and no-pain 

stimuli (Chen et al., 2014; Perry et al., 2010; Yang et al., 2009). Behavioural ratings revealed 

higher scores for images that depicted pain versus no-pain, and EEG mu rhythms revealed greater 

alpha and beta desynchronisation for images that depicted pain versus no-pain. Unlike some 

studies that have reported neural responses to physical pain localised over the sensorimotor cortex 

(Perry et al., 2010; Whitmash et al., 2011), we found that effects of Type were evident over both 

central and occipital sites. It is likely that this reflects methodological differences between studies 

(i.e. Perry et al. and Whitmash et al. recorded oscillations using magnetoencephalography and 

analysed the data using time-frequency and source localisation procedures). It is also possible 

that by including both physical and social pain images together in the current study, a wider 

and more complex empathy-social cognitive network was activated. Association analyses 

showed that mu activity for the pain effect was correlated across alpha and beta bands (for both 

physical and social pain), which suggests that neural activity in both wavebands reflects similar 

socio-cognitive responses, and therefore both provide reliable and complementary EEG measures 

of sensorimotor activity (and mirror neuron system sensitivity) in response to others in pain.  

It is notable, however, that overall mu activity did not correlate with behavioural 

responses, which suggests that individuals’ subjective ratings of others in pain did not 

influence the strength of their real-time neural responses while observing others in pain. This 

contrasts with previous studies that have reported significant associations between 

behavioural and neural empathy responses (Jackson et al., 2006; Saarela et al., 2007; Wu & 

Han, 2021). It is likely that differences in the rating prompt between studies explains these 
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differences. In our study, participants were asked to rate ‘how (socially/physically) painful 

the situation was’, whereas most previous studies that have found an association asked 

participants to imagine and rate the intensity of pain/distress/emotion that a pictured person is 

experiencing. The latter clearly prompts participants to infer another person’s affective 

mental state to answer the question, while the rating question used in the current study could 

be answered without mentalising. As such, it seems likely that reported correlations between 

subjective ratings of others’ pain and neural responses to observing others’ pain rely upon a 

shared activation of the mentalizing system (Brass et al., 2007; Frith & Frith, 2006; 

Overwalle & Baetens, 2009), and that this system needs to be explicitly activated by task 

constraints. 

Importantly, our data revealed both shared and distinct patterns of empathy responses 

to seeing others in physical and social pain. Iannetti et al. (2013) highlight the importance of 

examining the neural overlap and distinctions between processing of physical and social pain, 

arguing that these are likely to be at least partially sub-served by different neural activity. In 

the current study, neural responses recorded while participants were directly viewing the 

images clearly distinguished pain and no-pain events in both physical and social contexts, and 

this effect of pain on real-time mu desynchronisation was not modulated by the physical or 

social context (though global differences emerged between physical and social stimulie). 

Behavioural ratings following the images also clearly distinguished pain and no-pain events 

in both physical and social contexts, however in line with our predictions, pain ratings were 

significantly higher for physical pain than for social pain. This pattern suggests that 

perceiving others in pain initially activates comparable neural responses in brain areas 

underlying sensorimotor resonance (i.e., the sensorimotor cortex), but when a broader brain 

 
e This global difference between physical and social content likely reflects lower-level visual differences 

between stimuli, as well as a generally higher response to physical images where the potential for pain was more 

salient across both image types (i.e,. a foot next to upturned wall tacks or a hand close to the hot iron). 
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network is engaged over a longer-lasting period of reflection about how painful the situation 

was, behavioural responses distinguished different intensities for physical and social pain. 

Our experiment employed a carefully controlled design that directly compared empathy for 

others in physical and social pain in the same participants using matched stimuli (the only 

other study to date that has tested responses to both physical and social pain used vastly 

different stimuli in each case, and could not directly compare the two, Krach et al., 2015). 

Thus, we can infer that real-time sensorimotor resonance reflects a common neural response 

to others in pain across the core empathy network (Fan et al., 2011; i.e., the AI and ACC), 

including brain regions that underlie affective sharing between the self and other (Jackson et 

al., 2005; Lamm et al., 2011; Singer et al., 2004), and that this common empathy network is 

comparably activated by both physical and social pain contexts. When additional processing 

time is given for participants to reflect on how painful the depicted situation was, this 

activates functional connections between the sensorimotor and affective sharing brain areas 

with key hubs (that are at least partially distinct for physical and social contexts) to explicitly 

interpret pain intensity within the physical and social context. It is likely that these key hubs 

include differential activation of the mentalising system (the medial prefrontal cortex (mPFC) 

and temporoparietal junction (TPJ), Gallagher & Frith, 2003; Samson et al., 2004; Saxe & 

Kanwisher, 2013) and regions associated with learning and memory retrieval (the 

hippocampus, Krach et al., 2015; Squire et al., 2004). Further research using spatially 

sensitive neuroimaging methods and statistical approaches that may be more sensitive to 

detecting small differences between physical and social pain responses (i.e. multivariate 

pattern analysis, Iannetti et al., 2013), is needed to identify these neural mechanisms that 

distinguish ongoing empathy processing for physical and social pain. 

Our data also provide novel evidence about the developmental trajectory of empathy 

beyond early childhood. Behavioural ratings revealed distinct developmental patterns for 
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physical and social pain. That is, while responses to others in physical pain were stable across 

the age range, responses to others in social pain (i.e. ratings of pain versus no-pain images) 

peaked in young adulthood, suggesting that young adults were especially sensitive to social 

pain events and inferred more intense social pain for the other person than adolescents or 

older adults did. This heightened sensitivity to social pain in young adulthood likely reflects 

the extended development of prosocial empathy behaviours- prosociality is reported to 

decline during adolescence (i.e. between 13 and 17 years old) before increasing again into 

young adulthood and beyond (Carlo et al., 2007; Matsumoto et al., 2016)- and this period is 

thought to evoke increasing sensitivity to one’s social environment (Peper & Dahl, 2013). In 

contrast, the effect of pain on mu (alpha and low beta) desynchronisation increased linearly 

from adolescence through to young and older adults; in fact, the data plotted in Figures 3 and 

4 suggest that adolescents (and to some extent, young adults) did not distinguish pain and no-

pain conditions at all in neural oscillations. These findings demonstrate that the oscillatory 

mu rhythm is sensitive to age-related changes in empathy (Isaacowitz & Stanley, 2011; 

Ruffman et al., 2008), and are consistent with the proposal that empathy brain networks 

continue to develop through childhood (Decety, 2010) and adolescence (Decety & 

Michalska, 2010; Levy & Feldman, 2017), then remain stable or increase though adulthood 

and older age (Beadle & De La Vega, 2019). Importantly, in contrast to the age-related 

decline observed in other areas of social cognition (Henry et al., 2013; Moran, 2013), data in 

this affective area converge to suggest that older adults are not impaired at recognising and 

responding to others’ pain.  

The finding that older adults showed clear, or even enhanced compared to the younger 

age groups, affective empathy responses across behavioural and neural measures is in line 

with research showing relatively spared affective ToM in older age (Bottiroli et al., 2016; 

Castelli et al., 2010; Henry et al., 2013; Mahy et al., 2014; Pardini & Nichelli, 2009). There 
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are a number of potential explanations for these results. For instance, empathy for others 

might increase in older age due to accumulating experience in social situations and exposure 

to pain-related scenarios over the lifespan, which strengthens activity in the empathy network 

and facilitates older adults’ ability to share affective experiences with others (DeLillo & 

Ferguson, 2023; Hess et al., 2005; Leclerc & Hess, 2007). Indeed, people who are 

predisposed to be more sensitive to pain exhibit stronger reactions to social pain and greater 

brain activity in empathy areas (Eisenberger et al., 2003, 2006). Increasing experience with 

the recipient of pain has also been shown to influence individuals’ empathy responses 

(Young et al., 2018). The lack of decline in older age is consistent with the predictions from 

Apperly and Butterfill’s model (2009), that some sub-components of social cognition are 

relatively automatic and cognitively efficient so are less susceptible to age decline. Numerous 

studies have reported that empathy neural networks are activated even when participants have 

not been prompted to engage these responses. For example, Singer and colleagues (2004) 

found overlapping brain activation in the empathy/pain brain network when participants 

experienced a painful stimulus themselves and when they observed an arbitrary cue that 

indicated their loved one was receiving the same painful stimulus (i.e. ruling out the 

possibility that the effect was driven by a general response to an emotional cue). In addition, 

the enhanced sensorimotor alpha/beta rhythm in older age parallels that seen in previous 

research that has found over-activation of motor areas during action execution in older adults 

(Brunsdon et al., 2019; Heinrichs-Graham et al., 2018; Rossiter et al., 2014; Schmiedt-Fehr et 

al., 2016; Vallesi & Stuss, 2010). This change could either reflect the activity of an enhanced 

specialisation of the empathy network in older age (due to accumulating experience) or 

increasing compensatory neural activity to maintain task performance when cognitive 

capacities are declining (Ward, 2006).  
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Finally, while we interpret the finding that empathy responses to pain increase from 

adolescence to adulthood as reflecting an immature/inexperienced empathy network that is 

less effective at sharing and understanding others’ emotional states, thoughts, and feelings 

(Burnett et al., 2009; Kim et al., 2020), it is important to consider that some features of the 

stimuli themselves might have contributed to this effect. Specifically, all images included 

adult actors, which may have enhanced social closeness for our adult participants (Gutsell & 

Inzlicht, 2010) but elicited out-group effects for our adolescent participants (Simpson & 

Todd, 2017). Previous research has shown that an own-age bias can enhance performance in 

a range of social perception tasks (Ferguson et al., 2018; Melinder et al., 2010; Slessor et al., 

2014), and that other cues about out-group status (e.g., race, football team or University 

affiliations) can alter individuals’ propensity to help and sensorimotor sensitivity to others’ 

pain (Avenanti et al., 2010; Cao et al., 2019; Hackel et al., 2017; Hein et al., 2010). It is 

therefore possible that behavioural judgements about others’ pain were facilitated among 

young adults because the actor was from participants’ in-group but reduced among 

adolescents because the actor was from participants’ out-group. Since our images depicted 

only actors’ hands and feet (not faces or full bodies), we expect that age-biases were unlikely 

to have had a significant influence on our results (since the age of the actors was not clear or 

salient), however further research is needed to systematically manipulate this variable. 

Additionally, while efforts were made to create images that captured the range of physical 

and social experiences encountered across the age range, our pre-test of the images was 

completed by predominantly young adult participants, and thus these experiences might not 

be equally representative across the wide age range tested here.  

The current study’s use of EEG and behavioural ratings to test empathy responses 

while viewing real-life photos depicting pain/no-pain improves on some previous studies that 

elicited empathy for others’ pain using context-free facial emotions or cartoon drawings of 
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social situations (Eisenberger et al., 2003; Eisenberger & Lieberman, 2004; Krach et al., 

2015). However, this task remains limited in ecological validity due the lack of a genuine 

social interaction between co-present social partners/stimuli or availability of wider 

environmental cues to contextualise painful events. This is particularly important for social 

pain, which is typically embedded within a richer context. Findings in these controlled lab-

based contexts may therefore not represent the same processes that are activated in 

naturalistic settings, since interactivity is known to alter sensitivity to others’ perspectives 

and influence communication success in other domains of social cognition (Kuhlen & Abdel 

Rahman, 2022; Surtees et al., 2016). This is an important consideration for future empathy 

research: how to create more ecologically valid situations in which to assess empathy 

responses in more ‘real-world’ scenarios, allowing results to be more generalisable to the 

types of empathy processes involved in interactions throughout our daily lives (Ochsner, 

2004; Schilbach, 2015; Schilbach et al., 2006, 2013). 

One emerging area of research that offers exciting possibilities to enhance our 

understanding of empathy is ‘second-person’ neuroscience (Dumas, 2011; Froese et al., 2014; 

Konvalinka & Roepstorff, 2012), which involves the examination of coordinated behaviour 

and brain activity of two (or more) individuals in a real-time interaction, rather than a single 

individual engaging in an observation task. This second-person neuroscience approach has 

begun to reveal promising results in other domains, showing, for example, that neural activity 

in key social brain areas synchronises between cooperating partners (and not between others) 

when they are working towards a shared goal (Astolfi et al., 2020; Jiang et al., 2015) or 

interacting through speech (Pérez et al., 2017). A recent review of the second-person 

neuroscience approach to social interaction revealed differences in the neural mechanisms 

that support real-time reciprocal social interaction and those involved in social observation, 

highlighting a key role for the mentalizing network in this distinction (Redcay & Schilbach, 
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2019). Therefore, future empathy studies should take advantage of designs that include 

engaged participants and simultaneous recordings of synchronised behaviour and brain 

activity to further elucidate the mechanisms of empathy.  

In conclusion, this study provides valuable insights into the complex nature of empathic 

responses to others in pain, highlighting activity in the core affective empathy network that is 

shared across physical and social pain contexts. The study’s careful design adds to our 

understanding of the neural mechanisms underlying empathy, allowing us to directly compare 

empathic processing of physical and social pain, and to examine the developmental trajectory 

of empathy from adolescence to young and older adulthood. Our results revealed that while 

observers across the 10-80 years old age range showed distinct responses to others in pain 

versus no-pain, young adults are more sensitive in their ratings of social pain compared to 

adolescents and older adults, and real-time neural responses to physical and social pain 

increase linearly across the lifespan (i.e. older adults exhibit heightened neural affective 

empathy responses compared to younger counterparts). These patterns show the extended 

period of affective empathy development from adolescence to adulthood and challenge the 

notion of universal age-related social cognitive decline in older age. This enhancement in 

empathic engagement among older adults aligns with theories of accumulated social 

experience fostering affective resonance and reflects the intricate interplay between cognitive 

and emotional processes across the lifespan. Overall, this research contributes to a deeper 

understanding of how affective empathy operates within different contexts and age groups, 

unravelling the intricate interplay between neural activation, emotional processing, and socio-

cognitive development. As we continue to uncover the subtleties of empathic responses, this 

study provides a stepping-stone for future investigations that could help refine our 

comprehension of human interactions and pave the way for interventions targeting empathy-

related deficits or enhancements. 
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