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A B S T R A C T

In social interaction, age-related differences in emotional processing may lead to varied social decision making
between young and older adults. However, previous studies of social decision making have paid less attention to
the interactants’ emotions, leaving age differences and underlying neural mechanisms unexplored. To address
this gap, the present study combined functional and structural magnetic resonance imaging, employing a
modified dictator game task with recipients displaying either neutral or sad facial expressions. Behavioral results
indicated that although older adults’ overall allocations did not differ significantly from those of young adults,
older adults’ allocations showing a decrease in emotion-related generosity compared to young adults. Using
representational similarity analysis, we found that older adults showed reduced neural representations of re-
cipients’ emotions and gray matter volume in the right anterior cingulate gyrus (ACC), right insula, and left
dorsomedial prefrontal cortex (DMPFC) compared to young adults. More importantly, mediation analyses
indicated that age influenced allocations not only through serial mediation of neural representations of the right
insula and left DMPFC, but also through serial mediation of the mean gray matter volume of the right ACC and
left DMPFC. This study identifies the potential neural pathways through which age affects emotion-related social
decision making, advancing our understanding of older adults’ social interaction behavior that they may not be
less generous unless confronted with individuals with specific emotions.

1. Introduction

Social interaction is critical for maintaining health and happiness
throughout the life (Fratiglioni et al., 2004; Lockwood et al., 2021). To
better interact with others, people need to perceive and process others’
emotions, and integrate social and emotional information in order to
regulate their behavior in social interactions in a timely manner, for
example, by offering help to a person who is sad. Previous meta-analyses
have shown that older adults are less accurate than young adults at
identifying facial expressions, especially negative emotions (Gonçalves
et al., 2018; Ruffman et al., 2008). However, previous studies of social
decision making have paid less attention to the emotions of interactants,
leaving age-related differences and underlying neural mechanisms un-
tested. In the context of social interaction, it has been shown that older

adults’ decision making is less sensitive to emotions under certain cir-
cumstances when interacting with socially disadvantaged individuals,
such as those with sad emotions (Hettich et al., 2018; Wiepking and
James, 2013). It remains unclear whether this is due to age-related
changes in the processing of others’ emotions, resulting in a lack of
sensitivity in value allocation, or whether they undergo changes in the
integration of social and emotional information during value-based so-
cial decision making, resulting in a decrease in emotion-related gener-
osity. Addressing this question will provide insight into the neural
processes of emotion-related social decision making, thereby advancing
our understanding of the underlying mechanisms of changes in older
adults’ social interaction behavior.

Aging leads to significant changes in the function and structure of
brain regions underlying emotion processing (Gunning-Dixon et al.,
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2003; Mather, 2012, 2016), among which the anterior cingulate cortex
(ACC) and insula, as core nodes of the salience/midcingulo-insular
network (Menon and Uddin, 2010; Toga, 2015; Ziaei et al., 2021),
play critical roles in emotion-related social decision making (Kanel
et al., 2019; Rogers-Carter and Christianson, 2019; Ziaei et al., 2021).
The ACC has been implicated in processing the emotions and motiva-
tions of others (Apps et al., 2016; Meng et al., 2023). The insula is
involved in the subjective experience of emotions (Namkung et al.,
2017; Pavuluri and May, 2015; Singer et al., 2009), as well as the
perception and processing of social cues, such as facial expressions and
vocal tones (Kanel et al., 2019; Mauchand and Zhang, 2023; Roger-
s-Carter and Christianson, 2019; Schirmer and Adolphs, 2017; Zhang
et al., 2019). It also interacts with the frontotemporal network, allowing
individuals to consciously acquire perceived signals and integrate them
into more complex emotional and social cognitive processes (Adolfi
et al., 2017). However, compared to young adults, older adults have
shown altered or even the opposite patterns of ACC activation when
processing different emotional stimuli (Leclerc and Kensinger, 2008).
Besides, gray matter volume (GMV) and white matter integrity of the
insula decrease with age, which is associated with decreased signal
reactivity to emotional stimuli and reduced ability to understand emo-
tions (Dobrushina et al., 2020; Niu et al., 2024). These changes in the
ACC and insula of older adults may lead to challenges in processing
others’ emotions in emotion-related social decision making(Chen et al.,
2014; Orlando and Filippini, 2024; Ziaei et al., 2021).

Furthermore, brain regions that support the integration of social and
emotional information in value-based social decision making also
showed age-related functional and structural changes, such as the dor-
somedial prefrontal cortex (DMPFC; Allard and Kensinger, 2014; Jobson
et al., 2021; Sun et al., 2016). As a key node of cognitive empathy
network (Shamay-Tsoory, 2011; Wever et al., 2021), the DMPFC in-
tegrates social and emotional information (Ferrari et al., 2016; Frazier
et al., 2019; Izuma and Adolphs, 2013; Kensinger and Ford, 2021;
Martin et al., 2017; Wagner et al., 2016) to empathize with the pain and
misfortune of others (Ding et al., 2020; Krishnan et al., 2016; Wever
et al., 2021). In young adults, those with higher DMPFC activation not
only offer more help when witnessing others in pain, but also donate
more money after viewing photos of disaster victims (Bruneau et al.,
2012; Mathur et al., 2010). Furthermore, the activity in the DMPFC
encodes relative subjective value and generalizes across self and others
and across tasks, shedding light on how the DMPFC may use
task-invariant mechanisms to compute relative subjective value for self
and others (Piva et al., 2019; Tomova et al., 2020). Age-related changes
in the DMPFC may further affect older adults’ integration of social and
emotional information to empathize with others and calculate relative
subjective value for self and others (Cassidy et al., 2013; Ferrari et al.,
2016; Frazier et al., 2019; Piva et al., 2019; Tomova et al., 2020).

In this study, we recruited young and older adults to perform a
modified dictator game task with neutral and sad recipients in functional
magnetic resonance imaging (fMRI) scanner to examine the age differ-
ences in emotion-related social decision making. To investigate how age
impacts the neural representations of recipients’ emotions, we first used
representational similarity analysis (RSA) to compare the neural repre-
sentations of recipients’ emotions in young and older adults and to
identify brain regions with age-related differences. The advantage of
RSA in fMRI over univariate activation analysis is its ability to incor-
porate multivoxel patterns, allowing for a more nuanced understanding
of brain activity (Dimsdale-Zucker and Ranganath, 2018; Popal et al.,
2019). RSA can be used not only to reflect the relative dissimilarity
structure of the relationships between all studied stimulus pairs by
constructing stimulus representation dissimilarity matrices (RDMs), but
also to reflect the dissimilarity of the multivoxel patterns evoked be-
tween stimulus pairs at the neural level by constructing neural RDMs,
and to compare stimulus RDMs with neural RDMs to test which brain
regions are better able to represent stimulus patterns (Levine and
Schwarzbach, 2021; Popal et al., 2019). We hypothesized that older

adults would show decreased neural representations of recipients’
emotions in the ACC, insula, and DMPFC compared to young adults.
Second, we examined differences in the GMV of those brain regions
where age-related differences in RSA were found. We hypothesized that
GMV in the ACC, insula, and DMPFCwould be lower in older adults than
in young adults. Third, serial mediation analyses were used to identify
potential neural pathways for the effect of age on allocations. We hy-
pothesized that the emotions processed by the ACC and insula may be
further integrated by the DMPFC, completing the calculation of relative
subjective value for self and others to guide allocation behavior. Thus,
age might cause changes in emotion-related social decision making
through serial mediation effects of function (i.e., neural representations)
and structure (i.e., GMV) of the ACC and DMPFC or the insula and
DMPFC.

2. Methods

2.1. Participants

A total of 68 right-handed participants with no history of psychiatric
or neurological diseases participated in the study, among which 32
young adults were recruited from Southwest University and 36 older
adults were from local communities. Older adults were independent
community-dwelling adults whose Mini-mental State Examination
(MMSE) scores were above 26. Due to excessive head movements (i.e.,
translation > 3 mm or rotation > 3◦ or mean framewise displacement
(FD) > 0.3), one young adult and four older adults were excluded from
the following analyses. As a result, we included 63 participants, with 31
young adults (aged 18~24 years) and 32 older adults (aged 59~78
years) in data analysis respectively. Young and older adults were
matched for sex and subjective dispositional empathy measured by the
Interpersonal Reactivity Index-C (Zhang et al., 2010), while older adults
were generally less educated (Table 1). Given the significant difference
in years of education between young and older adults, it is controlled for
as a covariate in all analyses unless otherwise specified.

This study was approved by the Ethics Committee of Southwest
University to be in accordance with the Declaration of Helsinki
(H17014). Participants provided informed consent prior to the experi-
ment. Each participant received monetary reward for participation in
the study.

2.2. Experimental materials

In this study, we used the Chinese Facial Affective Picture System
(CFAPS; Gong et al., 2011) as our source of experimental stimuli. We
randomly selected 80 neutral and 80 sad face pictures that balanced the
sex. Sad face pictures were included because sadness may be more likely
to motivate altruistic behavior (Small and Verrochi, 2009; Van Kleef and
Lelieveld, 2022; Xiao et al., 2021), and neutral face pictures were

Table 1
Demographic information and statistical inference.

YA (n = 31)
M ± SD

OA (n = 32)
M ± SD

t p

Age (years) 20.65 ± 1.60 67.59 ± 3.96 − 62.05 <0.001
Sex (M/F) 10/21 13/19 0.48a 0.49
Education (years) 14.71 ± 1.64 9.88 ± 2.71 8.60 <0.001
MMSE (0–30) – 28.47 ± 1.48 – –
IRI-Cb

Perspective taking (0–20) 10.29 ± 3.49 11.63 ± 3.29 − 1.56 0.12
Personal distress (0–20) 9.42 ± 4.59 7.88 ± 5.20 1.25 0.22
Fantasy scale (0–24) 11.61 ± 3.20 12.16 ± 4.24 − 0.57 0.57
Empathetic concern (0–24) 11.71 ± 3.22 11.78 ± 3.13 − 0.09 0.93

Note: a χ2 test value; YA, young adults; OA, older adults; M, male, F, female;
MMSE, Mini-mental State Examination, b IRI-C, Interpersonal Reactivity Index-
C.
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included as a control condition. Since the CFAPS database contained
only young adult faces, we used Facelab (https://facelab.mobi/) to
transform half of the selected pictures, both neutral and sad faces, into
older faces. The consideration for the inclusion of older face pictures was
that the participants included older individuals, which can balance out
the age effect of stimuli. To refine our stimuli, a separate group of 11
older adults were recruited to rate the valence, arousal, and age of all
face pictures. Selecting older adults to rate the face pictures ensured that
the selected face pictures were more likely to evoke emotional experi-
ences in older adults. Valence and arousal scores were rated on a 9-point
scale, with higher valence scores indicating more positive, lower valence
scores indicating more negative, and scores closer to 5 indicating more
neutral. Age was rated over a range of 10–90 years. Using valence scores
as the primary indicator, the pictures with the lowest mean valence
scores were chosen as the sad pictures, while the pictures with the mean
valence scores closest to 5 were chosen as the neutral pictures. A total of
88 face pictures were selected, comprising 22 pictures each of young
neutral faces, young sad faces, older neutral faces, and older sad faces,
respectively: 1) the emotional valence scores of the sad faces were
significantly lower than that of the neutral faces (t(86) = − 25. 10, p <

0.001); 2) the emotional arousal scores of sad faces were significantly
higher than that of neutral faces (t(86) = 5.10, p < 0.001); 3) the ages of
older faces were significantly higher than that of young faces (t(86) =

34.34, p < 0.001). Of the 88 face pictures selected, 8 pictures were used
in the practical experimental task and 80 pictures were used in the
formal experimental task.

2.3. Experimental task

We adapted the dictator game task (Brocklebank et al., 2011; Char-
ness and Rabin, 2002) to investigate how recipients’ facial emotions (sad
vs. neutral) influence the social decision making of young and older
adults. Specifically, participants were asked to perform a money allo-
cation task with other players in the fMRI scanner. To simulate a realistic
social context, participants were told that the other players were
engaged via the Internet. There were two roles in the task, one was the
"allocator", and the other was the "recipient". In each round, the allo-
cator was required to allocate ¥ 10 between themselves and the recip-
ient, deciding how much to allocate to the recipient, while keeping the
remaining amount reserved for themselves. Recipients had no choice but
to accept the offer. Before each allocation, the allocators were shown
face pictures of the recipient showing either a neutral or sad emotion.
Although participants were only assigned the role of allocator, they were
told that the role was randomly selected. To further increase partici-
pants’ involvement in the task, they were informed that the amount they
kept in a random round was related to the monetary reward of the

Fig. 1. (A) The experimental procedure and types of recipients. (B) The pipeline of neuroimaging data analysis. RSA, representational similarity analysis; RDM,
representational dissimilarity matrix; GMV, gray matter volume; ROI, region of interest.
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experiment.
Participants were first required to complete an 8-trial practice ses-

sion (with different face pictures for each trial) outside the fMRI scanner
to familiarize themselves with the experimental procedures. After
practice, participants completed two runs of the formal experimental
tasks in the fMRI scanner, each run containing 40 face pictures, with
each picture presented pseudo-randomly once. As shown in Fig. 1A, in
each trial, the fixation was first presented as a jitter for 2–4 s (mean
interval of 3 s), followed by the recipient’s picture for 5 s. The allocation
phase lasted 8 s, during which participants could move the position of
the slider by pressing the "2″ key on the left hand and the "3″ key on the
right hand. The starting positions of the sliders were randomized on each
trial. In addition, participants were instructed that if the starting posi-
tion of the slider was the position of their choice, they also had to press
the corresponding key on their left hand and then the corresponding key
on their right hand to move the slider one space to the left and then back
to the starting position. This was done to ensure that the slider position
was chosen by them, rather than caused by distraction or other reasons.
The presentation of the experimental materials and the recording of the
participants’ responses were performed by E-Prime 2.0 (http://www.pst
net.com/eprime.cfm; Psychology Software Tools, Inc., Pittsburgh, PA,
RRID: SCR_009567).

After completing the main task, participants were asked to complete
an out-of-scanner allocation questionnaire to verify their allocation, as
shown in Figure S1. Allocation amounts and types of recipients were the
same as in the scanner. This procedure was designed to examine the
effectiveness of picture stimuli by comparing the consistency between
the results of the picture stimuli and the text description. Two older
adults did not complete the questionnaire.

2.4. Behavioral data analysis

We used the R package afex (https://cran.r-project.org/web/packag
es/afex/index.html) to perform the 2 (age: young adults vs. older adults)
× 2 (recipients’ emotions: neutral vs. sad) repeated measures analysis of
covariance (ANCOVA) on participants’ mean allocations in the experi-
mental task and the out-of-scanner allocation questionnaire. Trials in
which participants did not respond to keypresses were excluded from
data analyses for in-scanner data. Overall, only 0.7 % of the trials in
older adults and 1.4 % in young adults were excluded.

2.5. MRI data acquisition

Structural and functional images were acquired using a 3T Siemens
Prisma MRI system at the Brain Imaging Center, Southwest University.
Functional images were acquired using a gradient echo planar imaging
(EPI) sequence with the following parameters: repetition time (TR) =
2000ms, echo time (TE)= 30ms, field of view (FOV)= 224× 224mm2,
acquisition matrix = 112 × 112, flip angle = 90◦, 62 axial slices, slice
thickness = 2.00 mm, acquisition matrix = 64 × 64, voxel size = 2.00 ×
2.00 × 2.30 mm3, phase encoding direction = P >> A, and multiband
factor = 2. Participants were scanned for two task-state runs, each
consisting of 324 TRs. High-resolution T1-weighted (T1w) structural
images were acquired with the following parameters: TR = 2530 ms, TE
= 2.98 ms, flip angle = 7◦, FOV = 256 × 256 mm2, voxel size = 0.5 ×

0.5 × 1 mm3, phase encoding direction = A >> P. Participants were
scanned for 192 TRs of structural images.

2.6. MRI data preprocessing

2.6.1. Anatomical data preprocessing
The T1w image was corrected for intensity non-uniformity (INU)

using N4BiasFieldCorrection (Tustison et al., 2010), distributed with
ANTs 2.3.3 (Avants et al., 2008, RRID: SCR_004757), and used as the
T1w-reference for the subsequent workflow. The T1w-reference was
then skull-stripped using a Nipype implementation of the

antsBrainExtraction.sh workflow (from ANTs), with OASIS30ANTs as
the target template. Brain tissue segmentation of cerebrospinal fluid
(CSF), white matter (WM), and gray matter (GM) was performed on the
brain-extracted T1w using fast (FSL 5.0.9, RRID: SCR_002823; Zhang
et al., 2001). Volume-based spatial normalization to two standard spaces
(MNI152NLin6Asym, MNI152NLin2009cAsym) was performed by
nonlinear registration with ants Registration (ANTs 2.3.3), using
brain-extracted versions of both T1w reference and the T1w template.

2.6.2. Functional data preprocessing
The following preprocessing was performed for each of the 2 BOLD

runs found per participant. First, a reference volume and its skull-
stripped version were generated using a methodology of fMRIPrep
20.2.5 (Esteban et al., 2019, RRID: SCR_016216). A deformation field to
correct for susceptibility distortions was estimated based on fMRIPrep’s
fieldmap-less approach. The deformation field was that resulting from
co-registering the BOLD reference to the same-subject T1w-reference
with its intensity inverted (Huntenburg, 2014; Wang et al., 2017).
Registration was performed with ants Registration (ANTs 2.3.3), and
this process was regularized by constraining deformation to be nonzero
only along the phase-encoding direction, and modulated with an
average fieldmap template (Treiber et al., 2016). Based on the estimated
susceptibility distortion, a corrected EPI reference was calculated for a
more accurate co-registration with the anatomical reference. The BOLD
reference was then co-registered to the T1w reference using bbregister
(FreeSurfer), which implemented boundary-based registration (Greve
and Fischl, 2009). Co-registration was configured with six degrees of
freedom. Head-motion parameters concerning the BOLD reference
(transformation matrices and six corresponding rotation and translation
parameters) were estimated before any spatiotemporal filtering using
mcflirt (FSL 5.0.9; Jenkinson et al., 2002). BOLD runs were slice-time
corrected to 0.959 s (0.5 of slice acquisition range 0s-1.92 s) using
3dTshift from AFNI 20,160,207 (Cox and Hyde, 1997, RRID:
SCR_005927). The BOLD time-series (including slice-timing correction
when applied) were resampled onto their original, native space by
applying a single, composite transform to correct for head-motion and
susceptibility distortions. These resampled BOLD time-series would be
referred to as preprocessed BOLD in original space, or just preprocessed
BOLD. The BOLD time-series were resampled into several standard
spaces, correspondingly generating the following spatially normalized,
preprocessed BOLD runs: MNI152NLin6Asym, MNI152NLin2009cA-
sym. Several confounding time-series were calculated based on the
preprocessed BOLD: FD, DVARS, and three region-wise global signals.
FD was computed using two formulations following Power (absolute
sum of relative motions; Power et al., 2014) and Jenkinson (relative root
mean square displacement between affines, Jenkinson et al., 2002). FD
and DVARS were calculated for each functional run, both using their
implementations in Nipype (following the definitions by Power et al.,
2014). Frames that exceeded a threshold of 0.5 mm FD or 1.5 stan-
dardized DVARS were annotated as motion outliers. The three global
signals were extracted within the CSF, the WM, and the whole-brain
masks. Re-samplings were then performed with a single interpolation
step by composing all the pertinent transformations (i.e., head-motion
transform matrices, susceptibility distortion correction when available,
and co-registrations to anatomical and output spaces). Gridded (volu-
metric) re-samplings were performed using antsApplyTransforms
(ANTs), configured with Lanczos interpolation to minimize the
smoothing effects of other kernels (Lanczos, 1964).

2.7. Representational similarity analysis

Prior to analysis, the unsmoothed functional data were modeled
using the first-level analysis in SPM 12 to obtain single-trial t-statistics
maps for each participant. We used the least squares single (LSS)
approach for single-trial modeling. LSS has been shown to be the most
accurate method for decomposing events with different durations and
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large signal overlap (Arco et al., 2018). This method allowed a GLM to
be constructed individually for each trial, with the trial of interest as one
regression term and all other trials as another in the design matrices. The
time window of interest was set to the period of the presentation of the
recipient’s picture. This time window was used for the following rea-
sons: 1) participants had maximized emotional responses, 2) partici-
pants might consider how to allocate the amount during this time, and 3)
to avoid confusion regarding the activation of prefrontal regions caused
by pressing the button. To control for potential head motion and phys-
iological noise, six head motion parameters (i.e., three rotations and
three translations), CSF, WM, DVARS, and FD provided by fMRIPrep
were included in the design matrices. In addition, all time points with
0.5 mm FD or 1.5 standardized DVARS were censored in the models. All
regression terms were convolved with the canonical hemodynamic
response function (HRF), and low-frequency drift was removed with a
1/128 Hz high-pass filter. The one-sample t-tests were then used to
obtain the single-trial t-statistics maps.

The RSA was performed in MATLAB R2020a using CoSMoMVPA
(http://cosmomvpa.org; Oosterhof et al., 2016, RRID: SCR_014519).
The RSA performed here consisted of four steps: 1) building a repre-
sentational dissimilarity matrix (RDM) of the recipients’ emotions; 2)
building a neural RDM; 3) searchlight analysis; 4) group-level statistical
test. First, the RDM of recipients’ emotions was constructed for each
participant by setting the value to 0 if two recipients had the same
emotion and to 1 if they had different emotions, so that each value in the
RDM represented the similarity or dissimilarity of the emotions of the
two recipients. Second, the neural RDM was constructed for each
participant. For each voxel, a searchlight of 125 voxels centered on that
voxel was constructed. The correlation coefficient matrix was generated
by extracting the t-values of 125 voxels from the single-trial t-statistics
map of each trial, then calculating the Pearson correlation coefficient (r)
between the t-values of 125 voxels for paired stimulus, followed by 1-r to
obtain the neural RDM. Third, the searchlight method was used to
calculate the representational similarity scores between the RDM of
recipients’ emotions and the neural RDM (Fig. 1B). For the calculation of
representational similarity scores, only the unique off-diagonal values of
the matrices were used to compute the Spearman’s rank correlation
coefficient. The resulting correlation coefficient was then assigned to the
voxel at the center of the searchlight. A prior brain mask was employed
here to restrict the voxels within brain tissue. This step generated a
representational similarity scores image for each participant. To
improve the normality of the data, the Fisher Z-transformation was
performed on all representational similarity scores images. Higher
similarity scores indicate that the brain activity patterns more closely
reflect the representations of recipients’ emotions, suggesting that the
brain region is involved in processing or representing recipients’ emo-
tions. Finally, the two-sample t-test was used to test for differences be-
tween the representational similarity scores images between young and
older adults. The significance threshold was set at an uncorrected
cluster-forming threshold of z > 2.3 and a Gaussian random field (GRF)
corrected cluster threshold of p < 0.05. Besides RSA, we also performed
traditional univariate activation analysis that examined the main effect
of age, recipients’ emotions and their interaction on the brain activity
during recipient presentation; see Figure S2 and Table S1 in the
Supplementary

Material for results.

2.8. Gray matter volume analysis

The Computational Anatomy Toolbox for SPM (CAT12; http://www.
neuro.uni-jena.de/cat, RRID:SCR_019184) was used to process the
structural images. During preprocessing, T1-weighted images were
corrected for bias-field inhomogeneity, segmented into GM, WM, and
CSF (Ashburner and Friston, 2005), and spatially normalized using the
DARTEL algorithm (Ashburner, 2007). All scans underwent automated
quality assurance using the CAT12 "Check Sample Homogeneity"

procedure. None of the images analyzed showed any abnormality. To
investigate whether there are structural differences in the different brain
regions revealed by the RSA between young and older adults, we
extracted the mean GMV of the corresponding brain regions and per-
formed statistical analysis using two-sample t-test, and TIV was included
as an additional covariate. False discovery rate (FDR) was used to con-
trol for correction of multiple comparisons.

2.9. The correlation analysis between brain and behavior

Because we hypothesized that the DMPFC integrated social and
emotional information to calculate the relative subjective value for self
and others, we calculated the partial Pearson correlation coefficients
between the representational similarity scores of the left DMPFC and
allocations (sad - neutral) in the scanner and between the mean GMV of
the left DMPFC and allocations (sad - neutral) in the scanner across age
groups. Note that when calculating the correlation between mean GMV
of left DMPFC and allocations, in addition to controlling for education,
TIV was also included as a covariate. Besides, we also exploratively
calculated the partial Pearson correlation coefficients between the
representational similarity scores of the left DMPFC and allocations (sad
- neutral) outside the scanner and between the mean GMV of the left
DMPFC and allocations (sad - neutral) outside the scanner across age
groups.

2.10. Mediation analysis

To test whether and how age influences allocations via the function
and structure of related brain regions, we conducted two serial media-
tion analyses using the R package lavaan (https://cran.r-project.org/we
b/packages/lavaan/index.html; Rosseel, 2012). In the first model, we
considered age (dummy variable; young adults were coded "− 1″ and
older adults were coded "1″) as the independent variable, participants’
allocations (sad-neutral) in the scanner as the dependent variable,
representational similarity scores (i.e., Fisher Z-transformed Spearman’s
rank correlation coefficients) of the right insula and left DMPFC as
mediator variables, with education as a covariate; in the second model,
however, the mean GMV of the right ACC and left DMPFC were
considered as the mediator variables, with education and TIV as cova-
riates. The nonparametric bootstrap approach with 5000 iterations
estimated the indirect and direct effects at a 95 % bias-corrected
percentile. The standardized regression coefficients and 95 % confi-
dence intervals (CI) were reported. Indirect and direct effects were
considered statistically significant if their 95 % CI did not include zero.
In addition to testing the above models, we performed supplementary
analyses using the representational similarity scores of the right ACC
and the left DPMFC or the mean GMV of the right insula and the left
DMPFC as mediator variables; see Supplementary Material (Figure S3)
for results.

3. Results

3.1. Behavioral results

The allocations in the scanner showed a significant interaction of age
× recipients’ emotions (F(1,60) = 4.30, p = 0.04, ηp2 = 0.07; Fig. 2A). The
subsequent simple effect analysis revealed that young adults allocated
more amounts to sad recipients than that to neutral recipients (t(60) =
2.29, p = 0.03, Cohen’s d = 0.53), whereas there was no significant
difference between sad and neutral recipients in older adults (t(60) =
− 1.14, p = 0.26, Cohen’s d = − 0.26). Besides, there was no significant
difference in the allocations between young and older adults for neutral
recipients (t(60) = 1.03, p = 0.31, Cohen’s d = 0.53), but young adults
allocated more amounts than older adults for sad recipients (t(60)= 2.49,
p= 0.02, Cohen’s d= 1.32), as revealed by another type of simple effects
analysis. Thus, older adults’ allocations in the scanner showed a
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decrease in emotion-related generosity compared to young adults. The
main effects of age (F(1,60) = 3.61, p = 0.06, ηp2 = 0.06) and recipients’
emotions (F(1,60) = 1.13, p = 0.29, ηp2 = 0.02) were not significant.

The results of the allocation questionnaire completed outside the
scanner were similar to the allocations in the scanner, which showed a
significant interaction of age × recipients’ emotions (F(1,58) = 7.21, p =

0.009, ηp2 = 0.11; Fig. 2B). The subsequent simple effects analysis
revealed that young adults allocated more amounts to sad recipients
than that to neutral recipients (t(58)= 4.04, p< 0.001, Cohen’s d= 0.92),
whereas there was no significant difference between sad and neutral
recipients in older adults (t(58) = − 0.44, p = 0.66, Cohen’s d = − 0.10).
Furthermore, another type of simple effects analysis showed there was
no significant difference in the allocations between young and older
adults for neutral recipients (t(58) = 0.65, p = 0.52, Cohen’s d = 0.32),
but young adults allocated more amounts than older adults for sad re-
cipients (t(58) = 2.59, p = 0.01, Cohen’s d = 1.34).Therefore, older
adults’ allocations outside the scanner also showed a decrease in
emotion-related generosity compared to young adults. The main effect
of age (F(1,58) = 3.17, p = 0.08, ηp2 = 0.05) was not significant, whereas
the main effect of recipients’ emotions was significant (F(1,58) = 10.77, p
= 0.002, ηp2 = 0.16), with the amounts allocated to sad recipients higher
than that to neutral recipients (t(58)= 3.14, p= 0.003, Cohen’s d= 0.41).

Moreover, we also conducted the control analyses. The 2 (age) × 2

(recipients’ ages) × 2 (recipients’ emotions) repeated measures ANCO-
VAs were used to examine the moderating effect of recipients’ ages on
participants’ allocations. The results showed that the recipients’ ages did
not have the significant moderating effects on allocations both in the
scanner and outside the scanner (Table S2).

3.2. Age differences in neural representations of recipients’ emotions

The representational similarity analysis revealed that young adults
had higher representational similarity scores than older adults in the left
caudate, left DMPFC, right insula and right ACC, but older adults had
higher representational similarity scores than young adults in the right
angular gyrus (Table 2; Fig. 3). After additionally controlling for uni-
variate activation in related brain regions, the above results remained
consistent (Table S3). We also controlled the mean GMV to reanalyze the
differences in representational similarity scores between young and
older adults. The results showed that there was no significant difference
in representational similarity scores of the right insula and right angular
gyrus between young and older adults after controlling for mean GMV,
while the results of other brain regions remained consistent (Table S3),
suggesting that the age differences in representational similarity scores
of the right insula and right angular gyrus might be related to the de-
clines in gray matter volume in older adults. Moreover, to control for the

Fig. 2. The behavioral allocation results (A) in the scanner and (B) outside the scanner. * p < 0.05; **p < 0.01; ***p < 0.001; n.s. represents no significance. YA,
young adults; OA, older adults. The error bar indicates the ± 1 standardized error of estimated marginal means.

Table 2
The results of representational similarity analysis of recipients’ emotions.

Regions L/R BA MNI coordinates Z Voxels

x y z

YA > OA
Caudate L – − 22 2 18 4.59 144
Dorsomedial prefrontal cortex L 32 − 10 26 34 4.05 125
Anterior cingulate gyrus R 24 6 34 14 4.05 136
Insula R 48 34 18 4 3.70 112
OA > YA
Angular gyrus R 39 40 − 54 44 4.12 123

Note. The significance threshold was set at an uncorrected cluster-forming threshold of z> 2.3 and a GRF corrected cluster threshold of p< 0.05. L, the left hemisphere;
R, the right hemisphere; BA, Brodmann area; YA, young adults; OA, older adults.
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effects of recipients’ ages, we additionally constructed the RDM of re-
cipients’ ages in the representational similarity analysis by setting the
value to 0 if two recipients were the same age and to 1 if they were
different ages. When calculating the representational similarity scores
between the neural RDM and the RDM of recipients’ emotions, the
partial Spearman’s rank correlation was performed with the RDM of
recipients’ ages as a covariate. The results remained highly consistent
(Table S4; Figure S4).

3.3. Age differences in gray matter volume

The results revealed that young adults had higher mean GMV than
older adults in the right ACC, right insula, left DMPFC, left caudate, and
right angular gyrus (Fig. 4).

3.4. The correlation between brain and behavior

The correlation analyses found the representational similarity scores
of the left DMPFC were positively related to the allocations in the
scanner across age groups (r = 0.34, p = 0.006; Fig. 5A), and the mean
GMV of the left DMPFC was positively related to the allocations in the
scanner across age groups (r = 0.32, p = 0.01; Fig. 5B). Exploratory
correlation analyses also revealed the representational similarity scores
of the left DMPFC were positively related to the allocations outside the
scanner across age groups (r= 0.33, p= 0.01; Figure S5A), and the mean
GMV of the left DMPFC was positively related to the allocations outside
the scanner across age groups (r = 0.37, p = 0.003; Figure S5B).

3.5. The results of serial mediation analysis

The bootstrap tests were used to test whether the direct and indirect

Fig. 3. Brain regions that differ in representational similarity scores between young and older adults. The significance threshold was set at an uncorrected cluster-
forming threshold of z > 2.3 and a GRF corrected cluster threshold of p < 0.05. * p < 0.05; ** p < 0.01; *** p < 0.001; ACC, anterior cingulate gyrus; DMPFC,
dorsomedial prefrontal cortex; YA, young adults; OA, older adults; L, left hemisphere; R, right hemisphere. The error bar indicates the ± 1 standardized error of
means (SEM). All p-values are FDR corrected.
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effects of age on allocations in the scanner were significant. The first
model yielded a significant serial mediation effect via the representa-
tional similarity scores of the right insula and left DMPFC (β3 = − 0.06,
95 % CI = [− 0.17, − 0.01]). The indirect effect via the representational
similarity scores of the left DMPFC was also significant (β2 = − 0.08, 95
% CI = [− 0.22, − 0.01]), but the indirect effect via the representational
similarity scores of the right insula (β1 = − 0.07, 95 % CI = [− 0.24,
0.09]) and the direct effect of age on allocations (β = − 0.17, 95 % CI =
[− 0.56, 0.25]) were not significant (Fig. 5C). The second model also
showed a significant serial mediation effect via the mean GMV of the
right ACC and left DMPFC (β3 = − 0.09, 95 % CI = [− 0.26, − 0.02]).
Besides, the indirect effect via the mean GMV of the left DMPFC was also
significant (β2 = − 0.17, 95 % CI = [− 0.44, − 0.04]), but the indirect
effect via the mean GMV of the right ACC (β1 = 0.15, 95 % CI = [− 0.17,
0.50]) and the direct effect of age on allocations (β = − 0.26, 95 % CI =
[− 0.78, 0.31]) were not significant (Fig. 5D).

Besides, we performed the exploratory mediation analyses using the
allocations outside the scanner as the dependent variable. Except for the

non-significant path coefficient via the representation similarity scores
of the left DMPFC to allocations, other indirect effect paths were
consistent with the results of the allocations in the scanner as the
dependent variable (Figure S5C; Figure S5D). We speculated that the
reason for the non-significant path coefficient via the representation
similarity analysis scores of the left DMPFC to allocations was likely due
to the non-simultaneity between the neural activity in the scanner and
the behavioral measures outside the scanner, which weakened the brain-
behavior correlation.

4. Discussion

This study used the dictator game task to examine differences in
monetary allocations between young and older adults in response to
recipients with different facial emotions. Behavioral results revealed
that older adults’ allocations showed a decrease in emotion-related
generosity compared to young adults. Neurally, the representational
similarity scores in the right insula, right ACC, left DMPFC, and left

Fig. 4. Brain regions that differ in mean GMV between young and older adults. The significance threshold was set at an uncorrected cluster-forming threshold of z >
2.3 and a GRF corrected cluster threshold of p < 0.05. * p < 0.05; ** p < 0.01; *** p < 0.001; ACC, anterior cingulate gyrus; DMPFC, dorsomedial prefrontal cortex; L,
left hemisphere; R, right hemisphere; GMV, gray matter volume; YA, young adults; OA, older adults. The error bar indicates the ±1 SEM. All p-values are
FDR corrected.
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caudate were higher in young adults than in older adults, but the
representational similarity scores in the right angular gyrus were higher
in older adults than in young adults. Besides, the mean GMV in the right
insula, right ACC, the left DMPFC, left caudate and the right angular
gyrus were higher in young adults than in older adults. Importantly, the
representational similarity scores between the right insula and the left
DMPFC and the mean GMV between the right ACC and the left DMPFC
played significant serial mediation roles between age and allocations.

Compared to young adults, older adults’ allocations showed a
decrease in emotion-related generosity. First, we speculated that it
might be related to older adults’ decreased ability to process sad facial
expressions (Gonçalves et al., 2018; MacPherson et al., 2006). Older
adults’ positive emotion bias in emotion processing (Carstensen, 1992,
2021; Carstensen et al., 1999; Moore et al., 2015) and related cognitive
declines (Lambrecht et al., 2012) impair their ability to process negative
emotions, which in turn impact older adults’ ability to understand the
motives and intentions of others in social decision making, ultimately
resulting in changes in older adults’ allocation behavior. Second, it may

also be due to the decline in their ability to integrate emotions (Baena
et al., 2010; Charles and Carstensen, 2010), making it difficult for older
adults to integrate information from recipients with different emotions
to guide allocation behavior. In sum, although our findings suggested
differences in emotion-related generosity between older and young
adults, there was no evidence that older adults were less generous than
young adults overall. Therefore, our results proved that older adults
were not less generous unless confronted with individuals with specific
emotions (such as sad). Besides, the decrease in emotion-related gen-
erosity in older adults cannot be explained by differences in empathy, as
no differences were found on any of the dimensions of the IRI-C scale
(Table 1), and was more likely related to altered emotion processing and
integration abilities in older adults.

The neuroimaging results showed that the representational similar-
ity scores and mean GMV of the right insula and right ACC were
significantly higher in young adults than in older adults. The ACC and
insula, as key nodes of the salience network/midcingulo-insular network
(Menon and Uddin, 2010; Toga, 2015; Ziaei et al., 2021), are closely

Fig. 5. . (A) The correlation between the representational similarity scores of the left DMPFC and allocations in the scanner. (B) The correlation between the mean
GMV of the left DMPFC and allocations in the scanner. (C) The results of the serial mediation analysis with the representational similarity scores of the right insula
and left DMPFC as the mediator variables and allocations in the scanner as the dependent variable. β1 indicates the path from age via the representational similarity
scores of the right insula to allocations; β2 indicates the path from age via the representational similarity scores of the left DMPFC to allocations; β3 indicates the path
from age via the representational similarity scores of the right insula and left DMPFC to allocations. (D) The results of the serial mediation analysis with the mean
GMV of the right ACC and left DMPFC as the mediator variables and allocations in the scanner as the dependent variable. β1 indicates the path from age via the mean
GMV of the right ACC to allocations; β2 indicates the path from age via the mean GMV of the left DMPFC to allocations; β3 indicates the path from age via the mean
GMV of the right ACC and left DMPFC to allocations. GMV, gray matter volume; CI, confidence interval; ACC, anterior cingulate gyrus; DMPFC, dorsomedial
prefrontal cortex; L, left hemisphere; R, right hemisphere; *p < 0.05; ** p < 0.01; ***p < 0.001; YA, young adults; OA, older adults.
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linked to emotion processing, and their function and structure are
particularly vulnerable to aging. For instance, when viewing scenarios of
others’ body parts being injured, older adults had reduced activation of
the insula and ACC compared to young adults (Chen et al., 2014). A
recent study had also found that emotional reactivity declines with age
and that the GMV of the insula was negatively correlated with age (Niu
et al., 2024). Interestingly, resting-state functional connectivity (RSFC)
of the left insula with the right hippocampus and the RSFC of the right
insula with the striatum and thalamus mediated the relationship be-
tween age and emotional reactivity (Niu et al., 2024). Besides, there has
been evidence of an association between reduced insula activity and
disturbances in emotional processing in clinical conditions such as
neurodegenerative diseases (Verstaen et al., 2016), Parkinson’s disease
(Vicario et al., 2017), and stroke (Vicario et al., 2017), which typically
occur in aging populations. Thus, the structural and functional changes
in the right ACC and right insula in older adults may reduce their pro-
cessing of others’ emotions and their ability to understand and respond
to the emotional states of others (Chen et al., 2014; Mather, 2012, 2016;
Orlando and Filippini, 2024; Ziaei et al., 2021). These findings were
consistent with previous behavioral studies that older adults have more
difficulty to process negative emotions than positive emotions compared
to young adults (Hayes et al., 2020; Ruffman et al., 2008), and provided
partial neural evidence for socioemotional selectivity theory, which
proposes that older adults preferentially process positive over negative
stimuli (Carstensen, 1992, 2021; Carstensen et al., 1999).

We also found that the representational similarity scores and mean
GMV of the left DMPFC were significantly lower in older adults than in
young adults. The DMPFC is involved in integrating social and
emotional information (Ding et al., 2020; Krishnan et al., 2016; Wever
et al., 2021). Hence, the reduced neural representations and structural
integrity in older adults may also be related to the decline in the inte-
gration of social and emotional information. Moreover, our results also
showed that both representational similarity scores and mean GMV of
the left DMPFC were positively correlated with allocations across age
groups, suggesting that the left DMPFC might influence allocations by
integrating social and emotional information to compute the relative
subjective value for self and others (Ferrari et al., 2016; Kensinger and
Ford, 2021; Martin et al., 2017; Piva et al., 2019; Tomova et al., 2020).
Therefore, the functional and structural deficits in the left DMPFC in
older adults might impact how older adults integrated social and
emotional information to compute relative subjective value for self and
others. This provided a partial neural explanation for older adults’ al-
locations showing a decrease in emotion-related generosity.

Importantly, we found that age influenced allocations not only
through serial mediation of the representational similarity scores of the
right insula and left DMPFC, but also through serial mediation of the
mean GMV of the right ACC and left DMPFC. Specifically, with
increasing age, the neural representations of the right insula and the
structural integrity of the right ACC decreased in older adults, whereas
the neural representations and the structural integrity of the left DMPFC
were positively related the neural representations of the right insula and
the structural integrity of the right ACC, respectively, ultimately
explaining the difference in allocations between young and older adults.
These serial relationships might suggest that the impaired the ability to
process emotions due to declines in the neural representations of the
right insula or the structural integrity of the right ACC did not alone
cause decreased emotion-related generosity in older adults. Instead, the
ability to integrate emotions processed by the right insula and right ACC
to compute the relative subjective value for self and others was also
altered as a result of declines in neural representations and structural
integrity of the left DMPFC, which further influenced emotion-related
generosity in older adults. Moreover, age could also influence alloca-
tions through neural representations or structural integrity of the left
DMPFC, further supporting the critical role of the left DMPFC in
explaining altered emotion-related social decision making in older
adults. These potential neural pathways highlighted the complex

interactions between emotions and social interactions in the formation
of age-related allocation differences, reveal at the neural level that older
adults were not less generous unless confronted with individuals with
specific emotions (such as sad), and deepen our understanding of their
social interaction behavior.

Besides, our results also found that the representational similarity
scores and mean GMV of the left caudate were significantly lower in
older adults than in young adults. The caudate is a key striatal region,
and age-related alterations in the left caudate may affect learning,
motivation, and reward processing in older adults (Bick et al., 2019;
Fareri et al., 2008; Grahn et al., 2008; Haruno and Kawato, 2006).
Interestingly, although older adults showed significantly lower mean
GMV of the right angular gyrus compared to young adults, the repre-
sentational similarity scores of right angular gyrus in older adults were
significantly higher than in young adults. The right angular gyrus is
strongly linked to processes that require intentional attribution and
temporary inferences (Bravo et al., 2017). The reversal of structural and
functional differences in the right angular gyrus between young and
older adults may reflect changes of related cognitive functions in older
adults.

This study examined the effects of changes in function and structure
of the ACC, insula, and DMPFC in older adults on emotion-related social
decision making and revealed potential neural pathways. However, this
study has several limitations. First, there was a significant difference in
education between young and older adults. Although this was controlled
for as a covariate in all analyses, its influence on the results cannot be
ruled out. Future studies should rigorously control for education in both
the young and older adults to rule out the effect of education on age-
related differences in social decision making. Second, this study only
considered neutral and sad recipients. Due to the complexity and di-
versity of people’s emotions, this study cannot fully reveal how other
people’s emotions affect social decision making in older adults. Future
studies should include a greater variety of emotions in their experiments
to fully explore age differences in emotion-related social decision mak-
ing. Third, this study used a dictator game task based on laboratory
research to examine social decision making, which may lack ecological
validity. Therefore, caution should be exercised in generalizing the re-
sults of this study to practical applications. Future research could
consider the use of other experimental social decision tasks to further
investigate age differences in emotion-related social decision making. In
addition, hyperscanning techniques have been increasingly used in
recent years to investigate the neural basis of interpersonal social in-
teractions (Ishihara et al., 2024; Liu et al., 2024; Song et al., 2024; Zhang
et al., 2024; Zhao et al., 2024). Hyperscanning allows for the simulta-
neous consideration of interactions in neural activity between multiple
participants and enhances ecological validity by allowing the study of
real-world behaviors and experiences (Babiloni and Astolfi, 2014; Xie
et al., 2020). Therefore, future studies could consider using hyper-
scanning to investigate the neural basis of age differences in
emotion-related social decision making. Finally, the present study
revealed the potential neural pathways that explain differences in
emotion-related social decision making through serial mediation ana-
lyses. However, these neural pathways were currently only the results of
mathematical model inference and did not allow for the direct tests of
causality. Future studies could consider using neuromodulation tech-
niques to intervene directly in the brain regions to validate the causal
relationship.

5. Conclusions

In conclusion, the present study indicated that aging weakened the
regulatory effect of others’ emotions on social decision making from
behavioral and neural perspectives in older adults. Behavior results
indicated older adults showed a decline in emotion-related generosity.
Neuroimaging results showed functional and structural deficits in the
right ACC, right insula, and left DMPFC in older adults compared to
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young adults. More importantly, age influenced allocations not only
through serial mediation of neural representations of the right insula
and left DMPFC, but also through serial mediation of the mean gray
matter volume of the right ACC and left DMPFC, which provides po-
tential neural pathways to explain age differences in emotion-related
social decision making, advancing our understanding of older adults’
social interaction behavior that they may not be less generous unless
confronted with individuals with specific emotions.
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