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Adolescence is a crucial time for social development, especially for helping 

(prosocial) and compassionate behaviors; yet brain networks involved in 

adolescent prosociality and compassion currently remain underexplored. 

Here, we  sought to evaluate a recently proposed domain-general 

developmental (Do-GooD) network model of prosocial cognition by relating 

adolescent functional and structural brain networks with prosocial and 

compassionate disposition. We acquired resting state fMRI and diffusion MRI 

from 95 adolescents (ages 14–19   years; 46 males; 49 females) along with 

self-report questionnaires assessing prosociality and compassion. We  then 

applied the Network-Based Statistic (NBS) to inductively investigate whether 

there is a significant subnetwork related to prosociality and compassion while 

controlling for age and sex. Based on the Do-GooD model, we expected that 

this subnetwork would involve connectivity to the ventromedial prefrontal 

cortex (VMPFC) from three domain-general networks, the default mode 

network (DMN), the salience network, and the control network, as well as from 

the DMN to the mirror neuron systems. NBS revealed a significant functional 

(but not structural) subnetwork related to prosociality and compassion 

connecting 31 regions (p = 0.02), showing DMN and DLPFC connectivity to 

the VMPFC; DMN connectivity to mirror neuron systems; and connectivity 

between the DMN and cerebellum. These findings largely support and 

extend the Do-GooD model of prosocial cognition in adolescents by further 

illuminating network-based relationships that have the potential to advance 

our understanding of brain mechanisms of prosociality.
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Introduction

Prosocial behavior, defined as compassionate actions that 
benefit others, is associated with improved physical health in the 
giver (Inagaki and Eisenberger, 2016; Moieni et al., 2019), and 
while childhood prosocial behavior predicts adulthood 
prosociality (Eisenberg et  al., 2001), the brain mechanisms of 
prosociality and compassion during neurodevelopment remain 
poorly understood. Better understanding these mechanisms may 
help improve educational and mental health interventions that 
promote prosocial and compassionate behavior in youth.

Functional magnetic resonance imaging (fMRI) studies 
investigating adolescent prosocial behavior have mostly focused 
on identifying brain regions with significant activation during 
prosocial tasks. This research generally operationalized 
prosociality through the amount of resources (e.g., money) given 
to another person versus themselves (van den Bos et al., 2009, 
2011; Telzer et  al., 2011, 2013; Gunther Moor et  al., 2012; 
Güroglu et al., 2014; Van Hoorn et al., 2016; Will et al., 2016, 
2018; Sakai et al., 2017; Schreuders et al., 2018, 2019; Tousignant 
et al., 2018; Spaans et al., 2020; Brandner et al., 2021; Duell et al., 
2021). Two studies analyzed neural correlates of trait-based 
prosociality related to prosocial questionnaires, namely the 
Strengths and Difficulties Questionnaire (SDQ) prosocial 
sub-scale (Goodman, 2001), indicating a relationship to seed-
based resting state connectivity (Okada et  al., 2019) and to 
longitudinal changes in cortical thickness (Ferschmann et al., 
2019). Together, these findings implicate a broad set of brain 
regions largely grouped by three networks: default mode network 
(DMN) regions—the medial prefrontal cortex (MPFC), the 
posterior cingulate cortex (PCC), precuneus, and temporal–
parietal junction (TPJ); salience network (SN) regions—the 
anterior cingulate cortex (ACC) and insula; and control network 
(CN) regions—the dorsolateral prefrontal cortex (DLPFC) and 
the inferior parietal lobule (IPL; For a recent review, see Sipes 
et al., 2022). However, regions deemed significant for prosociality 
varied between task paradigms, highlighting the need for 
additional research to clarify the role of regions and networks in 
adolescent prosociality.

Recently, we proposed a domain-general developmental 
“Do-GooD” network model of prosocial cognition in 
adolescents (Sipes et  al., 2022) based on works referenced 
above. According to the Do-GooD model, three domain-
general networks—the default mode network (DMN), the 
control network (CN), and the salience network (SN)—
contribute value computations for prosocial decisions, which 
are integrated in the ventromedial prefrontal cortex (VMPFC). 
We  proposed that the DMN, supported by mirror neuron 
systems, computes value for self and other and sends it to the 
VMPFC. We  suggested that these computations can 
be influenced by events that occur before prosocial decision-
making and may reflect general prosocial disposition. Similarly, 
we  proposed that the CN develops during adolescence and 
contributes value for social norms and moral attitudes which 

are sent to the VMPFC. Specific predictions of the Do-GooD 
model are that prosocial disposition (i.e., outside of tasks) 
should positively relate to connectivity within the DMN 
(reflecting a developed self versus other value-computation 
system) and connectivity to the VMPFC from the DMN and 
CN (reflecting that value’s accrual). In the Do-GooD model, 
the SN accounted for self-monitoring ongoing fairness across 
task sessions that, in classic block-based fMRI design, required 
many repetitions of prosocial decision-making. The SN’s 
involvement in self-monitoring during tasks suggests that its 
core regions, such as the anterior cingulate cortex and insula, 
may not be  related to prosociality outside of tasks (Sipes 
et al., 2022).

Here, we  sought to evaluate these predictions inductively. 
Since the Do-GooD model was mostly inferred from task-based 
activation fMRI studies and not connectivity studies, we believed 
an important first step in exploring how brain networks relate to 
adolescent prosociality was to use a data-driven whole-brain 
technique that would derive significant relationships without 
limiting the analysis to only a few connections. The Network-
Based Statistic (NBS) is such a technique with the power to 
inductively interrogate the relationship between brain networks 
and psychometric data while non-parametrically correcting for 
multiple comparisons (Zalesky et al., 2010). NBS is designed to 
leverage the full high-dimensionality of brain networks to derive 
subnetworks related to (in this case) adolescent prosociality and 
compassion that are unlikely to arise in randomized networks 
with similar global properties.

Using NBS, we tested whether resting state functional and 
structural brain networks contain subnetworks related to prosocial 
behavior and compassion during adolescence. We expected that, 
if such subnetworks existed, they would reveal relationships 
hypothesized by the Do-GooD model of prosocial cognition; 
namely that there should be increased within-DMN connectivity, 
greater connectivity between the VMPFC and the DMN and CN, 
and that these relationships would be reflected by subnetwork 
connections with key DMN and CN regions previously related to 
task-based prosocial behavior, including the medial prefrontal 
cortex, the precuneus, the dorsolateral prefrontal cortex, and the 
temporal parietal junction.

Materials and methods

Participants

Ninety-five healthy adolescents (mean 16.0 ± 1.3 years, range: 
14–19  years., 49 females, 46 males) were recruited from a 
community sample in Northern California. Adolescent 
participants were recruited using University of California, San 
Francisco (UCSF) IRB-approved flyers posted around the UCSF 
campus, neighboring areas, and local high schools. Recruitment 
also involved online posts to parent communities and word-of-
mouth referrals to the study. Adolescents were excluded from the 
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study if they reported MRI contraindications, psychiatric 
diagnoses, or were taking any psychotropic medications. This 
study was approved by the UCSF Institutional Review Board 
(IRB). Each participant completed two self-report questionnaires 
and underwent a 3T MRI scan.

Study questionnaires

All participants completed the Strengths and Difficulties 
Questionnaire (SDQ) and the Compassionate Engagement and 
Action Scales for Youth (CEASY).

The SDQ measures prosociality through a prosocial 
behavior sub-scale that assesses adolescents’ general patterns of 
prosocial behavior (Goodman, 2001). This three-point Likert 
scale gives examples of prosocial actions and asks adolescents 
to rate the extent to which each statement is true (not true = 0, 
somewhat true = 1, or certainly true = 2). The total score is the 
based on the responses to five questions, with total scores 
ranging 0–10.

The CEASY has adolescent validated subscales for 
compassionate engagement and action for self, for others, and as 
perceived from others (Gilbert et al., 2017). We used the total 
sub-score regarding compassion for others as a measure of 
outwardly compassionate tendencies. The subscale’s ten items 
were scored on a Likert scale from 1 to 10, with the total scores 
ranging 10–100.

Importantly, the SDQ measures real-life examples of prosocial 
action while the CEASY measures compassionate cognitive 
engagement and generalized actions toward others. Since these 
questionnaires measure different aspects of a similar psychological 
construct (prosocial actions and compassionate engagement), 
we  sought to identify a subnetwork involving the interaction 
(product) of these scores. This projects both scores into a common 
space, and it allows for each super-score to be a more granular 
measure of this general positive-psychological phenomenon. 
Since no participant scored 0 on the SDQ prosociality sub-scale, 
no super-scores were collapsed to 0.

Magnetic resonance imaging acquisition

All participants underwent 3T (GE) MRI scans, which 
included a standard T1-weighted sequence (MPRAGE 
sequence, with TR/TI/TE = 10.2 s/450 ms/4.2 s, flip angle = 15°, 
1 mm isotropic resolution, ASSET acceleration factor = 2, 
acquisition time = 6 min and 11 s), a T2*-weighted resting state 
fMRI sequence (TR = 800 ms, TE = 30 ms, FOV = 21.6 cm, 
90×90 matrix, 2.4 mm isotropic resolution, 525 time-points, 
acquisition time = 7 min), and a 30-direction diffusion tensor 
imaging (DTI) sequence (TR = 7,500 ms, TE = 60.7 ms, 
FOV = 25.6 cm, 128 × 128 matrix, and slice thickness = 2 mm 
resulting in a 2 mm isotropic resolution, b  = 1,000s/mm2, 
acquisition time = 4 min).

Functional connectivity

Functional connectomes were constructed using the default 
processing pipelines from the functional connectivity toolbox 
(CONN; Whitfield-Gabrieli and Nieto-Castanon, 2012) and 
SPM12 (Wellcome Department of Imaging Neuroscience, 
London, United Kingdom).1 Briefly, T2*-weighted images were 
aligned to a common space and underwent motion estimation and 
correction as well as slice-timing correction. Outlier scans were 
identified for scrubbing, and gray matter in the T1-weighted 
images and T2*-weighted images were segmented and normalized. 
The functional data was smoothed using an 8 mm FWHM kernel. 
Confounds were regressed out of the data, including white matter 
signal, cerebrospinal fluid (CSF) signal, realignment, scrubbing, 
and the effect of rest. The brain was parceled into 116 regions of 
interest (ROIs) by the Automated Anatomical Labeling (AAL) 
atlas (Tzourio-Mazoyer et  al., 2002). ROI-to-ROI functional 
connectivity (FC) was computed as the Fisher’s Z transformed 
Pearson’s correlation of mean BOLD time series within each 
region. All FC networks were thresholded to retain only positive 
correlations as network weights.

Structural connectivity

Structural connectomes were constructed as described 
previously (Yuan et  al., 2019). Briefly, we  segmented the 
T1-weighted image cortex, subcortex, and cerebellum into a total 
of 116 ROIs using the AAL atlas, then registered it to DTI space. 
We used deterministic tractography with the Diffusion Toolkit 
(Wang et al., 2007) to generate tractograms for each participant. 
The network was constructed by considering each AAL ROI as a 
network node, and connections between nodes were weighted by 
the average fractional anisotropy along all reconstructed 
streamlines between them.

Network-based statistic analysis

The Network-Based Statistic (NBS) toolbox was used to 
identify significant functional and structural subnetworks 
related to prosociality and compassion while correcting for 
multiple comparisons (Zalesky et al., 2010). Our design matrix 
was structured as [constant = 1; SDQ*CEASY; Age; Sex], and our 
contrast vector was [0 1 0 0] to assess the effect of prosociality 
and compassion while controlling for age and sex. Our inputs 
into NBS were the 116 × 116 functional connectivity and 
structural connectivity matrices, stacked across all 95 
participants. Because NBS uses a test-statistic to determine 
significant subnetwork edges, we first swept through a range of 
test-statistic thresholds on the interval between 2 and 3 in 0.05 

1 www.fil.ion.ucl.ac.uk/spm
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steps to determine the test-statistic that minimized the 
subnetwork size while maintaining significance for multiple 
comparisons compared to 2,000 randomized-network 
permutations. Based on these results, we ultimately used a t-test 
comparison with a test-statistic = 2.75 and with 10,000 
randomized-network permutations to obtain the final value of p 
for the subnetwork related to prosociality and compassion. 
Post-hoc analysis sought to verify this relationship by testing the 
correlation between each subject’s subnetwork weight (sum of all 
subnetwork edges) and their combined prosociality and 
compassion score. For interpretability, we  quantified the 
subnetwork’s modular clustering of regions through the Louvain 
community detection algorithm (γ = 0.8) implemented in the 
Brain Connectivity Toolbox (Rubinov and Sporns, 2010).

Results

Questionnaire results

Adolescents in our study exhibited a range of prosocial 
tendencies, but our sample leaned toward being more prosocial. 
The means (standard deviations) for the questionnaires are as 
follows: SDQ-Prosocial = 8.23 (1.48); CEASY-For Others = 76.86 
(14.56); SDQ-Prosocial*CEASY-For Others = 644.45 (190.45).

Functional connectivity results

NBS revealed a statistically significant connected functional 
subnetwork positively associated with prosocial behavior and 
compassion in adolescents (p = 0.021; Figure 1A). For visualization 
purposes, we  colored the subnetwork based on its module 
assignment using the Louvain community detection algorithm, 
scaled the size of each node relative to its degree, and scaled the 
thickness of each edge relative to its test-statistic. Post-hoc analysis 
on the subnetwork’s weight (sum of all functional connectivity 
edge weights in the subnetwork) confirmed a significant positive 
correlation with prosocial tendencies (r  = 0.67, p  < 0.0001; 
Figure 1B).

The subnetwork brain regions consisted of the following: the 
prefrontal lobe, including the left ventromedial prefrontal cortex 
(VMPFC), bilateral dorsomedial prefrontal cortex (DMPFC), left 
dorsolateral prefrontal cortex (DLPFC), bilateral orbital inferior 
frontal gyrus (IFG-orb), the Rolandic operculum, and the 
supplementary motor area (SMA); the temporal lobe including 
the bilateral superior temporal poles (TP-sup), bilateral Heschl’s 
gyrus (auditory cortex), and the left amygdala; medial parietal 
regions including the right posterior cingulate cortex (PCC) and 
bilateral precuneus; the occipital lobe including the bilateral 
superior occipital gyri (OG-sup) and calcarine fissures; one basal 
ganglia region, the right pallidum; many subregions of the 
cerebellum including Crus1 (right), Crus2 (left), regions VI 
(bilateral), VIII (bilateral), and X (right). The full list of AAL 

regions comprising the subnetwork is listed in Figure  1C, 
alongside their respective rows/columns in the adjacency matrix.

The Louvain community detection algorithm revealed that the 
subnetwork separated into four modules: a posterior community 
with many connections between the bilateral precuneus, occipital 
cortex, and the cerebellum; two anterior communities centered on 
the left DLPFC and left DMPFC-sup and connecting the 
prefrontal and temporal lobe regions, and a central community 
connecting the right PCC with the right OG-sup and left 
cerebellum VI with Heschl’s gyrus, Rolandic operculum, and the 
SMA. Interestingly, these results showed an overall left-leaning 
lateralization in the frontal cortex and some suggestion of regional 
homologues with module specificity, such as the right Heschl’s 
gyrus being involved in the left DMPFC-sup module and the left 
Heschl’s gyrus contributing to the SMA and PCC module.

We also found that NBS was sensitive to identifying a 
functional connectivity subnetwork across many test-statistic 
thresholds on the interval 2–3 (Figure  2). At the test-statistic 
threshold = 2, the subnetwork identified was significant and 
extensive, containing 102 out of 116 total AAL region nodes and 
246 edges connecting them. As the threshold increased, edges that 
were weakly related to prosociality and compassion were pruned, 
retaining the largest connected significant subnetwork. 
Compellingly, all these networks were statistically significant 
(p < 0.05) on the interval from 2 to 2.75. Thus, a test-statistic of 
2.75 was empirically revealed as the optimal test-statistic threshold 
for minimizing the resting state subnetwork size while maintaining 
a multiple-comparisons corrected significant value of p (Figure 2). 
Test-statistic thresholds greater than 2.75 disconnected the 
subnetwork and were no longer significant.

For completeness, we tested the negative association contrast 
and found no significant subnetworks (p = 0.54). We additionally 
tested whether significant subnetworks existed for each 
questionnaire, the SDQ and CEASY, individually. These results 
were non-significant with the CEASY showing one subnetwork 
(p  = 0.28) and the SDQ showing two (p  = 0.29 and p  = 0.065; 
Supplementary Figure 1).

Structural connectivity results

NBS revealed no significant structural connectivity 
subnetwork(s) related to prosociality and compassion in  
adolescents.

Discussion

In the present study, we used an inductive data-driven whole-
brain approach to investigate the brain network relationships to 
trait-level prosociality and compassion in adolescents 
(14–19 years). We  found a resting state subnetwork related to 
prosociality and compassion in adolescents, enduring across many 
thresholds, controlling for differences in sex and age, and 
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correcting for multiple comparisons using NBS. To our knowledge, 
our work is the first report of a resting state functional subnetwork 
related to adolescent prosociality.

Without a priori assumptions, adolescent resting state brain 
networks revealed a subnetwork related to prosociality that shows 
increased within-DMN connectivity, VMPFC connectivity with 
the DMN and CN, and connections between the DMN and 
CN. The DMN also shows significant connectivity to sensory/
mirror neuron systems and to the cerebellum, suggesting that the 
DMN interfaces between these additional functional modules to 
support prosocial tendencies. It is possible these heterogeneous 
network relationships may in part be  due to the multiple 
constructs involved in prosociality. Dunfield’s (2014) formulation 
suggests that there are three components facilitating prosocial 
behavior: perspective taking, problem recognition, and motivation 
to help. We may speculate that different modules of the identified 
resting state subnetwork relate to these components. For example, 

it could be that the DMN-sensory module is related to perspective 
taking while the left DLPFC module contains social-norm 
information that allows for problem recognition.

In the following sections, we discuss these findings in the 
context of previous work and the Do-GooD network model of 
prosocial cognition; we then conclude with this study’s notable 
negative findings, the limitations, and suggested avenues for future 
work where we propose a revised Do-GooD Network Model of 
Prosocial Cognition (Figure 3).

Default mode network, DLPFC, and 
VMPFC connectivity

The medial frontoparietal network (also known as the ‘default 
mode network’ or ‘DMN’) constituted the backbone of the 
identified subnetwork; key regions include the DMPFC, VMPFC, 

A

B C

FIGURE 1

Study results. We show the overall results from the Network-Based Statistic (NBS) with resting state functional connectivity related to prosociality 
and compassion. (A) The NBS identified subnetwork is depicted from three orthogonal directions, from left to right: axial, coronal, and sagittal. For 
visualization, node size scales relative to that node’s degree (number of connections) and edge thickness scales relative to that edge’s test-statistic 
(relationship strength to prosociality and compassion). Network modules were identified using the Louvain community detection algorithm, and 
the nodes and edges are colored relative to their module (inter-modular edges shown in gray). In summary, the module shown in magenta 
centers on the bilateral precuneus and connects with the right DMPFC-inf, bilateral occipital lobe and cerebellum; the yellow module centers on 
the left DMPFC-sup and connects to regions including the bilateral IFG, left amygdala, and bilateral TP-sup, right Heschl’s gyrus, and left VMPFC; 
the cyan module centers on the left DLPFC and connects to regions including the right DMPFC-inf, left TP-sup, right calcarine fissure, and right 
pallidum; finally the red module is more central, connecting the PCC, to the occipital lobe, left Heschl’s gyrus, the Rolandic operculum, and the 
SMA. (B) A scatter plot showing the relationship between the total subnetwork weight (sum of all functional connectivity edge weights in the 
subnetwork) and the prosocial and compassion questionnaire scores. The dotted line shows the least-squares regression fit. The Pearson’s 
correlation is highly significant (r = 0.67, p < 0.0001). (C) An upper-triangle of the adjacency matrix depicting the same network shown in (A), with a 
list of all subnetwork regions defined by the AAL atlas along their respective row/column indices. The matrix entries visualize the edge test-statistic 
with colored values based on the underlying color bar. Brain networks in this figure were visualized with BrainNet Viewer (Xia et al., 2013).
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PCC, and precuneus, while less-defined DMN regions include the 
IFG-orb, and TP-sup (Uddin et  al., 2019). In the identified 
subnetwork, the DMN within-network connectivity positively 
correlates with prosociality and compassion, but only between the 
DMPFC (a key DMN region) and the IFG-orb and TP-sup (more 
peripheral DMN regions). The IFG and TP are both highly 
relevant to social cognition (Keuken et  al., 2011; Peled-Avron 
et  al., 2019; Herlin et  al., 2021), suggesting that increased 
within-DMN connectivity to these socially specialized regions 
may support DMN value-computations favoring others.

The Do-GooD network model of prosocial cognition predicts 
that adolescent prosociality should be supported by connections 
to the VMPFC from the DMN and the CN (Sipes et al., 2022). In 
support of this prediction, the identified subnetwork shows 
significant functional connectivity from the left DMPFC (a key 
DMN region) and the left DLPFC (a key CN region) to the 
VMPFC. These connections have theoretical significance to 
prosocial and compassionate behavior. The DMN, while having a 
multitude of functions, is especially relevant in social cognition 
(Meyer et al., 2019) and predictive coding (Dohmatob et al., 2020). 
The DLPFC, in contrast, represents abstract and multi-
dimensional values (Dixon and Christoff, 2014), social norms 
(Hackel et al., 2020), and moral attitudes (Crockett et al., 2017). 
Connectivity from core DMN and CN regions to the left VMFPC 
is important because the VMPFC is known for value computation 

and accrual during decision-making (Boorman et  al., 2009; 
Nicolle et al., 2012; Brosch and Sander, 2013). Taken together, one 
interpretation is that, during resting state activity, connections 
between social predictions and social rules functionally link to 
value-assessment in a positive relationship to adolescent 
prosociality and compassion.

This subnetwork also shows connectivity between DMN 
regions and the left DLPFC, a major region in the control network. 
A frontal-lobe module centers on the left superior DMPFC 
(DMPFC-sup), and both regions connect through the left TP-sup 
and the left VMPFC. The left DLPFC also connects directly to the 
right DMPFC, suggesting that this CN node has interconnectivity 
with the DMN supporting prosocial and compassionate 
dispositions. While this was not a direct prediction of the 
Do-GooD model, it suggests that these domain-general networks 
do not simply contribute value independently to the VMPFC but 
that the networks additionally have interactions related 
to prosociality.

Previous task-based studies on adolescent prosocially 
commonly highlight the VMPFC (Telzer et al., 2010; Güroglu 
et al., 2014; Tousignant et al., 2018; Spaans et al., 2020; Brandner 
et al., 2021), the DMPFC (Telzer et al., 2011; van den Bos et al., 
2011; Van Hoorn et al., 2016; Will et al., 2016; Lemmers-Jansen 
et al., 2018; Tousignant et al., 2018; Do et al., 2019), the TP-sup 
(Gunther Moor et  al., 2012; Tousignant et  al., 2018), and the 

FIGURE 2

Network-based statistic (NBS) optimal threshold and sensitivity. To identify the optimal test-statistic threshold for the minimal connected 
subnetwork that was still significant after multiple comparisons, we computed the NBS results (with 2,000 randomized network permutations) 
across the interval from 2 to 3 with step size = 0.05 (for visualization purposes, NBS results in the sagittal plane are shown from 2.05 to 2.95). This 
revealed that the functional connectivity network has a subnetwork related to prosocial and compassionate trait-based measures that was 
enduring and significant across many test-statistic thresholds. The decreasing number of edges is shown in orange, the number of nodes in blue 
(scale on left y-axis), and the change in NBS-corrected value of p is shown in purple (scale on right y-axis). This plot reveals the optimal minimal 
subnetwork threshold to be test-statistic = 2.75.
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DLPFC (Telzer et al., 2011; Do et al., 2019; Spaans et al., 2020; 
Duell et al., 2021) as related to prosocial decision-making tasks. It 
is reassuring that many of the same brain regions active during 
prosocial tasks also form a functional subnetwork related to 
adolescent prosociality and compassion during rest. The 
alignment between task-based studies and the present subnetwork 
could suggest that brain activity during prosocial tasks is facilitated 
by an underlying network involving these frequently identified  
regions.

Sensory and mirror system connectivity

The discovery of mirror neuron systems, regions that activate 
both for our own as well as others’ actions, was critical to 
understanding how the brain processes sensory information to 
enable social understanding through simulation (Gallese and 
Goldman, 1998). Sensory cortices such as somatosensory areas, 
the occipital lobe, the auditory cortex, as well as other areas such 

as the IFG, constitute mirror neuron areas (Rajmohan and 
Mohandas, 2007). The present findings revealed that significant 
interactions between DMN regions and these sensory/mirroring 
regions are associated with prosociality and compassion 
in adolescents.

Some of the most significant functional connections in the 
subnetwork were between the precuneus and the occipital lobe, 
specifically the calcarine sulci (V1) and the superior occipital gyri 
(OG-sup). Occipital regions connected directly to the frontal lobe, 
specifically, the right DMPFC connected to the left cuneus and the 
left DLPFC connected to the right calcarine gyrus. Major sensory 
regions, including the OG-sup, left auditory cortex (Heschl’s 
gyrus), SMA, and Rolandic operculum formed a module with the 
PCC, revealing a significant juncture between the core DMN and 
major sensing regions. These left-lateralized auditory and 
somatosensory regions in particular have been found to form a 
somatotopic auditory mirror-neuron system that was found to 
have increased activation related to greater empathy (Gazzola 
et al., 2006). Another mirror system circuit in the subnetwork 

FIGURE 3

Revised Domain-General Developmental (Do-GooD) network model of prosocial cognition. We present a revised domain-general network model 
of prosocial cognition that expands on the previous model using the present findings in resting state brain networks. There are four key revisions. 
(1) Control Network and Default Mode Networks have a predicted interaction between them that develops through adolescence. (2) The Default 
Mode Network interfaces with the mirror neuron system in the sensory cortices. (3) The cerebellum interfaces with the Default Mode Network. (4) 
These aforementioned components contribute to prosocial and compassionate disposition while the TPJ and the Salience Networks are part of a 
module with relevance to tasks and context. As with the previous model, value accrues in the VMPFC, which has activation corresponding to the 
relative difference between self- and other-value. The VMPFC interfaces with the striatum to determine the threshold necessary for enacting 
prosocial behavior. The task shown in the “During Tasks” box is a characteristic Dictator Game. Abbreviations: anterior cingulate cortex (ACC), 
dorsomedial prefrontal cortex (DMPFC), inferior frontal gyrus (IFG), inferior parietal lobule (IPL), lateral prefrontal cortex (LPFC), posterior cingulate 
cortex (PCC), precuneus (Prec), temporal parietal junction (TPJ), temporal pole (TP), ventromedial prefrontal cortex (VMPFC).
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links the left DMPFC-sup to the bilateral IFG-orb and the right 
auditory cortex. The right auditory cortex also links to the left 
VMPFC, which as discussed in the previous section, relates to 
value computation during tasks.

The Do-GooD model of prosocial cognition predicts that the 
DMN computes value for self and others by simulating value-
predictions with sensory/mirror neuron regions. The subnetwork 
obtained in our study lends support to this prediction, showing 
that these mirroring areas interface directly with DMN nodes such 
as the DMPFC, PCC, and precuneus. It is worth emphasizing that, 
because this is resting state connectivity, these functional 
connections with sensory/mirror neuron areas are devoid of any 
explicit mirroring. This may indicate instead that adolescent 
mirroring during prosocial behavior is in part facilitated by at-rest 
engagement with internal feeling and visualization predictions, 
which could in turn prime mirroring to activate in moments 
warranting compassionate prosocial behavior. Such a mechanism 
would predict that adolescents who practice greater awareness of 
their own experiences (in such a way that increases the 
connectivity between the DMN and sensory/mirroring regions) 
could have a downstream effect of increasing their prosociality 
and compassion.

Sensory regions are also found in task-based contrasts 
studying adolescent prosocial behavior. Identified occipital lobe 
regions during prosocial tasks include the middle occipital gyrus 
(Will et al., 2018; Schreuders et al., 2019; Duell et al., 2021), the 
cuneus (Telzer et al., 2013; Van der Meulen et al., 2016; Lemmers-
Jansen et al., 2018; Duell et al., 2021), calcarine gyrus (Telzer et al., 
2010), and visual cortex generally (van den Bos et al., 2009, 2011). 
Somatomotor regions related to prosociality include the precentral 
gyrus (Okada et al., 2019; Schreuders et al., 2019; Duell et al., 
2021) and SMA (Telzer et al., 2010). These sensory cortices have 
gained relatively less attention given their traditional interpretation 
as processing sense data, but a renewed interpretation as a 
cognitive architecture connected to the DMN for mentalizing 
through mirroring illuminates these regions’ significance to 
prosociality and compassion.

Connectivity with the cerebellum

An unexpected yet intriguing finding this data-driven 
approach revealed was the dense and highly significant 
connectivity between the cortex and the cerebellum related to 
prosociality and compassion. The majority of these connections 
were with the bilateral precuneus, and two functional connections 
were with the right PCC and the left IFG-orb, respectively; as 
such, all cerebellar connections were to the DMN.

The cerebellum has gained mounting attention for its role in 
social cognition, especially with respect to mirroring, mentalizing, 
and abstract representations (Van Overwalle et al., 2014, 2020). 
Furthermore, it has been found that the posterior regions, 
especially Crus 1 and 2, are most involved in these mentalizing/
abstraction processes (Van Overwalle et  al., 2014; Guell and 

Schmahmann, 2020), which aligns well with their appearance in 
the identified subnetwork. A growing interpretation for the 
cerebellum’s general role is as a hub for predictive processing 
(Sokolov et al., 2017; Gatti et al., 2021) that generates forward 
internal models and action sequences (Tanaka et al., 2020).

Accordingly, given the high connectivity between the DMN 
and the cerebellum related to prosociality and compassion, 
we speculate that the cerebellum contains prosocial routines that 
outline prediction-oriented ‘recipes’ delivered to the DMN to 
be organized and deployed by other cerebral networks. It could 
be that during rest, readily accessing cerebellar routines prime 
them for use when compassionate and prosocial situations arrive 
in a way similar to the possible mechanism in the mirror neuron 
system except that it is action-oriented rather than 
sensation-oriented.

While previous studies find the precuneus to be significantly 
related to adolescent prosocial behavior (van den Bos et al., 2009, 
2011; Masten et al., 2010; Güroglu et al., 2014; Van Hoorn et al., 
2016; Lemmers-Jansen et al., 2018; Do et al., 2019; Spaans et al., 
2020), findings relating adolescent prosociality to the cerebellum 
are sparse. The cerebellum has been shown to have increased 
activation in adolescents interacting with peers for whom they 
could act prosocially (Tousignant et al., 2018), making prosocial 
choices that involve giving other’s more freedom (Lemmers-
Jansen et al., 2018), and making charitable decisions after watching 
a charitable peer (Duell et al., 2021). Interestingly, two of these 
studies also showed activation in the PCC within the same 
contrast (Tousignant et al., 2018; Duell et al., 2021). Unlike the 
majority studies that use tasks analogous to the Dictator Game, 
tasks showing cerebellar activation involved mentalizing about 
other players in a Cyberball game (Tousignant et  al., 2018), 
thinking about a future person’s choices (Lemmers-Jansen et al., 
2018), or from conforming to a prosocial peer (Duell et al., 2021), 
all of which suggest that the cerebellum may be involved when 
mentalizing connects to prosocial action.

Negative findings

Negative findings are often under-addressed in neuroscience 
literature, yet they may contain meaning when discussed in the 
context of prior research and theory (de Graaf and Sack, 2018). 
Accordingly, there were five null-results we  believe warrant 
discussion in such a context.

First, for structural connectivity, NBS failed to reject the null 
hypothesis that there were no significant subnetworks related to 
prosociality and compassion. In some ways, this also is 
unsurprising, since the relationship between structural 
connectivity and functional connectivity is complex and far from 
one-to-one (Honey et al., 2009; Abdelnour et al., 2014; Tsang et al., 
2017). A possible reason NBS did not identify a structural 
subnetwork could be because structural connectivity considers 
spatially and metabolically constrained physical white matter 
pathways between regions (Bullmore and Sporns, 2012), making 
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it less likely to demonstrate expansive subnetworks related to 
relatively subtle psychological constructs, such as prosociality and 
compassion, and may instead have more regional or network 
specific connectivity relationships not observable from this study’s 
data-driven approach. There is generally less evidence for 
structural brain changes related to prosociality in published 
research, with one article showing relationships to cortical 
thickness (Ferschmann et al., 2019) and none, to our knowledge, 
pertaining to structural networks.

Second, contrary to our expectation, a region that was not 
identified in this resting state subnetwork was the temporal 
parietal junction (TPJ), which has been among the most frequent 
regions identified in the task-based literature (for review, see 
Sipes et al., 2022). There are at least two important considerations 
that may explain why the TPJ is not included in this subnetwork. 
At very low test-statistic thresholds, NBS reveals that a very large 
number of brain regions (102 AAL regions) have functional 
connectivity that are at least weakly (though, significantly) 
related to prosocial and compassionate tendencies in 
adolescence, and perhaps unsurprisingly, the bilateral TPJ is 
included in that highly expansive, low-thresholded, network. 
However, we methodologically sought to highlight in this study 
only those regions that had connectivity with each other 
demonstrating a sufficiently strong relationship with prosociality, 
and the bilateral TPJ’s connections to this larger subnetwork did 
not survive thresholding. When we evaluated the thresholds at 
which the TPJ was lost, we found that (1) the left TPJ was pruned 
from the network at test-statistic = 2.25, and (2) the right TPJ 
was pruned earlier at test-statistic = 2.05. A possible theoretical 
reason for why the bilateral TPJ did not strongly connect to this 
prosocial subnetwork could be  that it is most involved in 
processing contextual information within social situations 
(Carter and Huettel, 2013), and thus it may have a much stronger 
relationship to prosociality when processing in-the-moment 
context, such as during a task, rather than displaying enduring 
trait levels of prosociality as observable during resting state  
connectivity.

Third, the Do-GooD network model of prosocial cognition 
predicted connectivity from the salience network (SN) to the 
VMPFC, but this connection was not identified in the subnetwork 
(Sipes et al., 2022); however, the Do-GooD model may also offer 
an interpretation. A possible reason why SN regions in previous 
task-based activation studies (namely, the anterior cingulate 
cortex and the insula) were inconsistently correlated/anti-
correlated with prosocial behavior could have to do with their 
responsibility in self-monitoring fairness in the context of an 
ongoing task, a context that differed in the tasks’ framing of the 
prosocial behavior (van den Bos et al., 2009, 2011; Gunther Moor 
et al., 2012; Do et al., 2019; Duell et al., 2021). This implies that not 
observing these structures in this minimal resting state 
subnetwork does not negate their significance, and similar to the 
TPJ, may indicate the SN’s alignment with a task−/situation-
dependent mechanism of prosociality rather than being reflective 
of an adolescent’s overall prosocial and compassionate tendencies.

Fourth, we did not observe any anti-correlation between 
resting-state functional connectivity and prosociality and 
compassion. The Do-GooD model does not make any 
predictions about networks in which higher connectivity 
would be associated with lower prosociality. While some past 
work on adolescent prosocial neural correlates have shown 
negative correlations during a prosocial decision-making task 
towards anonymous peers (Do et al., 2019), these were in SN 
regions, and an absence of SN regions from both contrasts in 
our resting-state study may offer a tentative interpretation 
toward the SN’s contextual dependence.

Fifth, we did not observe statistically significant resting-
state network relationships to prosociality and compassion 
when testing positive-correlation with only SDQ alone, and 
with only CEASY alone (rather than analyzing their interaction 
as reported in the main findings above). At a sub-threshold 
level, we  obtained subnetworks for the SDQ and CEASY 
measures which, apart from measure-specific connections, both 
had a strong posterior, precuneus-centralized component. 
Interestingly, the SDQ and CEASY questionnaires share an 
overlapping construct ‘helping’ (Dunfield, 2014), which may 
further indicate potential module specificity to different 
constructs. Future research could benefit from testing the 
individual constructs separately. This may also shed light on 
hemispheric involvement, which may differ depending on 
constructs. Although it has been previously suggested that 
prosocial attitudes and behaviors are associated with 
physiological activity in the right hemisphere (Hecht, 2014), 
we  did not observe a clear lateralization in our results with 
CEASY × SDQ interaction. Frontal parts of the detected 
subnetwork were leaning towards the left and parietal parts 
toward the right hemisphere (Figure 1).

Limitations

The results of this study should be  interpreted in light of 
its limitations.

Prosociality and compassion in this study were measured 
through questionnaires, not real-life behavior. While the SDQ 
prosocial sub-scale asks about specific behaviors, these measures 
are necessarily generalizations. Accordingly, it is likely that 
significant networks related to prosocial/compassionate actions in 
a relevant task would not necessarily align with the subnetwork 
presented here.

Another limitation involves the data-driven aspect of our 
analysis. While we  had specific expectations inspired by the 
Do-GooD model of prosocial cognition in adolescents, the NBS 
method was agnostic to any specific a priori hypotheses, and thus 
does not represent a hypothesis driven study. However, as a first-
pass toward a network analysis of resting state correlates of 
prosociality and compassion, we believe the data-driven approach 
was appropriate for this study’s exploratory aims. As mentioned 
above, it could have been because of this non-specific inductive 
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approach that structural connectivity did not show any significant 
relationships to prosociality and compassion.

It could also be reasonable to question the meaning of a data-
driven result during the resting state that highlights the DMN as a 
key finding when the DMN is understood as the default mode 
connectivity pattern during rest. Could it be that simply the DMN’s 
naturally pronounced expression during rest gives rise to spurious 
relationships? We believe this is unlikely for at least two reasons. 
First, resting state connectivity contains many network 
configurations that change dynamically with time (Deco et al., 2011; 
Yeo et  al., 2011; Cole et  al., 2014), and thus they are effectively 
averaged through taking the Pearson’s correlation across the full time 
series. Second, the core DMN nodes (i.e., the MPFC and the PCC) 
co-activate by definition as a functional network, but in the present 
study, these regions do not show functional connectivity with each 
other related to prosocial behavior. Conversely, many of the 
significant functional connections for prosociality and compassion 
exist between DMN nodes and non-DMN regions (i.e., LPFC, 
occipital lobe, auditory cortex, and cerebellum) and to non-core 
DMN regions (i.e., IFG-orb and TP-sup). Thus, our results reflect 
that adolescent prosociality and compassion may be less about core 
DMN activation with itself and rather its interactions with the 
peripheral DMN and other networks, which reduces concern of a 
spurious relationship to prosociality and compassion stemming 
from a dominant DMN during rest.

Due to the novelty of the resting state network-based approach 
to adolescent prosociality and compassion, our ability to 
contextualize the present work in the existing literature was 
limited to region-based findings and not network-based findings. 
We hope the present work may provide some initial groundwork 
for future studies to begin analyzing prosociality and compassion 
from a network perspective.

Future work

Future work approaching prosociality and compassion should 
continue evaluating connectivity from both task and rest data. A 
useful model from previous studies is to relate fMRI data, either 
during rest or a task of interest, to each adolescent’s individual 
performance during that task, which could take place before, 
during, or after the MRI (Masten et al., 2010; Overgaauw et al., 
2014; Tashjian et al., 2018; Tousignant et al., 2018; Spaans et al., 
2020). An especially important consideration for research on 
adolescent prosociality is studying functional connectivity within 
carefully designed ecologically valid tasks, which itself constitutes 
a new wave of cognitive neuroscience research (Finn, 2021). 
Furthermore, it is worth noting that NBS has the capability to 
compare networks in a contrast design (Zalesky et  al., 2010), 
allowing for possible comparisons between task-blocks within 
task-based fMRI data, and this design could fruitfully merge past 
approaches with a network-informed analysis.

To help guide these further analyses in future studies, we have 
revised the Do-GooD model in light of the current findings, 

including new specific relationships that are suggested by the 
present study (Figure 3). There are four key revisions: (1) CN and 
DMN have a predicted interaction between them; (2) The DMN 
interfaces with the mirror neuron system in the sensory cortices; 
(3) The cerebellum interfaces with the DMN; and (4) The TPJ and 
the Salience Networks show specific relevance to tasks and context 
instead of general prosocial disposition. While the present study 
cautiously suggests these relationships, it is important to test these 
model predictions specifically with a priori hypotheses in future 
studies. One explicit way to test these predictions in future resting 
state or task-based studies could be  through Dynamic Causal 
Modeling (DCM), which could directly assess the validity of the 
Do-GooD model compared to other possible formulations 
(Friston et al., 2013; Sibert et al., 2022).

An important application for these findings could be  to 
monitor this a priori defined functional subnetwork to assess 
outcomes of interventions that seek to improve prosocial behavior 
in adolescents. Conditions with significant deficits in prosocial 
behavior and compassion that may especially benefit from 
neuroscience guided interventions include oppositional defiant 
disorder (Hamilton and Armando, 2008), conduct disorder 
(Fairchild et al., 2019), and callous-unemotionality (Sakai et al., 
2017). This work could also potentially be applied to conditions 
with social deficits such as autism, which also has work showing 
atypical networks both in fMRI (Abbott et al., 2016) and EEG 
(Wadhera and Kakkar, 2021), emphasizing an additional need for 
more multi-modal approaches in future work.

Conclusion

The present study aimed to use the Network Based Statistic as 
a data-driven approach to investigate functional and structural 
network relationships to prosociality and compassion in 
adolescents. We  provided novel evidence for a resting state 
functional connectivity subnetwork related to prosocial behavior 
and compassion in adolescents. Our results showed a significant 
subnetwork positively related to prosociality and compassion 
involving interactions between the DMN and the DLPFC, mirror-
neuron systems, and the cerebellum. However, we did not find any 
such subnetworks related to structural connectivity. Overall, 
we found that the functional networks involved were well aligned 
with the Do-GooD model of prosocial cognition in adolescents 
and offer new testable hypotheses to further develop our 
understanding of prosocial development. These finding could 
prove useful to guide future treatment interventions seeking to 
improve prosocial behavior and compassion in adolescents during 
this important social and neurodevelopmental period.
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SUPPLEMENTARY FIGURE S1

Negative Findings. We show the results from the Network-Based Statistic 
(NBS) with resting state connectivity related to (A) the CEASY 
questionnaire alone and (B & C) the SDQ questionnaire alone. All these 
results were non-significant at the test-statistic threshold 2.75. Network 
number of edges, nodes, and NBS-corrected p-values are displayed in 
the bottom right panel of each network. Note that both the networks in 
(A) and (C) contain a highly overlapping precuneus centered module, 
with the right precuneus highlighted in red.
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