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A B S T R A C T   

Trust is vital for establishing social relationships and is a crucial precursor for affiliative bonds. Investigations 
explored the neuropsychological bases of trust separately (e.g., measured by the trust game) and affiliative 
bonding (e.g., measured by parental care, pair-bonding, or friendship). However, direct empirical support for the 
shared neural mechanisms between trust and affiliative bonding is missing. Here, we conducted a coordinate- 
based meta-analysis on functional magnetic resonance imaging studies on interpersonal trust and affiliative 
bonding using the activation likelihood estimation method. Our results demonstrated that decisions to trust 
strangers in repeated interactions (i.e., identification-based trust) engaged the ventral striatum (vSTR, part of the 
mesolimbic dopaminergic pathway), likely signaling the reward anticipation. Further, both feedbacks in repeated 
interactions and affiliative bonding engaged the dorsal striatum (dSTR, part of the nigrostriatal dopaminergic 
pathway), likely encoding learning dynamics. Our findings suggest that identification-based trust can be un-
derstood in the light of affiliative bonding, involving the mesocorticolimbic “reward” pathway (vSTR) and 
nigrostriatal “habit formation” pathway (dSTR) in building and sustaining social relationships.   

1. Introduction 

Interpersonal trust is essential to many human interactions; it en-
compasses a willingness to accept vulnerability or uncertainty based on 
positive expectations regarding another person’s behavior (Rousseau 
et al., 1998). Over the past decades, trust researchers have identified 
precursors and determinants of trust behavior, while lately shifting the 
focus to the neuropsychological mechanisms of trust employing func-
tional magnetic resonance imaging (fMRI) (Balliet and Van Lange, 2013; 
Fehr et al., 2005; Johnson and Mislin, 2011; Riedl and Javor, 2012). 
Several single and meta-analytic studies have examined the neural 
substrates of trust (Bellucci et al., 2017, 2018; Delgado et al., 2005; 
Krueger et al., 2007; McCabe et al., 2001). Recently, a neuro-
psychoeconomic (NPE) model of trust was proposed that synthesizes the 

neural findings into three types of trust —calculus-based trust (i.e., 
derived by calculating of costs and benefits of entering or discontinuing 
a trust relationship), knowledge-based trust (i.e., grounded in information 
processing about the other’s predictability over current knowledge), and 
identification-based trust (i.e., based on the identification of the other’s 
intentions and acts over repeated interactions and mutual understand-
ing) (Lewicki and Bunker, 1995)— with the presumption that the neural 
basis for identification-based trust overlaps with the human affiliative 
system (Krueger and Meyer-Lindenberg, 2019). 

Affiliative bonding relies on a capacity for affiliative reward —valuing 
and enjoying interpersonal closeness with others (Waller and Wagner, 
2019)— and the establishment of conditioned preferences for specific 
individuals (Depue and Morrone-Strupinsky, 2005). Humans start 
affiliative bonds with their caregivers and later widen them to friends, 
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romantic partners, and a wider community (Viding and McCrory, 2019). 
An increasing number of neuroscience studies has explored the under-
lying neurobiology of affiliative bonding, and neuropsychological 
models of human affiliation have been developed (Bora et al., 2009; 
Depue and Morrone-Strupinsky, 2005; Long et al., 2020; Numan and 
Young, 2016; Strathearn et al., 2019). However, it remains unclear 
whether the same brain regions underlying affiliative bonding behaviors 
are also engaged by interpersonal trust —specially identification-based 
trust. 

1.1. Behavioral measures and neuropsychological mechanisms of 
interpersonal trust 

One of the most common research approaches to measure trust 
behavior in human interactions is through the employment of the trust 
game (TG) (Berg et al., 1995; Camerer, 2003). The TG is a two-player 
economic exchange game, with one player designated as the trustor 
and the other as the trustee. In the standard game version, both players 
are given an initial monetary endowment, and players complete three 
sequential stages. During the trust stage, trustors decide whether to 
transfer any portion of their endowment to trustees —with any trans-
ferred amount multiplied (usually tripled) by the experimenter. During 
the reciprocity stage, trustees decide whether to return some portion of 
the received money back to trustors. Finally, during the feedback stage, 
both players are informed about their payoffs, so trustors are informed 
about the trustees’ decisions. The amount transferred by trustors mea-
sures trust, whereas the transferred amount by trustees reciprocity (a 
proxy of the trustees’ trustworthiness). The TG can be played over single 
or multiple iterations allowing to measure distinctive trust types 
(Cochard et al., 2004). On the one hand, the one-round TG allows 
measuring trust propensity toward an anonymous partner —capturing 
calculus-based trust (i.e., performing calculations about the costs and 
benefits). On the other hand, the multi-round TG (e.g., repeated 20 or 30 
rounds) enables gauging trust-based dynamics —capturing 
knowledge-based trust (i.e., gaining knowledge about the trustee to 
advance the trust relationship) and identification-based trust (i.e., 
developing a rewarding identification with the trustee) (Lewicki and 
Bunker, 1995). 

Based on a previous coordinate-based meta-analysis of TG fMRI 
studies (Bellucci et al., 2017), trust decisions in the multi-round TG (i.e., 
identification-based trust) consistently activate the ventral striatum 
(vSTR, nucleus accumbens). The vSTR is a vital region of the mesolimbic 
dopaminergic pathway probably implicated in predictions of a partner’s 
most likely behavior based on the partner’s reputation (Delgado et al., 
2005; Fareri et al., 2012; King-Casas et al., 2005). Whereas trust de-
cisions in the one-round TG (i.e., calculus-based trust) consistently 
activate the right anterior insula (AI) —a core brain region of the salience 
network likely encoding aversive feelings such as a sense of aversion 
evoked by the risk of betrayal (Aimone et al., 2014; Bohnet et al., 2008). 
In contrast, the dorsal striatum (dSTR, caudate nucleus) —a central 
brain region of the nigrostriatal dopaminergic pathway— was found 
consistently recruited during the feedback stage of the multi-round TG, 
presumably related to learning dynamics associated with belief updates 
about the partner’s behavior (Bellucci et al., 2017). Therefore, the 
trustors may form beliefs about the trustees’ behaviors through repeated 
interactions and base their decisions on the partners’ trustworthiness. 
The initial uncertainty about the outcome of a trust decision is reduced, 
as the behavior of the partner becomes predictable based on more stable 
beliefs about the partner’s character (i.e., trustworthiness). 

Grounded upon a framework that integrated empirical research 
findings from neuroeconomics, the NPE model of trust assumes that 
identification-based trust evolves through repeated interactions 
(Krueger and Meyer-Lindenberg, 2019). The evolution of trust starts 
with calculus-based trust, driven mainly by the salience network, including 
key regions such as AI, amygdala, and dorsal anterior cingulate cortex 
(dACC). It transfers then to knowledge-based trust, which is driven mainly 

by the central-executive network (comprising the dorsolateral PFC 
[dlPFC] and the ventrolateral PFC [vlPFC] to adopt a context-based 
strategy) or the default-mode network (incorporating essential brain re-
gions such as the temporoparietal junction [TPJ] and dorsomedial PFC 
[dmPFC] to evaluate trustworthiness). Finally, identification-based trust 
evolves, which is driven mainly by a dopaminergic reward pathway system 
comprising the mesolimbic pathway (connecting the ventral tegmentum 
area (VTA) in the midbrain to the nucleus accumbens and olfactory 
tubercle in the vSTR), the mesocortical pathway (linking the VTA to the 
PFC including the ventromedial PFC [vmPFC]), and the nigrostriatal 
pathway (coupling the substantia nigra [SN] in the midbrain to the 
caudate nucleus and putamen in the dSTR) (Krueger and 
Meyer-Lindenberg, 2019). 

While the NPE model of trust suggests that repeated, positive in-
teractions lead to identification-based trust by establishing shared 
identity and affective connection between the interacting partners 
(Krueger and Meyer-Lindenberg, 2019), direct empirical support for the 
overlap of identification-based trust (as measured with the multi-round 
TG) with affiliative bonding is still missing. As trust-building among 
strangers has become constitutive of modern society, it is important to 
develop a better understanding of the trust-building processes. 
Exploring the commonalities between identification-based trust and 
affiliation provides opportunities to gather knowledge about trust dy-
namics and has the potential to create essential implications for social 
behavior research. 

1.2. Behavioral measures and neuropsychological mechanisms of 
affiliative bonding 

Over the past few decades, compelling evidence on the neuropsy-
chological underpinnings of affiliative bonding emerged, involving 
bonds with offspring (i.e., parental-infant bonding) (Parsons et al., 2013; 
Paul et al., 2019), romantic partners (i.e., pair-bonding) (Zeki, 2007), 
and friends (Brent et al., 2014). These studies utilized experimental 
paradigms in which participants were required to process stimuli of their 
affiliative figures, such as mothers viewing their babies (Hoekzema 
et al., 2017; Michalska et al., 2014) or adults viewing their romantic 
partners (Aron et al., 2005; Bartels and Zeki, 2000) or friends (Gobbini 
et al., 2004; Woods et al., 2020). Stimuli included facial images (Atzil 
et al., 2011; Barrett et al., 2012), videos (Strathearn et al., 2008; Wan 
et al., 2014), or names (Ortigue et al., 2007) of affiliative figures. Both 
qualitative and quantitative fMRI meta-analysis studies revealed 
coherent key brain regions involved in affiliative bonding 
—highlighting the involvement of the dopaminergic reward-related 
brain system in processing affiliative figures. 

A previous qualitative meta-analysis, for example, uncovered a 
common dopaminergic reward-related brain system that involves both 
dopamine and oxytocin receptors (e.g., VTA and caudate nucleus) across 
different types of love (e.g., maternal and romantic love) (Ortigue et al., 
2010). Another coordinate-based meta-analysis on maternal care 
demonstrated the involvement of regions underlying reward and 
maternal motivation and promoting behavioral approach, including the 
STR (e.g., putamen and caudate) as well as the lateral and medial globus 
pallidus (Rigo et al., 2019). Finally, a multimodal voxel-based meta--
analysis showed consistent activation patterns in the bilateral anterior 
insula extending to the thalamus, putamen, caudate, and amygdala in 
mothers processing stimuli from their own vs. unknown infants (Roc-
chetti et al., 2014). 

Evidence suggests that interacting with different kinds of affiliative 
figures activates a common reward pathway system (Bora et al., 2009). 
The neurobiology models of affiliative bonding highlight the core role of 
oxytocin and dopamine systems both in nonhuman (Numan and Young, 
2016) and human (Depue and Morrone-Strupinsky, 2005) research. 
Based on the existing neurobiological evidence, Strathearn (2011; 2019) 
proposed a neurobiological model of human attachment —a deep and 
enduring affectional bond between two people in which each seeks 
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closeness and feels more secure when in the presence of the attachment 
figure (e.g., pair-bonding), or one seeks proximity to others for protec-
tion and/or affiliation (e.g., parental-infant bonding). This neurobio-
logical model involving three pathway systems —(i) the oxytocinergic 
“affiliation” pathway system, (ii) the dopaminergic “reward/ reinforce-
ment” (mesocorticolimbic) and “habit formation” (nigrostriatal) pathway 
system, and (iii) the glucocorticoid stress response system— in which the 
former two systems overlapped with the neural model of pair bond 
formation (Walum and Young, 2018). This model can be applied to 
affiliative bonding which is either regarded as a narrower construct than 
that of attachment (Depue and Morrone-Strupinsky, 2005) or as inter-
changeable with attachment (Feldman, 2012; Insel, 1997). 

The oxytocinergic pathway system reflects an evolutionarily ancient 
system mediating human affiliation, which plays an essential role in 
bond formation, stress regulation, and affiliative enhancement with 
others (Feldman et al., 2016a,b; Panksepp, 2004). Moreover, oxytocin 
plays a crucial role in regulating social cognition and forming social 
affiliative behavior (Ferguson et al., 2002) as well as in highlighting the 
salience, reinforcing the value of social cues, and upregulating in-group 
cooperation (De Dreu and Kret, 2016). Oxytocinergic neurons project 
centrally to brain regions important for social and maternal behaviors, 
including the medial preoptic area, bed nucleus of the stria terminalis, 
vSTR, and VTA (Numan, 2006). 

The dopaminergic (mesolimbic, mesocortical, and nigrostriatal) pathway 
system functions as essential elements in the brain reward system that 
modulate goal-directed behavior (Arias-Carrión et al., 2010). Overall, 
these pathways are involved in reinforcement stimulus–reward learning, 
decision-making based on future predicted reward (McClure et al., 
2003), and long-term conditioning of preference for attachment figures 
(Strathearn, 2011). Dopaminergic neurons generally originate in 
midbrain VTA and SN and project into several brain regions, incorpo-
rating vSTR, dSTR, and ACC (Montague et al., 2004). The mesolimbic 
pathway originates in SN/VTA and projects to vSTR to mediate 
reward-related adaptation and learning (Pessiglione et al., 2006). It 
encodes a teaching signal associated with the prediction of reward 
outcomes (Schultz et al., 1997) and is imperative for memory and 
motivational behaviors (Bromberg-Martin et al., 2010). The mesocortical 
pathway originates in VTA and projects to PFC, where it mediates 
emotional and motivational responses (Lapish et al., 2007) and trans-
mits signals about reward or salience (Lavin, 2005). The nigrostriatal 
pathway connects the SN in the midbrain with the dSTR (i.e., caudate 
nucleus and putamen) in the forebrain (Bourdy et al., 2014). This 
pathway also participates in reward functions such as reinforcing 
memory consolidation (Wise, 2009) and the guidance for behavioral 
choice (Howard et al., 2017). 

The glucocorticoid stress response system plays a significant role in 
regulating the immune and stress response (Whirledge and Cidlowski, 
2013). Glucocorticoids are steroid hormones that contribute to the 
physiological stress response, providing negative feedback inhibition of 
the hypothalamus-pituitary-adrenal (HPA) system and restoring ho-
meostasis (Strathearn, 2011). For example, separation from affiliative 
figures produces increased glucocorticoid production (Pollard & Lit-
tlejohn, 1995), and social support is known to dampen glucocorticoid 
responses (Anthony and O’Brien, 1999; Young et al., 2014). In 
long-tailed macaques, cooperation with closely bonded individuals re-
duces cortisol levels (Stocker et al., 2020). In humans, deficits in early 
caregiving have been associated with exaggerated increases in cortisol 
in response to stress (Albers et al., 2008) whereas secure attachment has 
been linked with lower cortisol levels in response to stress (Kuo et al., 
2019). 

The oxytocinergic, dopaminergic, and glucocorticoid systems un-
derlying affiliative bonding are also crucial for trust behavior. For 
example, intranasal administration of oxytocin leads to increased trust 
toward strangers (Kosfeld et al., 2005) and hinders changes in trust 
behavior after a betrayal (Baumgartner et al., 2008). The latter study 
also revealed that participants receiving oxytocin showed decreases in 

responses in the amygdala (salience network) and caudate nucleus 
(nigrostriatal dopaminergic pathway) —suggesting that oxytocin im-
pairs learning mechanisms after experiencing breach (via the amygdala) 
or repayment of trust (via the caudate) (Baumgartner et al., 2008). 
Furthermore, meta-analysis evidence exists showing consistent activa-
tion in the vSTR (mesolimbic pathway) and dSTR (nigrostriatal 
pathway) during multi-round TG interactions (i.e., identification-based 
trust) (Bellucci et al., 2017). Moreover, higher degrees of interper-
sonal trust are associated with lower levels of cortisol elevation to social 
stress suggesting that trust might function as a social buffering mecha-
nism (Takahashi et al., 2005). 

Despite interpersonal trust behavior and affiliative bonding behavior 
involving oxytocin and dopamine pathway systems, a direct comparison 
between these two lines of research has been lacking, and no empirical 
evidence exists to date to comprehend the neural basis of trust behavior 
in the light of affiliative bonding. Trust is a core component in an 
affiliative relationship (i.e., family or lovers); i.e., the formation of 
affiliative bonds involves the development of interdependent trust 
(Campbell and Stanton, 2019). The neurobiology model of human 
affiliative bonding may serve as a useful perspective in understanding 
the neural basis of identification-based trust build from strangers. 

1.3. The present study – A request for meta-analytic neuroimaging 
evidence 

In this study, we conducted a coordinate-based meta-analysis of fMRI 
studies, applying the activation likelihood estimation (ALE) algorithm 
(Eickhoff et al., 2009), to identify brain regions that are commonly 
activated by trust and affiliative bonding due to the limitations associ-
ated with single fMRI studies (e.g., small samples, variations in experi-
mental paradigms, and flexibility in analysis methods). 

First, we investigated consistent brain activations associated with 
trust measured with the TG, including one-round TGs quantifying 
calculus-based trust and multi-round TGs, identification-based trust. 
Next, we explored how these neural patterns overlap with those elicited 
by affiliative bonding measured with parent-infant, pair, and friend 
bonding. Based on the existing meta-analytic literature, we hypothe-
sized shared activation in the dopaminergic mesolimbic (vSTR, reward/ 
reinforcement) and the nigrostriatal (dSTR, habit formation) pathway 
systems between identification-based trust (Bellucci et al., 2017) and 
affiliative bonding (Rigo et al., 2019; Rocchetti et al., 2014; Watanuki 
and Akama, 2020). By highlighting the recruitment of neural systems 
supporting affiliative bonding in identification-based trust, the current 
study attempted to understand trust dynamics within an affiliation 
framework. 

2. Materials and methods 

2.1. Literature search and selection 

A systematic online database search on PubMed, ISI Web of Science, 
and Google Scholar (until the end of March 2021) was conducted to 
identify candidate articles for our coordinate-based meta-analysis using 
different combinations of relevant keywords: “trust,” “trust game,” 
“investment game,” “trustor,” “investor,” “fMRI,” “neuroimaging,” 
“affiliative bonding,” “affiliation,” “maternal love,” “romantic love,” 
“friendship,” “companion,” “intimacy,” “bonding,” and “beloved.” In 
addition, a variety of other outlets were searched, including the Brain-
Map database (http:/brainmap.org), studies referenced in review pa-
pers, and direct searches of frequently occurring authors’ names. 

2.2. Inclusion and exclusion criteria 

The following inclusion criteria had to be met to be included as an 
article for the present meta-analysis: (1) Articles involving healthy 
participants free from psychological and neurological diagnosis or drug 
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consumption (e.g., neuropharmaceuticals). Articles involving patients 
were also chosen if findings from a control group were reported sepa-
rately. (2) Articles incorporating one- or multi-round TG versions, in 
which participants played the role of the trustor, and articles involving 
processing stimuli of affiliative figures. (3) Articles with experimental 
contrasts involving a cooperative partner or positive feedback (i.e., 
reciprocated trust) in the multi-round TG, while contrasts reporting 
uncooperative partner or negative feedback (i.e., trusting behavior had 
been taken advantage of) were excluded. (4) Articles with experimental 
contrasts involving affiliative bonding versus non-bonding (e.g., part-
ners > strangers), while contrasts reporting partner versus self were 
excluded. (5) Articles reporting whole-brain fMRI analyses, while arti-
cles describing results derived from regions of interests (ROIs) or small- 
volume correction analyses were excluded to fulfill assumptions of the 
underlying ALE algorithm. (6) Articles for which fMRI results were ob-
tained based on binary contrast or parametric analysis from a general 
linear model. (7) Articles focusing on the positive contrast of interest for 
trust and affiliative bonding (e.g., trust vs. distrust, reciprocate vs. 
defect, bonding vs. non-bonding), only contrasts of increased activation 
were included, while deactivations were excluded. (8) Articles with 
brain activations reported in a standardized stereotaxic space (i.e., 
Talairach, Montreal Neurological Institute, MNI). For the current meta- 
analysis, MNI space was taken as a reference structured space; co-
ordinates recorded in Talairach space were translated to MNI space 
using icbm2tal supplied with GingerALE software (http://www. 
brainmap.org/ale/). 

2.3. Paper and experimental contrast selection 

Our systematic online literature research yielded 29 articles 
employing the TG (Fig. 1A) and 29 articles (Fig. 1B) examining affili-
ative bonding that met our inclusion requirements. For the TG, nine 
articles were one-round, and 20 were multi-round, 28 reported activa-
tions for the trust stage, nine for the feedback stage, and eight for both 
stages. For affiliative bonding, fifteen articles studied parent-infant 
bonding, seven pair bonding, five friend bonding, and two mixed 
bonding (e.g., mixed affiliative figures of family, partner, and friends). 
The final dataset included 105 experimental contrasts and 819 foci 
collected from 1746 participants (Table 1). Of these 105 contrasts, 70 
were reported for the trust stage, among which 19 experimental con-
trasts for the trust stage in the one-round TG (77 foci across 244 subjects) 
and 26 in the multi-round TG (140 foci across 584 subjects), 25 for the 

feedback stage in the multi-round TG (108 foci across 623 subjects), and 
35 for affiliative bonding (482 foci across 697 subjects, 251 for parent- 
infant bonding, 128 for pair bonding, 91 for friend bonding, and 12 for 
mixed bonding). 

2.4. ALE algorithm and main effect analyses 

In-house MATLAB scripts implementing the ALE algorithm for 
coordinate-based meta-analyses of neuroimaging findings were 
employed for the current meta-analysis (Eickhoff et al., 2009, 2012). To 
characterize across-study consistent activations for trust in both TG 
versions, feedback learning in the multi-round TG and affiliative 
bonding, ALE maps for main effects were computed separately. These 
ALE maps were generated as modeled activation maps by computing the 
union of activation probabilities for each voxel. Voxelwise ALE scores 
describing the convergence of results at each unique location in the 
brain were produced by this algorithm. ALE scores were evaluated 
against a null distribution of random spatial association between 
studies, allowing for random effects inference to distinguish "true" 
convergence from "noise." The P values of the “true” ALE corresponded 
to the proportion of equal or higher values obtained under the null 
distribution. The ALE maps were then thresholded at a cluster-level 
family-wise error (FWE) corrected threshold of P < 0.05 with a con-
servative cluster forming threshold of P < 0.001 using 10,000 permu-
tations (Eickhoff et al., 2012). 

Also, given the low number of experiments in our meta-analysis 
(particularly for the one-round TG trust stage), we considered only 
clusters as significant if: (1) their contributions came from at least two 
articles to prevent our findings from being driven only by a single study 
and (2) the most dominant experiment (MDE) contributed to the sig-
nificant cluster on average less than 50 % and the two MDEs (2MDEs) on 
average less than 80 % to meet criteria of robust, unbiased results as 
suggested by a prior simulation study (Eickhoff et al., 2016). The frac-
tion of the ALE value accounted for by each experiment contributing to 
the cluster was computed to determine the contributions of the experi-
ments. This average non-linear experimental contribution to the ALE 
value was determined from the ratio of the ALE values with and without 
the experiment at the cluster site (Eickhoff et al., 2016). No single 
experiment contributed more than 50 % to any significant cluster 
(maximum contribution of the MDE = 29.24 %), and the sum of the 
contribution of the 2MDEs was overall under 80 % (maximum contri-
bution of the 2MDEs = 54.96 %) (Table 2). 

Fig. 1. PRISMA flow diagram for the functional magnetic resonance imaging article selection process related to (A) interpersonal trust and (B) affiliative bonding. 
N, number of studies found eligible in each step of the selection process. 
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Table 1 
Descriptions of the experiments in the selected studies.  

Paper N 
(Male) 

Age 
(M ±
SD) 

Experiment Whole-brain 
results 
threshold 

F 

Trust in One-round TG 
Aimone et al. 

(2014) 
30 
(15) 

25.2 
±

3.78 

Human >
Lottery, Average 

p < 0.001 
uncorrected, 
k > 10 

3    

Trust > No Trust  2    
Human >
Lottery, Trust  

2    

Human 
Betrayal-averse 
> Human Not 
Betrayal-averse  

1 

Lauharatanahirun 
et al. (2012) 

38 
(15) 

26 ± 7 Trust Game >
Gamble Game 

p < 0.05, 
FWE- 
corrected 

9 

Stanley et al. 
(2012) 

40 
(18) 

20.2 
± / 

Black > White 
(Regression) 

p < 0.05 
whole brain- 
corrected 

8    

Black > White, 
Amount sent 
(Parametric 
Effect)  

2    

Black > White 
(Group 
Contrast)  

2    

Black > White, 
Amount sent 
(Group 
Contrast)  

3 

Kang et al. (2011) 16(/) 23.6 
± 5 

Warm > Neutral 
Temperature 

p < 0.05 
corrected, k 
> 5 

4    

Cold > Neutral 
Temperature  

6    

Cold > Warm 
Temperature  

9 

McCabe et al. 
(2001) 

6(/) / Human >
Computer, Trust 

p < 0.001 
uncorrected, 
k > 12 

1 

Fairley et al. 
(2019) 

20(9) 22 ± / Investment 
Level 
(Parametric) 

p < 0.05, 
FWE- 
corrected 

2    

TG > Lottery  2 
Wei et al. (2019) 27 

(11) 
21.1 
± / 

Conformity >
Non-conformity 

p < 0.05, 
FDR- 
corrected, k 
> 10 

10 

Prochazkova et al. 
(2018) 

34 
(16) 

23.5 
±

2.78 

Trust Level 
(Parametric) 

z = 2.3, p <
0.05 

1 

Engelmann et al. 
(2019) 

41 
(24) 

22 ±
2.15 

No threat >
Threat 

p < 0.05, 
FWE- 
corrected, k 
> 226 

8    

Threat > No 
threat  

2  

Trust in Multi-round TG 
Fett et al. (2019) 25 

(25) 
17 ± / Investment >

Control, 
Cooperative 
partner, 
repeating 20 
rounds 

p < 0.05, 
FWE- 
corrected 

10 

Lemmers-Jansen 
et al. (2017) 

43 
(22) 

21 ±
2.77 

Cooperative 
Investment >
Unfair 
Investment, 
Increasing with 
Age, repeating 
20 rounds 

p < 0.001 
uncorrected, 
k > 10 

3    

Cooperative 
Investment,  

3  

Table 1 (continued ) 

Paper N 
(Male) 

Age 
(M ±
SD) 

Experiment Whole-brain 
results 
threshold 

F 

Investment, 
Increasing with 
Age 

Ide et al. (2018) 17 
(17) 

25.4 
± 3.7 

Investment >
Repayment 
(Parametric 
Effect), 
repeating 20 
rounds 

p < 0.05 
corrected, k 
> 20 

4 

Riedl et al. (2014) 18 
(11) 

31.83 
± / 

Trust > Control, 
repeating 10 
rounds 

z > 3.09, k >
25 

8 

Gromann et al. 
(2014) 

33 
(19) 

33.4 
±

10.17 

Healthy 
Controls >
Patient Siblings, 
repeating 20 
rounds 

p < 0.05 
corrected 

3 

Bereczkei et al. 
(2013) 

27 
(13) 

23 ±
2.42 

Investor >
Control, High 
Machiavellians 
> low 
Mchiavellians, 
repeating 36 
rounds 

p < 0.001 
uncorrected 

14 

Fourgnan et al. 
(2013) 

18 
(18) 

29.5 
±

3.53 

Trust > No 
Trust, repeating 
89 rounds 

p < 0.05, 
familywise 
error (FWE) 

4    

Prior > No Prior  2    
No Prior > Prior  2    
Parametric 
Regression of 
Choice  

4 

Fourgnan (2013) 18 
(18) 

29.5 
±

3.53 

Trust > No 
Trust, repeating 
89 rounds 

p < 0.05, 
familywise 
error (FWE) 

8 

Wardle et al. 
(2013) 

29 
(11) 

30 ±
8.4 

Main Effect of 
Reputation 
during Trust 
Decision, 
repeating 20 
rounds 

p < 0.001 
uncorrected, 
k > 275 

7 

Fareri et al. (2012) 18(9) 23.06 
±

2.41 

Trust (Main 
Effect), 
repeating 24 
rounds 

p < 0.05 
corrected, k 
> 3 

3    

Trust (Effect of 
Condition)  

14 

Fett et al. (2014) 45 
(45) 

23.6 
±

9.76 

BOLD Increase 
with Age, 
Cooperative, 
repeating 20 
rounds 

less than one 
false-positive 
cluster 

7    

Higher 
Activation with 
Age, 
Cooperative  

2 

Xiang et al. (2012) 96(/) / High Prediction 
> low 
Prediction, 
repeating 10 
rounds 

p < .05, FDR- 
corrected 

2 

Sripada et al. 
(2009) 

25(9) 28 ±
8.2 

Human >
Computer, 
repeating 20 
rounds 

p < .005, 
uncorrected, 
k >15 

9 

Krueger et al. 
(2008) 

44 
(22) 

28.3 
± 7.1 

Trust >
Reciprocity, 
repeating 36 
rounds 

q(FDR) <
0.005 
(corrected), k 
>12 

3 

Krueger et al. 
(2007) 

44 
(22) 

28.3 
± 7.1 

Trust > Control, 
repeating 36 
rounds 

q(FDR) <
0.005 
(corrected), k 
>12 

2     

1 

(continued on next page) 
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Table 1 (continued ) 

Paper N 
(Male) 

Age 
(M ±
SD) 

Experiment Whole-brain 
results 
threshold 

F 

Trust >
Reciprocity 
(Non-defectors)    
Trust >
Reciprocity 
(Defectors)  

1 

Delgado et al. 
(2005) 

12(8) 26.64 
±

4.11 

Trust > Distrust, 
repeating 24 
rounds 

p < .001, 
uncorrected, 
k >10 

8 

King-casas et al. 
(2005) 

48(/) / Trust >
Reciprocity, 
repeating 10 
rounds 

p < .0001, 
uncorrected, 
k >10 

1 

Smith-Collins et al. 
(2013) 

24(0) 20.8 
± / 

Reinforcement 
> No 
Reinforcement 
(Expected 
Cooperation), 
repeating 48 
rounds 

p < 0.001 
corrected, k 
> 5 

2  

Feedback in Multi-round TG  
Wu et al. (2018) 54 

(38) 
23.3 
±

0.67* 

Reciprocate >
Defect, 
repeating 72 
rounds 

p < 0.05, 
FWE- 
corrected 

1    

Same Group >
Computer  

11    

Different Group 
> Computer  

8    

Same Group >
Different Group  

2    

Human > Non- 
human  

5    

Reciprocate >
Defect, Different 
Group  

2 

Fareri et al. (2015) 26 
(12) 

21.36 
±

3.67 

Friend 
Reciprocated >
All other 
conditions, 
repeating 24 
rounds 

p < .05, 
corrected, k 
>17 

4    

Correlation with 
Prediction Error 
Signal  

6 

Gromann et al. 
(2014) 

33 
(19) 

33.4 
±

10.17 

Healthy 
Controls >
Patient Siblings, 
repeating 20 
rounds 

p < 0.05 
corrected 

3 

Fouragnan et al. 
(2013) 

18 
(18) 

29.5 
±

3.53 

No Prior >
Prior, repeating 
89 rounds 

p < 0.05, 
FWE- 
corrected 

2    

Consistent >
Inconsistent  

2 

Smith-Collins et al. 
(2013) 

24(0) 20.8 
± / 

Expected >
Unexpected, 
repeating 48 
rounds 

p < 0.001 
corrected, k 
> 5 

1    

Reinforcement 
> No 
Reinforcement 
(for Expected 
Cooperation)  

2    

Cooperation >
Betrayal 
(Unexpected)  

6    

Cooperation >
Betrayal 
(Unexpected, 
Increase)  

5 

Fareri et al. (2012) 18(9) 19  

Table 1 (continued ) 

Paper N 
(Male) 

Age 
(M ±
SD) 

Experiment Whole-brain 
results 
threshold 

F 

23.06 
±

2.41 

Positive >
Negative, 
repeating 24 
rounds 

p < 0.05 
corrected, k 
> 3    

Main Effect of 
Condition  

3    

Correlation with 
Prediction Error 
signal (all 
conditions)  

6    

Correlation with 
Prediction Error 
signal (social 
condition only)  

15    

Correlation with 
Learning Rates  

7 

Xiang et al. (2012) 102(/) / High Prediction 
> low 
Prediction 
(Level 
0 Investors), 
repeating 10 
rounds 

p < .05, FDR- 
corrected 

4    

Level 0 Investors 
> Level 1 
Investors  

1    

Level 2 Investors 
> Level 
0 Investors  

1 

Phan et al. (2010) 36 
(14) 

30.03 
±

8.64 

Reciprocated >
Betrayed, 
repeating 20 
rounds 

p < .05, FDR- 
corrected 

6 

Delgado et al. 
(2005) 

12(8) 26.64 
±

4.11 

Positive >
Negative 
Feedback, 
repeating 24 
rounds 

p < .001, 
uncorrected, 
k >10 

11  

Affiliative bonding 
Atzil et al. (2011) 23(0) 30 ± / Own Infant >

Unfamiliar 
Infant 

uncorrected, 
cluster size 
46, 
confidence 
threshold min 
= 3.2 

19 

Barrett et al. 
(2012) 

22(0) 30 ± / Own Infant >
Unfamiliar 
Infant, Positive 

p < .001 
uncorrected 

7    

Own Infant >
Unfamiliar 
Infant, Negative  

7 

Bartel et al. (2004) 19(0) 34 ± / Own Child >
Acquainted 
Child 

p < 0.001 (Z 
> 3.61) 
uncorrected, 
k > 6 

28 

Hoekzema et al. 
(2017) 

20(0) 32 ± / Own Child >
Other Child 

p < 0.05, 
FWE- 
corrected, k 
> 6 

20 

Leibenluft et al. 
(2004) 

7(0) 30 ± / Own Child >
Familiar Child 

p < .025 and 
a minimum 
volume of 
250 mm3 

36 

Michalska et al. 
(2014) 

34 (0) 47.41 
±

5.23 

Own Child >
Other Child 

p < 0.005, 
uncorrected 

35 

Nitschke et al. 
(2004) 

6(0) / Own Child >
Other Child 

p < 0.001 
corrected, k 
> 100 

6 

Noriuchi et al. 
(2008) 

13(0) 31.1 
± 2.2 

Own Child >
Other Child 

p < .001 (t >
3.93) 
uncorrected 

14 

(continued on next page) 
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2.5. Conjunction analyses 

Conjunction analyses were also carried out to reveal convergent 
activations between the thresholded ALE maps of each TG stage and 
attachment by computing minimum conjunction with an FWE cluster- 
level corrected threshold of P < 0.05 and a cluster forming threshold 
of P < 0.001 (Nichols et al., 2005). The meta-analysis results were 
overlaid onto a normalized anatomical ch2better.nii template provided 
with the MRIcron software (https://people.cas.sc.edu/rorden/mricron 
/index.html). The assignment of anatomical labels was based on the 
SPM Anatomy toolbox (www.fz-juelich.de/ime/spm_anatomy_toolbox, 
v.2.2b) and the MRIcron software for Brodmann areas. 

3. Results 

3.1. ALE main effects 

3.1.1. Trust stage 
To investigate consistent activation maxima for calculus-based trust 

and identification-based trust, analyses of the across-studies main effect 
for the trust stage of the one-round and multi-round TG were performed, 
respectively. The meta-analysis for calculus-based trust revealed 
consistent activations in right dorsal AI (dAI) (5 contributing contrasts, i. 
e., 26.31 % of total experiments, MDE = 29.24 %, 2MDEs = 54.17 %) 
(Fig. 2A, Tables 2–3), while the meta-analysis for identification-based 
trust showed consistent activations in the left vSTR (6 contributing 
contrasts, i.e., 30.0 % of total experiments, MDE = 29.18 %, 2MDEs =
54.96 %) (Fig. 2B, Tables 2–3). 

3.1.2. Feedback stage 
To identify brain regions consistently activated when participants 

learn the outcome, the main effect across studies of the positive feedback 
of the multi-round TG was explored. Consistent activation maxima were 
observed in the left putamen (10 contributing contrasts, i.e., 25.64 % of 
total experiments, MDE = 14.93 %, 2MDEs = 29.86 %), and right 
caudate (including 137 voxels of the caudate head and 19 voxels of the 
caudate body; 17 contributing contrasts, i.e., 43.59 % of total experi-
ments, MDE = 9.93 %, 2MDEs = 18.72 %) (Fig. 2C, Table 2–3). 

3.1.3. Affiliative bonding 
To identify brain regions consistently activated when participants 

were exposed to affiliative stimuli (e.g., name or picture of one’s own 
child or romantic partner or friend), the main effect across studies of 
affiliative bonding was explored. Consistent activation maxima were 
observed in the left vmPFC (3 contributing contrasts for parent-infant 
bonding, 3 for pair bonding, and 2 for friend bonding, i.e., 21.62 % of 

Table 1 (continued ) 

Paper N 
(Male) 

Age 
(M ±
SD) 

Experiment Whole-brain 
results 
threshold 

F 

Ranote et al. 
(2004) 

10(0) 26 ± / Own Infant >
Unknown Infant 

p < 0.001 
uncorrected, 
k > 10 

3 

Schechter et al. 
(2012) 

9(0) 30.4 
± 72 

Separation >
Play, Own Child 

p < 0.025, k 
> 25 

5 

Strathearn et al. 
(2008) 

26(0) 30.2 
± 5 

Own Child >
Unknown Child 

p < .05, FDR- 
corrected, k 
> 4 

10 

Strathearn and 
Kim (2013) 

39(0) 28.5 
± 0.8 

Own infant 
Happy >
Unknown infant 
Happy 

FDR 
corrected, q 
< 0.005 

13 

Wan et al. (2014) 20(0) 32 ±
6.84 

Own Child >
Unknown Child 

p < 0.001, 
uncorrected 

26 

Arsalidou et al. 
(2010) 

10(4) 35.4 
± 7.7 

Mother >
unknown female 

p < 0.01, 
uncorrected, 
k>10 

7    

Mother >
celebrity female  

5    

Father >
celebrity male  

1 

Bartels and Zeki 
(2000) 

17(6) 23 ±
24.5 

Romantic 
Partner >
Friends 

p < 0.001, 
uncorrected, 
k > 6 

13 

Ortigue et al. 
(2007) 

36(0) 20.1 
± 3.2 

Romantic 
Partner >
Friends 

p < 0.001 
uncorrected, 
k > 10 

27 

Vila et al. (2019) 21 
(10) 

21.7 
± / 

Lover Faces >
Neutral Faces 

p < .05, FDR- 
corrected 

18 

Zeki and Romaya 
(2010) 

24 
(12) 

26.3 
± 6.4 

Loved > Neutral p < 0.05 
corrected 

11 

Kim et al. (2009) 10(5) 21.7 
±

1.97 

Romantic-love 
related stimuli 
at the early 
stage within 100 
days 

p < 0.05 
uncorrected, 
k > 200 

13    

Romantic-love 
related stimuli 
in 6 months  

16 

Eisenberger et al. 
(2011) 

17(0) 23.4 
± 3.8 

Viewing partner 
vs. stranger 
pictures during 
pain 

P < 0.005, 10 
voxels 

2 

Rafi et al. (2020) 36 
(16) 

24 ±
3.65 

Romantic 
partner >
unknown faces 

p <.05 FWE- 
corrected at 
the cluster 
level 

28 

Wagner et al. 
(2015) 

26(0) 24.76 
±

0.36* 

Viewing 
emotional 
pictures with 
friend >
viewing 
emotional 
pictures alone 

p < 0.001 
uncorrected, 
k > 10 

14 

Schreuders et al. 
(2019) 

50 
(29) 

14.56 
±

0.13* 

Friend Prosocial 
> Disliked Peer 
Prosocial 

p < 0.05, 
FWE- 
corrected 

10    

Friend Prosocial 
> Unfamiliar 
Peer Prosocial  

11 

Woods et al. 
(2020) 

48 
(19) 

16.27 
± / 

Viewing friend 
> viewing 
unfamiliar peer 

p < 0.05, 
FWE- 
corrected 

10 

Güroğlu et al. 
(2008) 

28(8) 22.6 
±

2.04 

Increased 
activity for 
friends as 
opposed to all 
other conditions 

p < 0.05, 
FWE- 
corrected, k 
> 20 

18 

Gobbini et al. 
(2004) 

10(5) 26.8 
± / 

Personally 
familiar faces >
famous familiar 
faces 

p < 0.025 
uncorrected, 
k>10 

21    

Personally 
familiar faces >

7  

Table 1 (continued ) 

Paper N 
(Male) 

Age 
(M ±
SD) 

Experiment Whole-brain 
results 
threshold 

F 

faces of 
strangers 

Moll et al. (2012) 27 
(16) 

27.3 
± 9 

Affiliative 
scenarios >
nonaffiliative 
scenarios 

p < 0.05, 
FWE- 
corrected 

3 

Petrowski et al. 
(2019) 

38 
(10) 

40.81 
±

17.22 

Faces of 
attachment 
figures >
unfamiliar faces, 
secure >
disorganized 

p < 0.001, 
uncorrected 

9 

Laurita et al. 
(2019) 

56 
(28) 

45.5 
±

4.75 

Trait judgments, 
Parent / Child >
Control 

Z = 2.58 
equivalent to 
p < 0.01 

9 

N, number of participants; F, number of foci; TG, trust game; /, not reported; *, 
SEM instead of SD. 
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total experiments, MDE = 23.89 %, 2MDEs = 44.03 %), and the right 
caudate (including 133voxels of the caudate head and 124 voxels of the 
caudate body; 6 contributing contrasts for parent-infant bonding, 4 for 
pair bonding, and 4 for friend bonding, i.e., 35.89 % of total experi-
ments, MDE = 16.71 %, 2MDEs = 31.65 %) (Fig. 2D, Tables 2–3). Note 
that there was not enough power to contrast parent-infant, pair, and 
friend bonding from one another, due to an insufficient number of ex-
periments per group. 

3.2. ALE conjunction analyses 

To test finally for convergent activations between TG stages and 
affiliative bonding, three different conjunction analyses were per-
formed: between affiliation and (1) the trust stage in the one-round TG 
(calculus-based trust); (2) the trust stage in the multi-round TG (iden-
tification-based trust); and (3) the feedback stage in the multi-round TG. 
The conjunction analyses revealed an overlap between the feedback 
stage and affiliative bonding in the right caudate (including 59 voxels of 
the caudate head and 14 voxels of the caudate body) (Fig. 2E, Table 3). 

Table 2 
Experiments’ average contribution to each significant cluster in percentage.  

Cluster 
# 

Paper Experimental contrast Average 
contribution 
(%) 

Calculus-based trust (Trust decisions in the one-round TG) 
1 Aimone et al. 

(2014) 
Human > Lottery, average 24.93  

Aimone et al. 
(2014) 

Trust > Distrust 8.23  

Aimone et al. 
(2014) 

Interaction between Partner and 
Choice 

29.24  

Aimone et al. 
(2014) 

Human_Betrayal_Averse >
Human_Not_Betrayal_Averse 

24.10  

Stanley et al. 
(2012) 

Partner_Black > Partner_White 13.48  

Identification-based trust (Trust decisions in the multi-round TG) 
1 Bereczkei et al. 

(2013) 
Investor > Control 1.62  

Fouragnan et al. 
(2013) 

Prior > No-Prior 25.78  

Fareri et al. 
(2012) 

Trust Decision (Effect of 
Condition) 

19.84  

Sripada et al. 
(2009) 

Human > Computer 0.55  

Krueger et al. 
(2007) 

Trust > Control 29.18  

Krueger et al. 
(2007) 

Trust > Reciprocity (non 
defectors) 

23.02  

Feedback in the multi-round TG 
1 Ide et al. (2018) Repayment > Investment 1.84  

Fairley et al. 
(2019) 

Outcome, Investment level 
parametric 

12.23  

Fairley et al. 
(2019) 

Anticipation, Investment level 
parametric 

0.22  

Fareri et al. 
(2015) 

Friend Reciprocity > All Other 
Conditions 

14.57  

Fareri et al. 
(2015) 

Tracking Prediction Error Signal 19.23  

Gromann et al. 
(2014) 

Healthy Controls > Patient 
Siblings 

11.82  

Fareri et al. 
(2012) 

Positive > Negative Feedback 14.93  

Fareri et al. 
(2012) 

Good > Bad > Neutral > Lottery 14.93  

Fareri et al. 
(2012) 

Good > Bad > Neutral 14.93  

Phan et al. 
(2010) 

Trust Reciprocated > Trust 
Betrayed 

5.2 

2 Fairley et al. 
(2019) 

Outcome, Investment level 
parametric 

5.53  

Fairley et al. 
(2019) 

Anticipation, Investment level 
parametric 

0.57  

Wu et al. (2018) Same group > Different Group 4.18  
Wu et al. (2018) Reciprocity > Defect 0.27  
Fareri et al. 
(2015) 

Friend Reciprocity > All Other 
Conditions 

8.79  

Fareri et al. 
(2015) 

Tracking Prediction Error Signal 8.57  

Fouragnan et al. 
(2013) 

No-Prior > Prior 4.96  

Fouragnan et al. 
(2013) 

Consistent > Inconsistent 5.3  

Smith-Collins 
et al. (2013) 

Expected > Un-Expected 7.99  

Smith-Collins 
et al. (2013) 

Reinforcement > No 
reinforcement 

6.15  

Fareri et al. 
(2012) 

Positive > Negative Feedback 6.72  

Fareri et al. 
(2012) 

Good > Bad > Neutral > Lottery 4.57  

Fareri et al. 
(2012) 

Good > Bad > Neutral 6.98  

Xiang et al. 
(2012) 

Investor_Level (High > Low) 7.14  

Table 2 (continued ) 

Cluster 
# 

Paper Experimental contrast Average 
contribution 
(%)  

Xiang et al. 
(2012) 

Investor_Level_0 >
Investor_Level_1 

6.86  

Phan et al. 
(2010) 

Trust Reciprocated > Trust 
Betrayed 

5.45  

Delgado et al. 
(2005) 

Positive > Negative Feedback 9.93  

Affiliative bonding 
1 Bartel et al. 

(2004) 
Own Child > Acquainted Child 2.51  

Hoekzema et al. 
(2017) 

Own Child > Other Child 14.02  

Michalska et al. 
(2014) 

Own Child > Other Child 18.947  

Wagner et al. 
(2015) 

Shared Emotion > Unshared 
Emotion 

14.67  

Vila et al. (2019) Loved Faces > Neutral Faces 4.5  
Eisenberger 
et al. (2011) 

Partner Picture > Stranger 1.31  

Rafi et al. (2020) Romantic Partner > Unknown 
Faces 

23.89  

Woods et al. 
(2020) 

Friend > Unfamiliar peer 20.14 

2 Atzil et al. 
(2011) 

Own Infant > Unfamiliar Infant   

Bartel et al. 
(2004) 

Own Child > Acquainted Child   

Hoekzema et al. 
(2017) 

Own Child > Other Child 13.23  

Leibenluft et al. 
(2004) 

Own Child > Familiar Child 2.5  

Noriuchi et al. 
(2008) 

Own Child > Other 6.33  

Ranote et al. 
(2004) 

Own Fnfant > Unknown Infant 13.27  

Bartels and Zeki 
(2004) 

Partners > Friends 16.71  

Ortigue et al. 
(2007) 

Love > Friends 0.52  

Hamilton and 
Meston (2017) 

Romantic > Neutral 1.51  

Vila et al. (2019) Loved Faces > Neutral Faces 13.36  
Wagner et al. 
(2015) 

With Friend > Alone 14.94  

Strathearn and 
Kim (2013) 

Own Infant > Unknown Infant 0.67  

Güroğlu et al. 
(2008) 

Friends > Other 5.13  

Gobbini et al. 
(2004) 

Personally Familiar Faces >
Famous Familiar Faces 

9.47  
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No suprathreshold clusters were found for the other two analyses. 

4. Discussion 

Trust is crucial for establishing relationships between strangers to 
sustain a secure and flourish society. Does trust-building among 
strangers through repeated interactions share common neural un-
derpinnings with affiliative bonding? Here, we investigated whether 
identification-based trust (measured in the multi-round TG) but not 
calculus-based trust (measured in the one-round TG) engages brain 

mechanisms associated with affiliation. Applying a coordinate-based 
meta-analysis approach that implements the ALE method, we identi-
fied consistently activated brain regions for calculus-based trust (dAI, 
salience network), identification-based trust (vSTR, mesolimbic 
pathway), feedback in the multi-round TG (dSTR, nigrostriatal 
pathway), and affiliative bonding (dSTR, nigrostriatal pathway, and 
vmPFC, mesocortical pathway). Further, we demonstrated that the 
positive feedback in the multi-round TG and affiliative bonding shared a 
partly overlapping brain region being part of the nigrostriatal pathway 
(i.e., dSTR, caudate head). 

Our results suggest that strangers form dyadic trust through repeated 
interactions in the TG involving the mesolimbic (vSTR) and nigrostriatal 
(dSTR) pathways, which are also associated with parent-infant bonding 
(Strathearn et al., 2019). Higher levels of dyadic trust suggest assurance 
that a partner will act pro-relationally in the future (Campbell and 
Stanton, 2019). In perceptions of partners’ trustworthiness (i.e., positive 
feedback), players form beliefs regarding the future dependability of the 
relationship and seek a social approach toward them (i.e., nigrostriatal 
pathway), and feel secure when trusting them (i.e., mesolimbic 
pathway). The overlapping in the nigrostriatal pathway between posi-
tive feedback in the multi-round TG and affiliative bonding suggests the 
formation of a trust relationship resembled the affiliative responses to 
significant others. 

4.1. The psychological processes of brain regions underlying trust 

The NPE model proposes the underlying neuropsychological mech-
anism on how interpersonal trust evolves through repeated interactions 
(Krueger and Meyer-Lindenberg, 2019): from calculus-based trust, over 
knowledge-based trust, to identification-based trust (Lewicki and 
Bunker, 1995). A trust relationship begins with calculus-based trust, 
driven primarily by the salience network (risk of treachery). A shift from 
the salience network (dAI) to the reward network (vSTR) can be 
observed when transitioning from one-round to multi-round TG in-
teractions —probably reflecting a shift from calculus-based trust (guided 
by uncertainty about the risk of treachery) to identification-based trust 

Fig. 2. Meta-analytic results. Results of the main effect analyses showing regions that were consistently activated during (A) trust in the one-round trust game (TG) 
(i.e., calculus-based trust); (B) trust in the multi-round TG (i.e., identification-based trust); (C) feedback learning in the multi-round TG; and (D) affiliative bonding. 
(E) Overlap between feedback in the multi-round TG and affiliative bonding. 
dAI, dorsal anterior insula; NAc, nucleus accumbens; Cau, caudate; vmPFC, ventral medial prefrontal cortex; Put, putamen; R, right; L, left; ∩, conjunction 

Table 3 
ALE analyses results of main effect analyses investigating regions consistently 
activated across studies during each stage of the TG and affiliative bonding.  

Cluster 
# 

Voxels Regions BA 
MNI coordinates peak 

Z x y z 

Calculus-based trust (Trust decisions in the one-round TG) 
1 137 Dorsal anterior insula 13 40 20 2 5.13  

Identification-based trust (Trust decisions in the multi-round TG) 
1 100 Nucleus accumbens 25 − 5 7 − 9 4.39  

Feedback in the multi-round TG 
1 501 Caudate head + body 25 12 18 − 4 5.77 
2 223 Putamen 34 − 16 2 − 12 5.81  

Affiliative Bonding 
1 317 Caudate head + body 25 8 8 8 4.71 
2 123 Medial Frontal Gyrus 

(ventromedial 
prefrontal cortex) 

10 − 6 58 − 4 6.22  

Feedback ∩ Affiliative Bonding 
1 81 Caudate head + body 25 6 12 0 4.05 

In parentheses, anatomical assignments from the SPM Anatomy toolbox; Peak Z, 
Z values at the peak of the activation cluster; BA, Brodmann area; MNI, Montreal 
Neurological Institute; mm, millimeters; ∩, conjunction. 
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(guided by certainty about the trustworthiness of the trustee). Through 
repeated interactions, the trust relationship matures to 
identification-based trust, driven predominantly by the reward network 
(anticipation of the reward). As a result, trustors develop a rewarding 
identification with trustees and trust them confidently. 

First, in our ALE analysis, trust decisions in the one-round TG (as a 
measure of calculus-based trust) consistently activated the right dAI as a 
key region of the salience network —confirming the results of previous 
meta-analysis studies (Bellucci et al., 2017, 2018). In the one-round TG, 
the dAI may encode the risk of betrayal for trusting an unknown trustee. 
Previous parcellation studies suggest that the AI can be subdivided into a 
dAI region (associated with a cognitive network) and a ventral AI (vAI) 
region (associated with an affective network) (Chang et al., 2013; Kelly 
et al., 2012). A recent study combining coordinate-based fMRI 
meta-analyses with task-based and task-free connectivity analyses 
showed that the right AI was the common brain region consistently 
activated in both the TG and the ultimatum game (in which a proposer 
decides how to divide a sum of money, a responder can subsequently 
accept or reject this proposal, and both players receive nothing in the 
case of a rejection. Güth et al., 1982) (Bellucci et al., 2018). Activations 
resulting from trust decisions and rejection of unfair offers cluster in the 
right dAI, while activations resulting from reciprocating decisions and 
rejection of unfair offers cluster in the right vAl. These findings suggest 
that the dAI mediates cognitive processes associated with an expectation 
of conformity with social norms. In contrast, the vAI mediates affective 
processes associated with aversion to the injustice that leads to 
enforcement of social norms (Krueger et al., 2020). 

Second, trust decisions in the multi-round TG (as a measure of 
identification-based trust) consistently activated the left vSTR, sup-
porting the results of a previous meta-analysis study with our current 
bigger sample size (Bellucci et al., 2017). As a key region of the meso-
limbic dopamine pathway, the vSTR is reliably associated with reward 
anticipation (Knutson and Cooper, 2005) and net benefit encoding of a 
choice option (Wittmann et al., 2010). In the multi-round TG, the vSTR 
may be engaged in predictions about whether a future reward is likely to 
follow a trust decision. Through repeated interactions with rewarded 
trust —increasing the certainty about the trustees’ trustworthiness— 
trustors have more confidence regarding the trustees’ identity and are 
more inclined to trust them. When trustors made trust decisions under 
these circumstances, they are confident of receiving the reward being 
trusted —resulting in a highly predictable reward value as signaled by 
the vSTR (Schultz et al., 1997). 

Finally, positive feedback (i.e., rewarded trust) in the multi-round 
TG consistently activated the dSTR (including the putamen and 
caudate head). The dSTR is a fundamental region of the nigrostriatal 
dopamine pathway —associated with reinforcement learning of action- 
outcome associations to regulate and optimize future actions leading to 
a reward (Delgado, 2007; Wise, 2009). The dSTR is further comprised of 
the subparts of the dorsolateral striatum (dlSTR, the putamen) and the 
dorsomedial striatum (dmSTR, the caudate). The dlSTR may encode 
stimulus-response associations that are learned incrementally through 
trial and error, while the dmSTR may perform computations of action 
values based on action-outcome representations and guide goal-directed 
action selection controlled by outcome expectations (Takahashi, 2008). 
Positive feedback in the multi-round TG activated both the dlSTR and 
the dmSTR, suggesting an involvement of both learning dynamics and 
action guidance. For the multi-round TG, the willingness to trust others 
is contingent upon the feedback on the consequences of previous 
choices. Through repeated interactions with rewarded trust, trustors 
become more confident about the trustworthiness of the trustee 
(learning signaled by the dlSTR) and more likely to trust that person in 
the future, and the dmSTR guides subsequent trust decisions that facil-
itate the social affiliation of the trust-trustee relationship. 

4.2. The neural correlates of affiliative bonding 

The neurobiology of affiliative bonding relies on the brain’s reward- 
motivation system (Depue and Morrone-Strupinsky, 2005). The neuro-
biological model of attachment involves three pathway systems 
—oxytocinergic “affiliation” pathway system, dopaminergic meso-
corticolimbic “reward/reinforcement’ and nigrostriatal “habit forma-
tion” pathways system, and the glucocorticoid “stress-response” system 
(Strathearn et al., 2019)— that can be adopted to affiliative bonding 
emphasizing the core capacity for affiliative reward for the development 
of secure attachment (Depue and Morrone-Strupinsky, 2005). 

The oxytocinergic “affiliation” pathway system is essential to the 
development of social and spatial memories, affiliation behavior, and 
emotional control (Baskerville and Douglas, 2010). Both animal and 
human research support the role of oxytocin in promoting social 
approach behavior and overcoming avoidance of proximity (Meyer--
Lindenberg et al., 2011). The dopaminergic system —comprising the 
mesolimbic, mesocortical, and nigrostriatal pathways— is involved in 
stimulus-reward reinforcement learning and decision-making based on 
future predicted reward (Ferguson et al., 2002). Research evidenced that 
in contrast to insecure and rejecting mothers, mothers with secure 
attachment patterns demonstrate increased activation of meso-
corticolimbic dopamine regions (including vSTR and vmPFC) and the 
oxytocin-associated hypothalamic/pituitary regions (Strathearn, 2011). 
The glucocorticoid stress-response system is critical both for human 
attachment (Strathearn et al., 2019) and trust behavior (Riedl and Javor, 
2012). However, both previous and current meta-analyses failed to find 
consistent activation in the glucocorticoid-related pathway regions. This 
may be due to the fact that the examined studies did not involve a stress 
context; therefore, stress-related responses could not be observed. More 
research is needed to clarify the role of cortisol in both trust and affili-
ation neuroscience. 

Consistent with the neurobiological findings of affiliative bonding 
(Parsons et al., 2013; Paul et al., 2019; Strathearn et al., 2019), the 
current meta-analysis revealed that affiliative stimuli consistently acti-
vated the left vmPFC (mesocortical pathway) and the right dmSTR 
(nigrostriatal pathway). The mesocortical pathway is engaged in adap-
tive behaviors and survival-oriented responses (Ivlieva, 2011) and 
supports the assumption that humans tend to seek and maintain prox-
imity to caring and to support others to increase the likelihood of sur-
vival (Bowlby, 1982/1969). The vmPFC activation may signal a safety 
value (Eisenberger et al., 2011), entailing the function of maintaining an 
approach-oriented motivation to foster closeness with others (Long 
et al., 2020; Parsons et al., 2013). The nigrostriatal pathway is consid-
ered essential for the formation of stimulus-response associations that 
underlie skilled movements and habitual actions and guide 
goal-directed behaviors that rely on action-outcome associations (Lil-
jeholm and O’Doherty, 2012; Redgrave et al., 2010). In human attach-
ment, the nigrostriatal pathway plays a crucial role in habit formation, 
which supports a strong approach motivation to attachment figures and 
formation of a secure attachment (Strathearn et al., 2019). The consis-
tent activation in the dmSTR by affiliative stimuli supports the role of 
this region in facilitating goal-directed social approach behavior (Depue 
and Morrone-Strupinsky, 2005). The lack of consistent activation in the 
dlSTR maybe because the paradigms used to examine affiliative reward 
did not involve learning dynamics but merely elicit affiliative responses 
by introducing stimuli relevant to the affiliative figure. 

Compared to the previous meta-analyses on parent-infant bonding, 
our current study combining parental, pair, and friend bonding failed to 
observe consistent activations in other areas such as globus pallidus, 
insula, thalamus, amygdala, and inferior frontal gyrus (Paul et al., 2019; 
Rigo et al., 2019; Rocchetti et al., 2014; Watanuki and Akama, 2020). 
This may be due to the implementation of different meta-analytic ap-
proaches such as the effect-size version of signed differential mapping 
applied in Rocchetti et al. (2014), the multi-level density analysis tool in 
Rigo et al. (2019), and the ALE method in Watanuki and Akama(2020); 
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Paul et al. (2019) and our current study. To control for the multiple 
comparisons problem in our study, the ALE maps were thresholded at a 
cluster level FWE corrected threshold of P < 0.05 with a conservative 
cluster-forming threshold of P < 0.001 implementing 10,000 permuta-
tions (Eickhoff et al., 2012), which resulted in restricted and smaller foci 
because this approach has a lower false positives rate and therefore is 
more conservative than other meta-analytic neuroimaging methods 
(Radua et al., 2012). 

Importantly, neither the results of previous meta-analyses of affili-
ative bonding (Ortigue et al., 2010; Paul et al., 2019; Rigo et al., 2019; 
Rocchetti et al., 2014; Watanuki and Akama, 2020) nor our current 
results revealed a consistent activation of brain regions involving the 
mesolimbic dopamine pathway (e.g., vSTR) which has been implicated 
in other aspects of reward learning for attachment in humans (Strath-
earn et al., 2019) and for social bond formation in animals (Insel, 2003; 
Johnson and Young, 2015). One reason for such a lack might be the 
experimental paradigms (e.g., viewing facial images or videos of affili-
ative figures) employed in most fMRI affiliation studies, which only 
evoke the representation of affiliative figures for a short duration and 
hence might fail to catch the bonding establishment process. 

Furthermore, most of the studies we examined implemented a first- 
person perspective in which participants typically observe individuals 
in isolation —i.e., viewing affiliative figures when they are alone and not 
engaging in reciprocal interactions with them. These paradigm limita-
tions may also account for the absence of activations in the oxy-
tocinergic “affiliation” and glucocorticoid stress-response pathways. The 
examination of behavioral, psychological, and brain processes in at least 
two persons who communicate directly with each other will be a more 
ecologically valid approach to evaluating the biological and brain bases 
for affiliative bonding (Long et al., 2020). Moreover, the affiliative 
figure engages in behaviors in a more ecological and interactive way 
may be more likely to directly activate the dopaminergic, oxytocinergic, 
and glucocorticoid systems. For instance, warm contacts (e.g., hugs) 
with a partner are associated with higher oxytocin levels (Light et al., 
2005), and affiliative behaviors, particularly those involving touch, 
serve as stress-buffer engaging brain regions with dense oxytocin (i.e., 
paraventricular nucleus) and opioid neurons (i.e., arcuate nucleus) 
(Morrison, 2016). 

4.3. The commonalities between trust and affiliative bonding 

Both positive feedback in the multi-round TG and affiliative bonding 
engaged the nigrostriatal dopamine pathway (i.e., dmSTR) that is 
associated with habit formation (Strathearn et al., 2019) since the 
nigrostriatal dopamine pathway signals positive incentive motivations 
and facilitates approaching behaviors (Depue and Morrone-Strupinsky, 
2005). It is reasonable to assume that part of the neural substrates un-
derlying the establishment of long-lasting affiliative bonding also per-
forms a similar function of forming a short-term social affiliation with 
others (even strangers). For the multi-round TG interactions, if trustees 
always reciprocate the trustors’ trust, then they provide security to the 
trustor and reduce uncertainty. Hence, trustors can feel confident and 
safe that their trust will be rewarded and thus form a “trust habit” with 
the trustee, which are processes functionalized by the mesocorticolimbic 
and nigrostriatal dopamine pathways. 

Another similarity between identification-based trust and affiliative 
bonding is the involvement of the oxytocinergic “affiliation” pathway 
system, though no consistent activation has been found in previous and 
present meta-analysis results. It should be noted that the current meta- 
analysis approach is based on the fMRI findings at the regional coordi-
nate level but not at the hormone/neurotransmitter level. Therefore, the 
absence of the meta-analytic evidence for the involvement of brain re-
gions of the oxytocinergic affiliation pathway system (e.g., the hypo-
thalamus) cannot reject the role of oxytocin in both trust and affiliative 
bonding. Oxytocin is implicated in human mothering, fathering, co- 
parenting, close friendship, and romantic attachment (Love, 2014) and 

encourages social approach behavior (Meyer-Lindenberg et al., 2011). 
Integration of oxytocin and dopamine in the striatum ignites bonding, 
instilling attachments with motivation and vigor (Feldman, 2017; Love, 
2014). The vSTR (consistently activated by identification-based trust), 
mPFC (consistently activated by affiliative bonding), and amygdala are 
neuroanatomical sites of oxytocin action in pair-bonding behavior 
(Walum and Young, 2018). Oxytocin also promotes interpersonal trust, 
which could be taken as an indicator of social approach in humans —by 
inhibiting defensive behaviors and associating this inhibition with the 
activation of dopaminergic reinforcement circuits to increase the value 
of social experiences (Campbell, 2008). For example, our willingness to 
trust strangers can be potentiated by the exogenous administration of 
oxytocin (Kosfeld et al., 2005), though this effect may be 
context-dependent (Ide et al., 2018) or individual-dependent (e.g., 
effective in individuals with a lower disposition to trust, see Declerck 
et al., 2020) (see for a critical review, Nave et al., 2015). 

Furthermore, participants undergoing nasal administration of 
oxytocin showed no change in their trusting behavior after learning that 
their trust had been breached multiple times while participants 
receiving placebo decreased their trust (Baumgartner et al., 2008). This 
disparity in trust adaptation was associated with a decrease in the 
activation of the amygdala, the midbrain regions, and the dmSTR in 
participants receiving oxytocin compared to placebo —indicating that 
neural systems mediating fear processing (amygdala and midbrain re-
gions) and behavioral adaptations to feedback information (dmSTR, 
nigrostriatal “habit formation” pathway) modulate the effect of oxytocin 
on trust. Previously, Xu et al. (2019) suggested that the main function of 
oxytocin is not to promote mutual trust per se but to adapt and learn 
from trustworthy individuals who are either in-group members and/or 
perceived experts. Together, the oxytocin and dopamine pathways 
permit social recognition, trust, and a range of socially affiliative be-
haviors (Skuse and Gallagher, 2009). 

4.4. Limitations 

The current meta-analysis has some limitations. First, due to a lack of 
fMRI studies, knowledge-based trust could not be analyzed in the cur-
rent coordinate-based meta-analysis. To confirm the assumptions about 
the neural signatures of trust dynamics —ranging from calculus-, over 
knowledge-, to identification-based trust— future neuroimaging studies 
employing targeted experimental manipulations (e.g., providing 
contextual information) are needed to investigate knowledge-based 
trust (Fouragnan et al., 2013). Second, we could not find enough pub-
lished studies reporting gender contrasts to reach a reasonable number 
of experiments to identify reliable results (Eickhoff et al., 2016). Future 
neuroimaging studies are needed to elucidate gender differences in trust 
and affiliative bonding. Third, our meta-analytic findings are based 
dominantly on neural correlates of human social behavior in single/-
isolated individuals, often referred to as “first-person social neurosci-
ence” (Long et al., 2020). Since both trust and affiliative bonding involve 
two-person interactions, a “second-person social neuroscience” 
approach is desirable (Schilbach et al., 2013), in which a special focus is 
directed towards measuring brain activation in individuals who are 
engaging in real-time interaction with others (e.g., the second-person 
single-brain approach) (Redcay et al., 2012; Redcay and Schilbach, 
2019), and deriving a measure of inter-brain coherence implementing 
fMRI hyperscanning (e.g., the second-person dual-brain approach) 
(Babiloni and Astolfi, 2014; Czeszumski et al., 2020; Koike et al., 2015; 
Misaki et al., 2021; Montague, 2002). Finally, our study identified an 
overlapping brain region involved in trust and affiliative bonding; 
however, the direct relationship and interactions between these two 
processes remain to be illuminated. Future fMRI studies applying the TG 
with trait affiliation assessments (Depue and Morrone-Strupinsky, 2005) 
or attachment orientations (Collins and Read, 1990; Simpson et al., 
1996) are necessary to investigate the impact of individual differences in 
affiliation trait and attachment orientations on trust behavior, which 
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would provide a more comprehensive picture of human bonding. For 
example, behavioral studies demonstrated that for individuals high 
rather than low in attachment avoidance, oxytocin compared to placebo 
reduced betrayal aversion and increased trust and cooperation (De Dreu, 
2012), but for participants high in attachment anxiety and 
intimacy-avoidance, oxytocin impeded trust behavior (Bartz et al., 
2011). Despite those limitations, our results demonstrated for the first 
time that identification-based trust and affiliative bonding share 
partially overlapping neural systems. 

4.5. Conclusions 

Our meta-analytic results revealed that calculus-based trust (identi-
fied with the one-round TG) and identification-based trust (identified 
with the multi-round TG) engaged distinct neural networks with disso-
ciate functional roles. Calculus-based trust involved the right dAI as part 
of the salience network, presumably signaling the risk of treachery upon 
trust decisions, while identification-based trust encompassed the vSTR 
as part of the mesolimbic dopaminergic pathway, probably signaling the 
expected reward of being reciprocated. Affiliative bonding engaged the 
vmPFC as part of the mesocortical dopaminergic pathway, likely 
signaling the safety value associated with affiliative figures and the 
dmSTR as part of the nigrostriatal dopaminergic pathway, probably 
facilitating social approach behaviors. 

An overlap between activation during positive feedback in the multi- 
round TG and affiliative bonding in the dmSTR as part of the nigros-
triatal pathway was identified (possibly reinforcing the action-outcome 
associations and promoting social approach behavior), but no overlap in 
the mesolimbic and mesocortical pathways was observed. Our results 
should be validated by future studies directly investigating the neural 
responses of affiliative bonding and interpersonal trust. The next wave 
of studies on affiliative bonding and trust dynamics within social re-
lationships (comprising not only strangers but also friends, lovers, and 
family) will likely yield noteworthy findings in how bonding and trust 
interact and change throughout life. 

By highlighting the commonalities of the psychoneurobiological 
basis between trust and affiliative bonds, our findings shed light on how 
trust established among strangers very much resembles crucial compo-
nents for the formation of affiliative bonding. Our results also have 
clinical applications, especially for people gaining low affiliative reward 
(e.g., help in developing interventions for aggressors who have deficits 
in seeking out or getting pleasure from social bonding and closeness with 
others) (Waller and Wagner, 2019), or people who experienced adverse 
childhood events (e.g., help in developing pharmacological treatments 
for children or adults who suffered from maternal neglect or traumatic 
abuse) (Rice et al., 2018), or for adolescents who go through a phase of 
affiliative crisis characterized by the search for new attachment figures 
and who also show differing reward processing that has been associated, 
for instance, with enhanced risk-taking behaviors (Asscheman et al., 
2020). Integrating the research of trust and affiliative bonding will not 
only advance our knowledge on the neurobiological underpinnings of 
social affiliation but also helps to develop prevention and intervention 
strategies for people at such risk. 
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