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ABSTRACT 

NEURAL SIGNATURES OF TRUST IN RECIPROCITY 

Sergey V. Chernyak, Ph.D. 

George Mason University, 2016 

Dissertation Director: Dr. Frank Krueger 

 

Trust facilitates conditions for safe sharing of valued resources – a social setting vital to 

success in a wide range of socio-technological networks. With an increasing reliance of 

economic initiatives on trust-assured interactions, the need to inquire into the mental pro-

cesses of trust has emerged. This led to a proliferation of functional magnetic resonance 

imaging (fMRI) studies focusing on domain-specific measures. However, inherent metric 

deficits of fMRI have resulted in discrete outcomes highlighting further need for con-

structing a comprehensive neurocognitive model of trust. Here, a domain-general meth-

odology aims at overcoming the negative tendencies in prior fMRI studies by applying a 

series of coordinate-based “Activation Likelihood Estimation” (ALE) meta-analyses of 

the fMRI data and a data-driven Multivariate Granger Causality (MVGC) connectivity 

analysis of hyperscan-fMRI data – an approach not undertaken in trust studies prior to 

this dissertation. To determine the effects on behavior of cross-study variability in brain 

activation during a trust-inducing investment game (IG) task, the meta-analysis aims at 

revealing the extent of neurocognitive differentiation during trust, learning to trust and 
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reciprocity. One-shot IG, implicating unconditional trust, is compared to multi-round IG 

implicating the conditional trust. In the MVGC study, the neurocognitive differences in 

the effective connectivity of interpersonal (“brain-to-brain”) trust are discerned. Meta-

analysis revealed a strong differential response between unconditional trust (ambiguity, 

insula) and conditional trust (reward, ventral striatum). Learning to trust engaged a goal-

guided (rostrolateral PFC) transition between decision-making (dorsal striatum, action-

valuation) and feedback processing (ventral striatum, reward reinforcement). Reciprocat-

ing trust was linked to insula-mediated norm-compliance tendency to avoid breaking 

trust. For the effective connectivity analysis, a steady increase in trust and reciprocity en-

gaged a mentalizing network as evidenced in the observed dorsal PFC connectivity with 

the parietal cortex. Within-trustor, dorsomedial (dmPFC) bidirectional connectivity with 

posterior cingulate cortex was key to guiding trust-valued choices (hypothalamus). With-

in-trustee, the key motive of norm-compliance – trustworthiness (lateral orbitofrontal cor-

tex) was mediated by dorsomedial and dorsolateral PFC in Stage 1 and by precuneus in 

Stage 2. For the brain-to-brain exchange, the trustor’s dmPFC was most active, but the 

trustee’s dmPFC was virtually absent indicating dissociable patterns of other-regarding 

preferences for the trustor and trustee. Collectively, this dissertation lends evidence con-

sistent with the putative socio-cognitive, economic-utility and reinforcement-learning 

models of trust and opens new perspectives by applying an effective domain-general da-

ta-driven dynamic approach. 
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CHAPTER 1. General Introduction 

Section 1.1 Scope 

The overall objective of this dissertation is to examine how variability in human 

mental and brain activity affects trust behavior. The specific aim is to resolve a long-

standing issue in today’s trust fMRI research. FMRI is a good method for measuring seg-

regated neural components of a complex cognitive function but the segregation is an ob-

stacle to an abstraction and generalization of data. At the time that the results of this re-

search are being published, a several dozen of studies have engaged in delineating neu-

rocognitive substrates of trust. Although since the late 1980’s this field of study has ma-

tured at a great pace and has gone a long way from early theoretical assumptions 1 to the 

ability to quantify and reliably measure the fundamentally unobservable properties of 

trust, the need for consolidation of the discrete findings has recently emerged. In meeting 

this objective, this dissertation relied on strong and diverse background in cognitive psy-

chology, neurobiology and neuroeconomics for analyzing the problem domain and 

searching for solutions. The interdisciplinary nature of the science at hand is reflected in 

the flow of the upcoming chapter, which is broken into three components. Section 1.1 is a 

review of what is known to date about the cognitive, neurobiological and economic ori-

gins of trust. Section 1.2 examines the standard research methods that are used for meas-

uring trust. Section 1.3 is focused on the proposal of novel operational instruments for 

solving some of the outstanding problems the field is currently facing. 
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Section 1.2 Background 

Subsection 1.2.1 Socio-Cognitive Perspective 

For demarcating the boundaries of the problem domain to be investigated in this 

dissertation the socio-cognitive theory of trust has been especially helpful 2. The socio-

cognitive model of trust is based on the notion of a relationship between a human cogni-

tive agent and his environment. The agent relies on the environment to satisfy a wide 

range of personal needs and aims to maximize gains but also minimize losses. In doing 

so, he tries to liberate himself from less relevant, less pressing tasks and delegate (“trust”) 

them to some other party (“trustee”). Yet, he is faced with a possibility that the trustee 

might lack motivation, awareness or skill to accomplish what’s needed. In face of the di-

lemma, he is confronted with a choice of either accepting the risk in favor of a potentially 

positive outcome in the future or staying on the safe side and withholding the delegation. 

A cursory glance at the scenario above highlights a number of important proper-

ties of the trust construct to be examined here. The key notion is that trust is a goal-

driven, reputation-guided process of delegating valued resources to others. A rationale for 

delegating can be economy, convenience, lack of skill or a need to realign resources and 

time for other activities. In general, when someone is trusted, it is expected that the trus-

tee is willing, competent and equipped to accomplish the entrusted tasks. Establishing a 

trust-based partnership facilitates favorable conditions for safe and reliable sharing and 

even augmenting of valued resources with trusties. Such partnership is predicated on two 

basic forms of trust – unconditional (dispositional, implicit) and conditional (trust in reci-
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procity). Unconditional trust occurs at the onset of the relationship and can be viewed as 

collusion between a trustor inclination for trusting and a trustee inclination for honoring 

trust. In contrast, conditional trust emerges from an ongoing exchange with the trustee 

and cannot be built without experience or/and theory of mind. Yet, knowing the genuine 

intentions of the trustee is seldom possible, which makes trust an ambiguous and vulner-

able endeavor. Therefore, trust can be viewed as a state of mental ambiguity caused by a 

quest for reciprocity and at the same time, by a desire to avoid betrayal. This is because 

trust is about rendering control over a valuable resource at a cost of risking betrayal or 

failure. Choosing to trust comes with a price of accepting the vulnerability for the sake of 

improved outcomes in the future. 

At a more granular level, trust can be viewed as a belief (i.e., a certain degree of 

faith in the trustee’s trustworthiness) or action (decision). In trust, decisions are always 

consequential of the beliefs and the beliefs are mostly shaped by how much the trustor 

knows about the trustee. An uninformed or partially informed trustor is faced with having 

to rely on a merely dispositional or generalized belief in others’ good will. Such a belief 

is inevitably formed from his experience with others, but not with the trustee. Confidence 

in a particular trustee can only be achieved in an ongoing person-to-person experience 

with that trustee, in which the trustor learns from the trustee’s responses and becomes in-

creasingly knowledgeable in the process. In reference to unconditional vs. conditional 

trust, the uninformed trustor is more associated with the former, while the informed or 

fully knowledgeable trustor with the latter. It follows that unconditional trust can be char-

acterized by high level of ambiguity, while the conditional trust facilitates confidence, 
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progressively assured by the trustee response. Although valence of the response can be 

negative at times, assurance of trust can only be determined by an overall positive experi-

ence with the trustee. If trustor’s goals are supported, the confidence in the trustee in-

creases and consolidates the social structure. Betrayal of trust on the other hand, poses a 

cognitive conflict between the agents 3. Conditional trust is therefore a product of infer-

ences a trustor makes about the social characteristics of the trustee, such as competence, 

benevolence and honesty 4. While modulated by valence of the trustee response, a trust-

ing decision is predicated on inferring opponents’ intentions 5. Mentally modeling the 

opponent’s future actions strengthens the likelihood of reciprocity to trust 6 and offsets 

the feeling of ambiguity and risk 7. Having to mentalize defines trust as a relational state, 

because building trust requires interaction with other agents. Trust tends to emerge from a 

resource or information exchange whose purpose is to realize a cognitive task 8. Arriving 

at a trust decision in an interaction is an incremental process – a cascading sequence of 

two dissociable phases, “belief formation” and “choice” (decision-making). In the belief 

phase, trust forms as an essentially evaluative judgment of the trustee’s trustworthiness – 

“a deliberative process of weighing incomplete or ambiguous evidence” derived from the 

experience with the trustee 9. In the decision phase, the trustor chooses whether to pro-

ceed or to refrain from delegation. Degree, to which the agents share goals and positivity 

of their attitudes, determines reciprocity between the agents. 

Subsection 1.2.2 Neurobiological Perspective 

The socio-cognitive perspective discussed above provides an aerial view of trust 

as a construct and emphasizes beliefs as governing force of the behavior. A related body 
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of work in neurobiology investigates how neuronal populations disambiguate evidence of 

competing stimuli (options) in favor of a particular action – a process commonly referred 

to as decision-making. For neurobiology, the primary concern is how the brain operates 

to produce decisions and how decision-making takes place in the nervous system, where-

by a neuronal signal is being transformed on its way from a sensation to action. The ques-

tion is how the signal can be traced along its way through the nervous system in its re-

flection of the stimulus and its production of behavior (decisions). Decisions emerge as a 

series of sensations induced by the events and stimuli in the outside world. The environ-

mental and social events are neuronally linked in the perception and behavioral respons-

es. The focus is on the notion of stimuli “disambiguation”, whereby for a series of senso-

ry inputs, the job of the nervous system is to produce proper behavior by the virtue of gat-

ing sensory signals to the “proper” action selection centers in the brain. Thus, neurobiol-

ogy brings trust research to an important juncture between the studies of “choice” and 

“valuation” and to the idea that these two fundamental components of decision-making 

are supported by dissociable brain systems. 

When making choice, a decision-maker is confronted with an ambiguous signal. 

Disambiguation in the brain is achieved by simultaneous step-by-step sampling of stimuli 

parameters related to every option. At some point in time, one of the options is “favored” 

more than others and the combined neuronal activation (integration) reaches a threshold 

for response, committing the decision to the favored option 10,11. Sampling of stimuli and 

integration of evidence are supported by dissociable neural substrates. The sequential 

sampling and logical comparison of stimuli are known to be modulated by lateral pre-
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frontal cortex (PFC) 12, while the “ramping-to-threshold” activity 13 is mediated by lateral 

parietal cortex 14 and caudate 15,16. The brain mechanism of disambiguating decisions is 

now well understood. Yet, the model stops short of accounting for the effects of “utility” 

(“value”) – a defining factor in any decision-making process, according to the neuroeco-

nomic perspective discussed in the next section of the chapter. 

Subsection 1.2.3 Neuroeconomic Perspective 

Neuroeconomics provides an important perspective on trust research by introduc-

ing the notions of “utility” and by giving the notions of “ambiguity” and “choice” a deep-

er meaning. Strong evidence from neuroeconomics has shown, that some kind of reward 

utility or aversion to loss of reward are essential to any kind of decision-making, includ-

ing trust 17. Converging evidence has emerged for the existence of distinct frontal and 

striatal signaling that collectively generate subjective value for a wide range of rewards 

18. Studies of appetitive stimuli for example, point at a brain network with medial PFC 

(mPFC) as focus of critical social value inputs from dorsolateral PFC (dlPFC) 19 orbito-

frontal cortex (OFC) 20, hypothalamus 21, amygdala 22,23 and the striatum 24. Studies of the 

aversive stimuli implicated the anterior insula in the function of negative valuation and 

avoidance of negative outcomes. 

Today it is well known, that areas key to control of choice are localized to intrapa-

rietal and motor cortex, while areas key to reward valuation are localized to ventromedial 

PFC (vmPFC) – the site where idiosyncratic values are placed on a wide range of rewards 

25. However, in spite of the evidence, little is known about the interaction across the fron-

toparietal (choice), medial prefrontal (valuation) and cingulo-opercular (aversion) neural 
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circuitry and whether the circuits form a tightly interconnected global network or a set of 

loosely coupled specialized functional modules. Behavioral measures together with the 

evidence of intrinsic brain activity shall provide the necessary insight into the brain 

mechanisms of both the valuation and choice phases of decision-making.  

Another important contribution of neuroeconomics was analyzing the impact of 

expected utility and ambiguity of intertemporal choice on decision-making and recogniz-

ing ambiguity as one of the primary challenges decision-makers face in several cognitive 

domains. For a trustor, the main source of ambiguity is the uncertainty between positive 

and negative prospects of trusting i.e., between possibility of reward 26 and possibility of 

betrayal 27, between the immediate gains and long-term goals 28, between perceived prob-

ability of reward and subjective value 29 and between self-interest and other-regarding 

preferences 30. In the literature, assessing rewards and making choices are viewed as two 

fundamental constituents of decision-making. However, it’s not at all clear how the two 

communicate with each other to produce a unified behavior. In the upcoming chapters the 

possibility of a functional link via two other components of decision-making i.e., ambigu-

ity (Chapter 2) and mentalizing (Chapter 3) will be examined in depth. 

Section 1.3 Metrics of Trust 

Subsection 1.3.1 Game Theory (Investment Game) 

The success of neuroeconomic studies of expected utility affected trust research in 

a fundamental way. It enabled the assumptions about economic utility and ambiguity to 

be experimentally tested in a probabilistic interactive paradigm like game theory. Game 
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theory has proved to be very useful when a researcher needed to examine a variety of in-

centives (monetary, social etc.) and their effect on decision-making in an interpersonal 

setting 31. In a game paradigm, players are typically offered choice between a self-serving 

and other-regarding incentive. A decision of one player may either open an opportunity 

for the other player or preclude that player from choosing 32. Each player is made aware 

of the counterpart’s choices but some uncertainty about the opponent’s preferences re-

mains. Thus, an opportunity for cooperation is provided, but cooperation is not necessari-

ly enforced. This situation is certain to arouse a social dilemma, whereby one’s regard for 

welfare of the other is on a collision course with a concern for personal gain. 

In this dissertation, the assumptions about trust are examined using a popular test-

able, quantifiable and replicable game paradigm, called “investment game” (IG), a. k. a. 

“trust game” 33 – a model of human-to-human interaction between two players, “trustor” 

and “trustee” (see Chapter 2, Methods section for details). Both players are confronted 

with a difficult choice of either sharing money with their opponents for the sake of a 

longer-term mutual benefit or defecting on the opponent for the sake of personal gain. 

The amount of money sent by the trustor is believed to measure trust; the amount of 

money paid back by the trustee measures trustworthiness. One of the primary advantages 

of a behavioral paradigm like IG is that it is a simple measure, in which the confounding 

effects of decision variables on one another are reduced to a minimum 34.  

Among the benefits of IG, are also its low (binary) dimensionality of the reward 

structure and anonymity of interaction. These properties allow for high signal-to-noise ra-

tio (in contrast to a real-life lending situation) and control for the effects of personal char-
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acteristics (e.g., age, appearance, emotional expression) and social context (e.g., socio-

economic status of the players). In combination with a selection of participants whose in-

telligence and competence are sufficiently suitable for the task, an IG experiment can be 

designed to rule out a large number of confounding effects and allow for an improved 

measure of more subtle aspects of trust behavior. Among the drawbacks of the IG model 

however are simplification and reductionism in its approach to trust. As a result, for an 

experiment like IG to acquire external validity, the researchers must go beyond the study 

of behavior and gain a deeper insight into the relevant hidden mental states. This goal can 

be accomplished to a certain extent by the use of neuroimaging methods. 

Subsection 1.3.2 Neuroimaging 

As noted in previous sections, trust could be viewed as a belief (unobservable) or 

decision (explicit) condition. The unobservable aspects mount a difficult challenge to any 

attempt of measuring the condition effectively. As a result to date, a significant number 

of behavioral studies of trust lack crucial comprehension of the trust’s hidden properties. 

Uses of neuroimaging in general and of functional magnetic resonance imaging (fMRI) in 

particular, were originally viewed as a powerful initiative to meet this challenge. Subse-

quently, in recent decades, there has been a proliferation of neuroimaging studies of neu-

ral origins of trust (for review, see 35,36,37). However, the neuroimaging of IG produced no 

unifying schema of brain localizations of the discrete components of trust identified in 

stand-alone studies. Furthermore, the disparate results exposed a number of limitations of 

the fMRI method itself. While on the merit an fMRI study can provide localization of ac-

tivation in stereotaxic coordinates (measured as blood oxygenation level dependent 
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[BOLD] signal), several limitations of the fMRI methodology stand in the way of gener-

alizing the results. These limitations include for example, the inherent subtraction logic 

sensitive to variability across experimental conditions 38,39, lack of statistical power in-

herent in small sample sizes 40, low reliability 41,42, low-level of analytical abstraction 43, 

inability to produce direct evidence of the hypothesized mental states (latent neuronal ac-

tivity) and unassertive external validity i.e., inability of a small number of subjects to ful-

ly characterize the spatial localization of activations across the entire population 44. These 

and other less significant limitations, make apparent the need for a higher-level analysis 

and comparison of data trends across discrete experimental conditions. Qualitative meta-

analyses of trust have provided high-level summaries of the biological basis of trust by 

integrating data from several studies. However, a detailed quantification of consistent ac-

tivation data collectively pooled from hundreds of participants and various experimental 

designs across studies is an important next step in uncovering the underlying processes of 

interpersonal trust. 

Section 1.4 Proposed Methods 

Subsection 1.4.1 Scope 

In the upcoming chapters a practical method for overcoming the methodological 

deficits of fMRI is discussed in depth. This remedy is two-fold. In Chapter 2, the func-

tional image of a domain-general neurocognitive network of trust is laid out. In Chapter 

3, a more complete schema of the network is established by augmenting the findings of 

Chapter 2 with the effective connectivity analysis (ECA). Chapter 2 discusses “Activa-



11 

 

tion Likelihood Estimation” (ALE) – a practical coordinate-based meta-analysis method 

for scrutinizing discrete neuroimaging findings. ALE methodology was designed to over-

come a prevalent negative tendency in fMRI studies, which is to overlook the unity of 

global phenomenon of a behavior and focus instead on its discrete components. The slen-

der approach of a stand-alone fMRI study results in lack of conclusive evidence on how 

the “disconnected” neurocognitive modules act in harmony to produce a comprehensive 

behavior. Previous fMRI-IG findings thus provide no network level information to pre-

dict behavior as a whole. To address these issues, a coordinate-based meta-analysis ap-

proach to the IG fMRI data is proposed – a new research mission not undertaken in any 

of the previous fMRI studies of IG. 

Identifying functional correlates of trust is an important first step in the analysis 

of the IG fMRI data. However, as a high-level cognitive function trust is more likely to 

be sub-served by a network of associated rather than segregated functional regions 45. For 

an improved knowledge of the cognitive function, a researcher would have to establish 

causal links among neuronal populations comprising the underlying networks. One ap-

proach to characterization of these causal influences can be expressed in terms of effec-

tive connectivity, or directed influence that one neuronal population can exert over an-

other. Chapter 3 discusses “Multivariate Granger Causality” (MVGC) – a practical data-

driven method for the analysis of effective connectivity. Among the advantages of 

MVGC is that connectivity can be established for pairs of neuronal nodes regardless of 

whether they are located within an individual’s brain or in different individuals’ brains. 

Chapter 3 takes advantage of this powerful feature of MVGC to examine trust as a rela-
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tional, interpersonal construct. An improved understanding of trust-based interaction is 

predicated on the knowledge of causal neurocognitive influences between the brains of 

interacting persons. 

However to date, no previous study of trust in IG has addressed the outstanding 

issues of either the within-brain or between-brain connectivity. In Chapter 3, the MVGC 

method is employed to examine the research questions arising for these two now under-

taken missions. Yet, for the between-brain analysis to proceed, the study had to find ways 

to monitor and measure the activity in the brains on both sides of the relationship concur-

rently. This goal was achieved through the use of hyperscan-fMRI – a method crucial to 

the between-brain analysis in that it provides the opportunity to simultaneously image 

two interacting brains 46. The outcomes are based on an existing dataset collected in one 

of the earlier hyperscan-fMRI studies of IG 47. The combination of hyperscan-fMRI and 

MVGC methods allowed for a discovery of the effects of neuronal activity in both within 

a brain and in one of the brains on another. The combination of meta-analysis (Chapter 2) 

and ECA (Chapter 3) provided a comprehensive network schema consisting of a neural 

structure of the network and patterns of causal influence of the network’s structural ele-

ments on each other. 

Subsection 1.4.2 Meta-Analysis (ALE) 

The focus of Chapter 2 is practical application of a consolidating technique, spe-

cifically ALE, developed for the purpose of integrating isolated fMRI findings 48. ALE 

method readily brings many advantages unachievable in a standard fMRI study. They in-

clude the capacity for quantifying consistency in neural responses across numerous ex-
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periments and the ability to localize brain coordinates of interest to a given task 38,40,49. 

ALE integrates data from a large number of standalone studies and effectively resolves 

the persistent fMRI issue of small sample size, which tends to undermine statistical pow-

er of the findings 41,42. An adaptation of ALE strategies to trust research provides the re-

searchers a tool for building global neural networks based on the cross-study consistency 

of activations. However, despite its merit of being a coordinate-based technique for local-

izing a position in space, ALE lacks the capacity for temporal dimension, which makes 

relying on this method for understanding the network dynamics rather limited. 

Subsection 1.4.3 Effective Connectivity Analysis 

Chapter 3 discusses a series of practical approaches to overcoming the limitations 

of both the ALE and fMRI methods. Although constructing a dynamic schema of a neu-

rocognitive network is predicated on bringing together the global structure of the net-

work, the knowledge of directed interactions among the network segments is required. 

ECA comes handy as a measure of causal directionality (“causality”) between the signals 

in two or more neuronal populations. It is derived from a statistical prediction of change 

in the time course of a signal, based on its relation history with a signal in a different re-

gion. However, the fMRI measure of these latent neuronal signals is “noisy” as it results 

from convolution between the brain’s neuronal and hemodynamic responses (HR). This 

obstacle necessitates an extra effort of “denoising” (deconvolving) the latent neuronal 

signal before it can be fit it into an ECA model 50. 

The ECA method applied in Chapter 3 is a practical implementation of the more 

general MVGC mapping tailored to fMRI needs 51,52. MVGC is employed to determine 
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the strength and direction of causal influences among the neurocognitive systems of trust 

“within” and “between” brains. This approach takes the investigation of trust networks a 

step further than the existing fMRI-IG literature. Although, the earlier studies of trust 

have dramatically improved the knowledge of the discrete components of trust, none of 

the studies show how these functional regions exchange information to influence the be-

havior. This gap in knowledge is due in part to high costs of the supporting fMRI and 

hyperscan technologies 46 and is the reason there have been only two hyperscan studies 

on the subject 47,53. And only one of these rare studies provides a connectivity perspec-

tive. Consequently for trust, both the actual connectivity of neuronal populations within-

brain and the “virtual” connectivity, or the relation between activities in different brains, 

remain to be examined. The proposed two-study solution provides distinct contribution to 

trust research by attempting to close the gap in knowledge. 
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CHAPTER 2. Domain-General Neural Network of Trust 

Section 2.1 Introduction 

Subsection 2.1.1 Scope 

Chapter 1 has provided a lead-in from the theoretical assumptions about trust into 

the practical solutions of measuring it. One of the main concerns of trust to be measured 

in the upcoming Chapter 2 is whether a trustee is reliable in fulfilling certain goals. Im-

plicit in trust is a disposition to delegate a valued resource (e.g., power, property, ability, 

or information) to someone (individual, group or institution), who is expected to either 

augment the value of the resource or generate a new positive value (reward) 54-56. Accord-

ing to some qualitative models, trust is essentially an active goal-driven strategy for max-

imizing or optimizing rewards 2,35. Rewards originate in a cognitive offset between a cer-

tain goal and value of the desired target stimulus, which creates the dichotomy of delega-

tion. While the goal may not necessarily be impossible to achieve, the trustor is always 

better off if it’s delegated to someone who is more competent and more willing to ac-

complish the task. Despite the accompanying risk of betrayal, delegation persists if the 

outcome positivity merits the risk 57. 

The aim in Chapter 2 is to provide a practical concept of a domain-general neu-

rocognitive network of trust – a mission not yet undertaken in previous studies. The main 

objective is to consolidate, based on the most consistent results, the discrete findings 

from a series of fMRI-IG studies. The priority is to gain insight into the patterns of con-



16 

 

sistent activation for trust and its cognitive functions i.e., reward processing, aversion, in-

ference making and choice. ALE has been chosen for this study on its merit of being a 

coordinate-based technique. In this capacity, ALE is a hands-on approach to overcoming 

known fMRI methodological limitations such as sensitivity to noise, small sampling size 

consequential to high costs, reduced spatial resolution, lag in the measured signal and 

what is more relevant to this study, the indirect nature of the fMRI signal as it relates to 

the latent neuronal signal. The meta-analysis presented in this chapter is thus expected to 

consolidate the findings and successfully manage the metric deficits at hand. 

Subsection 2.1.2 Two Forms of Trust – Two forms of IG 

Behavioral claims about trust can be quantifiably measured through the use of 

economic games 58; among which IG (see Methods for details) has been particularly use-

ful for studying trust. This sequential game is based on taking turns and each player is 

given one move at a time. The paradigm can be structured in two distinct formats, a one-

time (“one-shot”) exchange 33 and a repeated (“multi-round”) interaction 59. Cooperation 

can occur in either of the variants but under the condition that both players act to their 

mutual benefit and base their decisions on shared expectations of common gains and 

good will 60,61. The two forms of IG are distinct in terms of the trust-warranting properties 

(“trustworthiness”) implicit in their respective designs such as ambiguity about partner’s 

intentions, the amount of knowledge afforded the players and the degree, to which the 

players can account for the partner’s intentions (“depth of thought”) 62. The one-shot de-

sign is intended to lend no information on the trustworthiness, thus leading to 

unconditional trust. In contrast, in the repeated game the players are provided feedback 
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on the outcomes of their partner’s choices. Nevertheless, risk of betrayal is implicit in 

both forms of IG, though the games vary greatly in their degree of ambiguity and 

subsequent aversion. In the one-shot IG for example, the insufficient evidence of 

positivity of intentions results in trusting “beyond the evidence” 2 and therefore, beyond 

aversion. The multi-round IG exchange on the other hand, is a well-informed regularity 

leading to trust with confidence and less aversion. 

Subsection 2.1.3 Behavioral Evidence 

In both games the players are put in a dilemma of intertemporal choice between a 

greater but postponed gain and an immediate but smaller reward. This is a “sticking 

point” for a standard “rational agency” economic solution based on backward induction, 

which had predicted that the reward delay precludes a “rational” (self-interested) agent 

from cooperating, i.e. from either trusting or repaying trust 58.  Intriguingly, these extrap-

olations however intuitive to a classical economist, do not stand up to empirical scrutiny 

63.  According to a meta-analysis of hundreds of behavioral studies of IG, the majority of 

trustors demonstrate significant incentive to trust by sending more than half of their en-

dowment amount to the trustees; who in turn, demonstrate significant incentive to recip-

rocate by responding with even split 64. These results can only be explained by the notion 

that trust is driven and motivated by something more than a mere self-interest. Uncondi-

tional trust might be governed by a generalized belief in the partner’s good will. Condi-

tional trust on the other hand, is presumably based on reputation (trustworthiness) derived 

from the trustee response history 65 and information on the trustee personal characteristics 

obtained prior to making trust decisions 66,67. The knowledge of the response history 
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affords the trsutor a firm basis of reputation for estimating trustworthiness, sustaining 

strategic maneuvering throughout the exchange 58,66 and maintaining an up-to-date mental 

model of the opponent’s intentions that are affecting trustor’s choice 62. 

Subsection 2.1.4 Neuroimaging Evidence 

The differences in cognitive properties between the two forms of trust, conditional 

and unconditional, are quite complex and demonstrate the richness of the socio-cognitive 

model of trust. Yet, the model does not provide the necessary insight into the hidden 

mental properties of the construct. Neuroeconomists have been working to address this 

gap by combining the IG paradigm with fMRI in an attempt to gain the evidence. Initial 

work for this mission was undertaken in the pioneering study of McCabe, et al. 60. The 

results of this and a couple dozen subsequent fMRI studies of IG were, for the most part, 

consistent with the earlier evidence generated by neurobiology and neuroeconomics of 

decision-making.  Social reward dependency has been linked with mPFC and the associ-

ated subcortical circuitry involving basal ganglia and midbrain structures 6,68,69. The pari-

etal area LIP was linked with choice 70. Mentalizing was linked with the default-mode 

network, specifically with mPFC and posterior cingulate cortex (PCC) 47,71. Within the 

network, mPFC was implicated in attributing others’ dispositional traits 72-74 and had a 

role in inhibiting self-serving impulses in favor of postponed mutual gains 60. PCC was 

involved in mediating autobiographical memory 75 and self-referential processing 76,77. 

Aversion to ambiguity was linked to the anterior insula, anterior cingulate cortex (ACC) 

and amygdala 27,78. One of the core hypothesized functions of the anterior insula was to 

mark salient emotions of aversion 79,80, whereas the ACC was presumably engaged in de-
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tecting conflicts and promoting behavioral action adjustments 81,82. Despite the apparent 

success of combining fMRI and IG experiment paradigms, the disparity of the resulting 

findings highlighted the obvious drawbacks of the fMRI data collection and data analysis 

methods utilized in those studies. Chapter 2 is providing the overview of these re-

strictions and will introduce a practical solution for overcoming the deficits. 

Subsection 2.1.5 Research Inquiry 

The meta-analysis presented in this chapter is among the first to investigate con-

sistent activation patterns in the selected fMRI-IG studies. The objective is to statistically 

dissociate the neuropsychological factors of unconditional and conditional trust and of 

repayment of trust (reciprocity). The statistical significance of the results will be based on 

the outcomes of a series of single-dataset and image-contrast ALE studies. In light of the 

objectives, the analysis will test significance of the following research inquiries: 

Inquiry 1: Are the two distinct forms of trust, unconditional (one-shot IG) and 

conditional (multi-round IG), predicted by dissociable neural activity? 

Inquiry 2: Are the two distinct phases of learning trust, decision and outcome, 

predicted by dissociable neural activity? 

Inquiry 3: Are the two distinct forms of cooperative behavior, trust and reciproci-

ty, predicted by dissociable neural activity? 
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Section 2.2 Methods 

Subsection 2.2.1 Behavioral Paradigm 

In a standard IG, two anonymous players receive an endowment and are assigned 

to either the role of “trustor” or “trustee”. The trustor may choose to “trust” (by sharing a 

portion of the endowment with the trustee) or to “distrust” (by sharing nothing). If “trust-

ed” (shared), the money is multiplied (usually tripled) by the experimenter and passed on 

to the trustee. The trustee may then choose to either reciprocate trust by passing back a 

portion of the money he receives to the trustor or to defect by passing back nothing. At 

the end of the exchange both players are given feedback on the outcomes of each other’s 

transfers. Presumably, the amount of money passed by the trustor captures trust and the 

amount of money returned by the trustee captures reciprocity. Trustor’s final payoff 

equals the initial endowment minus the transfer to the trustee, plus the back transfer from 

the trustee. Trustee’s final payoff equals the initial endowment plus the tripled transfer of 

the investor, minus the back transfer to the investor. 

Subsection 2.2.2 Study Selection 

To identify studies pertinent to the analysis, a systematic database search on 

PubMed, ISI Web of Science and Google Scholar was performed during the period from 

January to June 2015. The combinations of relevant search keys included “trust”, “trust 

game”, “investment game”, “trustor”, “investor”, “fMRI”, “neuroimaging”, “trustee”, 

“trustworthiness” and “reciprocity”. In addition, several other sources were examined, in-
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cluding the BrainMap database (http://brainmap.org), the work cited in review papers and 

direct searches on the frequently occurring author names. 

Subsection 2.2.3 Inclusion Criteria 

To be considered for inclusion, a study had to satisfy the following criteria: (1) 

Participants had no history of neurological/psychiatric disorder or medication use1. (2) 

Participants played as either a trustor or trustee in a decision (trust, reciprocity) or out-

come phase of either a one-shot or multi-round IG. (3) FMRI was the neuroimaging mo-

dality of choice. (4) The fMRI results were derived from a combination of a whole-brain 

and general linear model (GLM) data analyses based on either a binary contrast or con-

tinuous parametric analysis of the data2. (5) Brain activations were reported in a standard-

ized stereotaxic space, MNI or Talairach 83. 

Subsection 2.2.4 ALE Methodology 

ALE determines cross-publication consistency of foci collected from a corpus of 

functional neuroimaging studies 85,86. In ALE, foci are interpreted as spatial probability 

distributions and estimates of the distributions vary with spatial uncertainty caused by the 

between-subject and between-template variability of the neuroimaging data. The proba-

bilities are assessed against a null-distribution of random spatial association among stud-

ies, allowing for random-effects inference. The histogram of ALE scores, obtained from 

several thousand random iterations in a permutation test (5,000 permutations) is then 

                                                 
1 Such restrictions would often lead to an inclusion of only a subset of the results pertaining exclusively to a 

healthy control group. 
2 Results derived from a region of interest (ROI) or small-volume correction analysis would violate as-

sumptions of the underlying algorithm for ALE. 
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used to assign P values to the observed foci. ALE maps (i.e., images) are created by com-

puting the union of activation probabilities for each voxel. 

Subsection 2.2.5 ALE Procedure 

The coordinate-based meta-analysis was performed through the use of a revised 

ALE algorithm 84 built into the freeware activation likelihood estimation program Gin-

gerALE (version 2.3, http://www.brainmap.org/ale/). Coordinates published in Talairach 

space were converted to MNI space via a transform algorithm built into the GingerALE 

“icbm2tal” program (http://www.brainmap.org/icbm2tal/). Independent, random-effects 

ALE analyses were performed to determine cross-publication convergence of the activa-

tion coordinates (foci) grouped by the published experiment contrasts. The resulting ALE 

maps were thresholded to correct for multiple comparisons using false discovery rate, 

q(FDR) < 0.05 48,87 with a minimum cluster volume of 100 mm3. ALE single-dataset im-

ages were individually created for each of the compared conditions i.e., unconditional 

and conditional trust, decision and outcome phase and reciprocity. ALE contrast of the 

images was predicated on the pooled dataset combining the individual datasets. Each of 

the pairwise comparisons produced two single-dataset images using ALE statistic, one 

image for the conjunction and two images for the contrast each using z-scores. The re-

sults were overlaid onto a normalized brain template “ch2better” – a component of MRI-

cron visualization software 88 and displayed using Mango brain image navigation soft-

ware (Jack L. Lancaster, Ph.D. and Michael J. Martinez). 
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Section 2.3 Results 

Subsection 2.3.1 Final Corpus 

The initial search-key screening procedures uncovered 55 candidate papers. 30 of 

them met the inclusion criteria and were included (Appendix A). Three patient studies 

met all but one, the “healthy participant” requirement and were excluded 53,89,90. Howev-

er, a set of healthy participant data from a paper reporting both patient and healthy partic-

ipant outcomes was included in the analysis 91. The remaining 21 publications were ex-

cluded on the grounds of not fitting the rest of the inclusion criteria. Three of those were 

published as reviews and reported no original results 92-94. In 3 others, IG was used as ei-

ther a pre-scanning 96,97 or post-scanning 95 behavioral measure. Yet in 3 more the IG de-

sign did not match the requirements of the inclusion criteria 98-100. In 1 publication, fMRI 

of IG was performed prior to the decision phase, which again violated the inclusion crite-

ria 101. In 2 of the papers no whole brain analysis results were reported and in 3 others, 

the IG paradigm was used for a non-fMRI imaging study. Among the final corpus of 30 

articles meeting the inclusion criteria the results for the trustor and trustee were reported 

in 23 and 11 papers respectively (Table 1). In 3 publications, both sides of the task were 

reported. For the trustor side, 5 articles were one-shot and 18 were multi-round. For the 

trustee, 4 publications were one-shot and 7 were multi-round. Of the 18 multi-round arti-

cles on the trustor, 16 reported decision phase and 8 reported the outcome phase. Six pa-

pers reported both phases. Of the 7 multi-round articles on the trustee, 6 reported decision 

phase, 2 reported outcome phase and 1 article reported both phases. 
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Subsection 2.3.2 Foci Selection 

The final corpus provided a total of 100 contrasts (594 foci observed in 985 par-

ticipants), 67 of which were reported for the trustor and 17 for the trustee. Specifically for 

the trustor, there were 44 contrasts (227 foci for 601 subjects) representing the decision 

phase, 13 (52 foci for 122 subjects) of which were one-shot and 31 (175 foci and 479 

subjects) were multi-round (Table 2). For the trustee, there were 17 contrasts (203 foci 

for 186 subjects) representing the decision phase (Table 4). And there were 23 contrasts 

(119 foci for 290 subjects) representing the outcome phase of the trustor (Table 3). 

Subsection 2.3.3 ALE Results 

Inquiry 1 concerned the neural dissociation between unconditional and condi-

tional trust. The results are reported for the ALE pooled analysis of the forms (Table 5), 

single-dataset analysis of each of the forms and their contrast. Consistent peaks were lo-

calized 1) for the one-shot IG (Figure 1, Table 6a) – to the right ant. insula, frontal oper-

culum, dorsal ACC (dACC) and hippocampus; 2) for the multi-round IG (Figure 1, Ta-

ble 6b) – to the right ventromedial PFC (vmPFC), premotor cortex (PMC), supplemental 

motor area (SMA), precuneus, inferior temporal cortex (IT), caudate body (BCd), pulvi-

nar, visual cortex (V2), cerebellum; left rostrolateral PFC (rlPFC), dlPFC, PCC, inf. pari-

etal lobule (IPL), ventral striatum, ventral anterior nucleus of thalamus (VA), mid tem-

poral cortex (MT) and bilateral putamen; 3) for the (one-shot > multi-round) comparison 

(Figure 2, Table 7a) – to the right ant. insula; 4) for the (multi-round > one-shot) com-

parison (Figure 2, Table 7b) – to the right dorsal (caudate) and left ventral (NAc) striata. 
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Table 1 Summary of selected publications with focus on trust, reciprocity and outcome phases of IG 

Phase: 
Trust 

(Trustor) 

Reciprocity 

(Trustee) 

Outcome 

(Trustor) 

Game:      One-Shot Multi-Round     One-Shot Multi-Round Multi-Round

Study C F N C F N C F N C F N C F N

McCabe, et al. 60  1 1 6 1 1 6

Kang, et al. 79 3 19 8

Lauharatanahirun, et al. 78 1 9 30 2 9 30

Stanley, et al. 67 4 15 40

Aimone, et al. 27 3 7 30

 1 1 8

King-Casas, et al. 59 1 1 48

Krueger, et al. 47 1 4 44

 1 2 22

Krueger, et al. 102 2 5 44 1 2 44

Baumgartner, et al. 103 3 13 24

Sripada, et al. 91 1 9 26

Bereczkei, et al. 104 2 27 12 2 15 12

Fett, et al. 105 6 25 45

Fouragnan 106 1 8 18

Wardle, et al. 107 1 8 29

Riedl, et al. 69 1 8 18

Delgado, et al. 108 2 24 12 2 12 12

Fareri, et al. 65 2 17 18 5 50 18

Xiang, et al. 62 3 5 44 2 5 44

 2 5 49

Fouragnan, et al. 66 1 4 18 2 4 18

Smith-Collins, et al. 109 2 14 24 3 12 24

Gromann, et al. 68 1 3 33 1 3 33

Phan, et al. 6 1 6 36

Fareri, et al. 71 3 13 26

van den Bos, et al. 110 4 10 18

van den Bos, et al. 111 2 4 54

 1 1 15

Nihonsugi, et al. 112  2 8 41

Baumgartner, et al. 23 1 3 26

Li, et al. 70 1 5 52

 2 22 20

Chang, et al. 80 6 123 16

Bereczkei, et al. 113 4 33 16

C, number of reported contrasts; F, number of reported activation foci; N, participant count  
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Table 2 Summary of selected experiment contrasts for trust (one-shot and multi-round IG) 

Study N Contrast F 

  One-Shot IG  

McCabe, et al. 60 6 [T (Hum) > T (C)]COOP > [T (Hum) > T (C)]UNCOOP 1 

Kang, et al. 79 8 TWARM > CNEUT 4 

 8 TCOLD > CNEUT 6 

 8 TCOLD > TWARM 9 

Lauharatanahirun, et al. 78 30 DM > C 9 

Stanley, et al. 67 40 T (Black) > T (White) 8 

 40 AI T (Black) > AI T (White) 2 

 40 DM (Black) > DM (White) 2 

 40 AI DM (Black) > AI DM (White) 3 

Aimone, et al. 27 30 DM (Hum) > DM (C) 3 

 30 T > D 2 

 30 T (Hum) > T (C) 2 

 8 T BA (Hum) > T NBA (Hum) 1 

  Multi-Round IG  

Delgado, et al. 108 12 T > D 8 

 12 T (B) > D (R) 16 

King-Casas, et al. 59 48 T (R) > D (B) 1 

Krueger, et al. 47 44 [T (S1) + T (S2)] > [C(S1) + C(S2)] 2 

 22 [T(S2) > R(S2)]T > [T(S2) > R(S2)]D 2 

Krueger, et al. 102 44 [T (S1) + T (S2)] > [C(S1) + C(S2)] 2 

 44 [T(S2) > R(S2)]T > [T(S2) > R(S2)]D 3 

Baumgartner, et al. 103 24 [(T > C) OXT > (T > C) PLA] (Before Feedback) 1 

 24 [(T > C) PLA > (T > C) OXT] (Before Feedback) 2 

 24 [(T > C) PLA > (T > C) OXT] (After Feedback) 10 

Sripada, et al. 91 26 THC (Hum) > THC (C) 9 

Fareri, et al. 65 18 T > D 3 

 18 DM (Coop) > DM (Uncoop) > DM (Neut) > DM (C) 14 

Xiang, et al. 62 44 (DM PE HIGH > DM PE LOW) IL-2 > (DM PE HIGH > DM PE LOW) IL-0 2 

 44 (DM PE HIGH > DM PE LOW) IL-2 > (DM PE HIGH > DM PE LOW) IL-1 2 

 44 DM IL-2 > DM IL-0  1 

Bereczkei, et al. 104 12 (IG Hi-MACH > IG Lo-MACH) > (C Hi-MACH > C Lo-MACH) 10 

 12 (DM Hi-MACH > DM Lo-MACH) > (C Hi-MACH > C Lo-MACH) 17 

Fett, et al. 105 45 DM > C, [Signal ↑, Age ↑] (R) 11 

 45 DM > C, [Signal ↓, Age ↑] (R) 7 

 45 DM > C, [Signal ↑, Age ↑] (B) 4 

 45 DM > C, [Signal ↓, Age ↑] (B) 1 

 45 DM > C, [Activation Level ↑, Age ↑] (R) 2 

 45 DM > C, [Activation Level ↑, Age ↑] (B) 1 

Fouragnan, et al. 66 18 T > D 4 

 18 T > D 8 

Smith-Collins, et al. 109 24 T (R) > D (R)  3 

 24 [T (R) + D (B)] > [T (B) + D (R)] 11 

Wardle, et al. 107 29 DM (Coop) > DM (Uncoop) > DM (Neut) > DM (C) 8 

Gromann, et al. 68 33 THC > TSIBLINGS 3 

Riedl, et al. 69 18 T > C 8 

N/F, participant/foci count. T/D/R/B, trust/distrust/reciprocity/betrayal. DM/IG, decision-making (T+D)/(trustor + trus-

tee). Trustee: Hum, human; Black/White. Trustor: BA/NBA, betrayal-averse/non-BA. C/HC, control/healthy C. 

OXT/PLA, oxytocin/placebo; WARM/COLD/NEUT, pre-game To treatment. Hi/Lo MACH, high/low on MACH IV 

test; COOP/UNCOOP/NEUT, reciprocity rate, >74% / <26% / 50%. SIBLINGS, healthy ~ of patients. AI, amt. invest-

ed. IL, Investor Level: 0, trustee move is not predicted; 1/2, trustee move is predicted as Level-0/1. S1/2, partnership 

bldg. (Stage 1)/maintenance (Stage 2); Notation: Subscripts, experimental groups; Parentheses, conditions. 
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Table 3 Summary of selected experiment contrasts for the outcome phase (multi-round IG) 

Study N Contrast F 

Delgado, et al. 108 12 O (R) > O (B) 11 

 12 O (B) > O (R) 1 

Phan, et al. 6 36 O (R) > O (B) 6 

Fareri, et al. 65 18 O (R) > O (B) 19 

 18 O (Coop) > O (Uncoop) > O (Neutral) > O (C) 3 

 18 O PE (Coop) > O PE (Uncoop) > O PE (Neutral) > O PE (C) 6 

 18 O PE (Coop) > O PE (Uncoop) > O PE (Neutral) > O PE (C) 15 

 18 O PE 7 

Xiang, et al. 62 49 [O (PE Hi) > O (PE Lo)]IL-0 > [O (PE Hi) > O (PE Lo)]IL-1 4 

 44 [O (PE Hi) > O (PE Lo)]IL-0 > [O (PE Hi) > O (PE Lo)]IL-2 4 

 49 O (PE) IL-0 > O (PE) IL-1 1 

 44 O (PE) IL-2 > O (PE) IL-0 1 

Fouragnan, et al. 66 18 O (PE, No-Prior) > O (PE, Prior) 2 

 18 O (Consistent) > O (Inconsistent) 2 

Smith-Collins, et al. 109 24 O (Expected) > O (Unexpected) 1 

 24 O (Unexpected R) > O (Unexpected B) 6 

 24 O (Unexpected R) > O (Unexpected B), Increase 5 

Gromann, et al. 68 33 O HC > O SIBLINGs 3 

Fareri, et al. 71 26 O (R) FRIEND > O (R) OTHER 4 

 26 O (B) FRIEND > O (B) OTHER 3 

 26 O (PE) 6 

N/F, participant/foci count. R/B, reciprocity/betrayal. C/HC, control/healthy C. Prior, info on trustee prior to decision. 

Trustee: Coop/Uncoop/Neut, reciprocity rate: >74% / 26% / 50%. SIBLINGS, healthy ~ of patient. FRIEND, ~ of par-

ticipant. Expected/Un~/Consistent/In~, outcome. PE, prediction error. IL, Investor Level: 0, trustee move is not pre-

dicted; 1/2, trustee move is predicted as Level-0/-1.  (Subscripts denote experimental groups; parentheses - conditions.) 
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Table 4 Summary of selected experiment contrasts for reciprocity (multi-round IG) 

Study N Contrast F 

Krueger, et al. 102
 44 R > C 2 

Li, et al. 70
 52 R Ratio, Correlation 5 

 20 RNO-SANCTION > RSANCTION 12 

 20 RSANCTION > RNO-SANCTION 10 

Chang, et al. 80 16 RLESS > RMATCH 11 

 16 RMATCH > RLESS 25 

 16 RLESS > RMATCH (Parametric) 22 

 16 RMATCH > RLESS (Parametric) 33 

 16 RLESS, Correlation 6 

 16 RMATCH, Correlation 26 

Bereczkei, et al. 104 12 R (IG) Hi MACH > Lo MACH > R (CG) Hi MACH > Lo MACH 5 

 12 DM2 Hi MACH > Lo MACH > C Hi MACH > Lo MACH 10 

Bereczkei, et al. 113
 16 RFAIR > RUNFAIR 9 

 16 RFAIR > RCTRL 15 

 16 R (Unfair) Lo MACH > Hi MACH > R (C) Lo MACH > Hi MACH 2 

 16 R (Fair) Lo MACH > Hi MACH > R (C) Lo MACH > Hi MACH 7 

Baumgartner, et al. 23 26 RDISHONEST > RHONEST 3 

N/F, participant/foci count. R, reciprocity. IG/CG, investment/control game (trustor + trustee). SANCTION, defection 

is punished. Hi/Lo-MACH, score on MACH IV test. Trustee: HONEST/DISHONEST, keeping/breaking promises; 

LESS/MATCH, returning smaller/expected amt. of money; C, control; FAIR/UNFAIR/C, reciprocity rate: >74% / 

<26% / 50%. (Subscripts denote experimental groups; parentheses - conditions.) 
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Table 5 Results of pooled ALE analysis of trust (one-shot + multi-round IG) 

Lat Brain Regions BA 
MNI Coordinates 

(mm) 

ALE 

×10–2 

Size 

(mm3) 

   x y z   

R Dorsal Anterior Cingulate Cortex (cingulate gyrus) 24/32 1 15 41 1.78 1576 

R Anterior Insula/Frontal Operculum 13/44 41 18 2 1.91 1008 

R Ventromedial PFC (medial frontal gyrus) 32/10 8 48 –13 1.89 416 

R Dorsolateral PFC (middle frontal gyrus) 9 40 25 28 1.43 464 

R Dorsolateral PFC (middle frontal gyrus) 9 50 27 30 1.42 216 

L Dorsolateral PFC (middle frontal gyrus) 9 –35 38 27 1.27 448 

L Rostrolateral PFC (superior frontal gyrus) 10 –27 56 6 1.31 176 

L Posterior Cingulate Cortex (cingulate gyrus) 31 –29 –71 25 1.83 408 

R Precuneus (medial parietal wall) 7 14 –38 50 1.28 168 

L Inferior Parietal Lobule 40 –43 –34 44 1.72 312 

R Middle Temporal Cortex 36 36 -4 –37 1.54 264 

L Middle Temporal Cortex 37 –62 –55 –2 1.31 184 

R Putamen (dorsal striatum)  24 10 –3 2.45 1512 

L Putamen (dorsal striatum)  –19 8 –5 2.08 656 

L Putamen (dorsal striatum)  –32 –19 –2 1.56 424 

R Body of Caudate Nucleus (dorsal striatum)  13 5 8 1.11 120 

L Head of Caudate Nucleus (ventral striatum) 25 –1 4 –8 1.35 248 

L Ventral Anterior Nucleus of Thalamus  –11 –3 1 1.30 336 

R Pulvinar (thalamus)  14 -30 8 1.23 144 

R Premotor Cortex (superior frontal gyrus) 6 28 13 55 1.29 176 

R Supplementary Motor Area (medial frontal gyrus) 6 3 10 57 1.46 272 

R Extrastriate Visual Area (lingual gyrus) 18 14 –70 –3 2.29 696 

L Extrastriate Visual Area (lingual gyrus) 18 0 –83 2 1.28 200 

L Extrastriate Visual Area (middle occipital gyrus)  18 –22 –90 22 1.22 160 

Lat, laterality: L, left; R, right. 
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Table 6 Results of ALE single-dataset analyses of trust (one-shot and multi-round IG) 

Lat Brain Regions BA 
   MNI Coordinates 

     (mm) 

ALE 

×10–2 

Size 

(mm3) 

   x y z   

 a) Unconditional Trust, One-Shot IG (ALE)        

R Anterior Insula/Frontal Operculum 13/44 42 18 2 1.88 1520 

R Dorsal Anterior Cingulate Cortex (cingulate gyrus) 32 1 15 41 1.09 736 

L Hippocampus (parahippocampal gyrus) 27 –21 –30 –4 1.02 176 

        

 b) Conditional Trust, Multi-Round IG (ALE)       

R Ventromedial PFC (medial frontal gyrus) 32/10 8 48 –13 1.89 456 

L Dorsolateral PFC (middle frontal gyrus) 9 43 26 27 1.34 840 

L Rostrolateral PFC (superior frontal gyrus) 10 –27 56 6 1.31 256 

L Posterior Cingulate cortex (cingulate gyrus) 31 –29 –71 25 1.83 472 

R Precuneus (medial parietal wall) 7 14 –38 50 1.27 224 

L Middle Temporal Cortex 37 –63 –55 –3 1.31 264 

R Inferior Temporal Cortex 37 47 72 7 1.13 136 

L Inferior Parietal Lobule 40 –43 –34 45 1.72 384 

R Putamen (dorsal striatum)  24 10 –3 2.45 1680 

L Putamen (dorsal striatum)  –19 8 –5 2.07 736 

L Putamen (dorsal striatum)  –32 –20 –2 1.55 488 

R Body of Caudate Nucleus (dorsal striatum)  13 5 8 1.11 176 

R Body/Head of Caudate Nucleus (dorsal striatum)  11 13 3 1.05 144 

L Head of Caudate Nucleus (ventral striatum) 25 –1 4 –9 1.35 320 

L Ventral Anterior Nucleus of Thalamus  –11 –3 1 1.30 448 

R Pulvinar (thalamus)  14 –30 8 1.23 232 

R Premotor Cortex (superior frontal gyrus) 6 28 13 55 1.28 288 

R Supplementary Motor Area (medial frontal gyrus) 6 3 10 58 1.46 312 

R Culmen (cerebellum)  20 –41 –24 1.10 112 

R Extrastriate Visual Area (lingual gyrus)  18 14 –70 –3 2.29 776 

Lat, laterality: L, left; R, right. 

  



31 

 

 

Figure 1. Results of ALE single-dataset analysis of trust (one-shot and multi-round IG). 

Multi-Round Networks (Red): mOFC (vmPFC, NAc, HCd, GP, VA), ventral vis. stream (V2, MT/IT, Pul) & 

frontoparietal (rlPFC, dlPFC, PCC, PCu, IPL, PMC [not shown], SMA, BCd). One-Shot (Green): cingulo-

opercular network (AI, dACC, fO) & Hip. Random-effects analysis, 5,000 permutations, ALE values, 

q(FDR)<0.05, min. threshold of 100 mm3. Image is overlaid on a normalized brain template using Mango. 

 

Table 7 Results of ALE image-contrast analysis of trust (one-shot vs. multi-round IG) 

Lat Brain Regions BA 
        MNI Coordinates 

           (mm) 
Z 

Size 

(mm3) 

   x y z   

 a) One-Shot > Multi-Round (z-score)       

R Anterior Insula 13 43 16 2 3.54 1184 

        

 b) Multi-Round > One-Shot (z-score)       

R Body/Head of Caudate Nucleus (dorsal striatum)  11 13 3 3.09 144 

R Body of Caudate Nucleus (dorsal striatum)  13 5 8 2.91 144 

L Head of Caudate Nucleus (ventral striatum)  -1 5 -8 3.24 256 

Lat, laterality: L, left; R, right. 
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Figure 2. Results of ALE image-contrast analysis of trust (one-shot vs. multi-round IG). 

Multi-Round > One-Round (Green): peaks in BCd, HCd & NAc. One-Round > Multi-Round (Blue): peak in AI. 

Random-effects analysis; 5,000 permutations; z-scores; q(FDR) < 0.05; min. threshold of 100 mm3. Image is 

overlaid on a normalized brain template using Mango. 

 

Inquiry 2 concerned the issue of dissociable neural networks of trust during deci-

sions and outcomes. For the outcome phase, ALE single-dataset analysis uncovered con-

sistent peaks in the right lateral orbitofrontal cortex (lOFC), MT, V2 and caudate head 

(HCd); in the left IT, globus pallidus (GP), BCd and bilateral putamen (Figure 3, Table 

8). ALE contrast analysis of the two phases (Table 9) revealed the conjunction (outcome 

∩∩∩∩ decision) in the right BCd and bilateral putamen (Figure 4, Table 9a) and the (out-

come > decision) contrast in the right HCd and left hippocampus (Figure 4, Table 9b). 
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Table 8 Results of ALE single-dataset analysis of trust outcome phase (multi-round IG) 

Lat Brain Regions BA 
MNI Coordinates 

(mm) 

ALE 

×10–2 

Size 

(mm3) 

   x y z   

 Outcome, Multi-Round IG (ALE)       

R Lateral Orbitofrontal Cortex (mid frontal gyrus) 10/11 32 50 –14 1.18 280 

R Middle Temporal Cortex 20 57 –37 –19 1.43 376 

L Inferior Temporal Cortex 20 –55 –37 –15 1.03 176 

R Head of Caudate Nucleus /Putamen (striatum)  11 16 –1 2.65 4784 

L Body of Caudate Nucleus (dorsal striatum) 33 –12 15 5 2.08 1120 

R Putamen (dorsal striatum)  24 4 0 1.97 616 

L Putamen (dorsal striatum)  –24 4 4 1.96 648 

L Globus Pallidus (ventral pallidum)  –18 4 –12 2.73 2064 

L Claustrum/Insula 13 –36 11 1 1.24 312 

R Extrastriate Visual Area (cuneus)  18 4 –88 17 1.55 736 

Lat, laterality; L, left; R, right. 

 

 

Figure 3. Results of ALE single-dataset analysis of trust decision and outcome phases (multi-round IG). 

Outcome Phase (Green): peaks in lOFC, BCd, HCd, NAc, Putamen, GP, CB, AI, IT & MT. Decision phase 

(Red). Random-effects ALE analysis, 5,000 permutations, ALE values, q(FDR) < 0.05, min. threshold of 100 

mm3. Image overlay on a normalized brain template using Mango.  
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Table 9 Results of ALE image-contrast analysis of trust decision vs. outcome phases (multi-round IG) 

Lat Brain Regions BA 
        MNI Coordinates 

        (mm) 

ALE 

×10–2 

Size 

(mm3) 

   x y z   

 a) Trust Decision ∩∩∩∩ Outcome (ALE)       

R Putamen (dorsal striatum)  24 4 0 1.97 656 

R Putamen (dorsal striatum)  19 12 –6 1.15 184 

L Putamen (dorsal striatum)  –19 7 –8 1.30 216 

R Body of Caudate Nucleus (dorsal striatum)  11 13 3 1.05 144 

        

 b) Outcome > Trust Decision (Z score)     Z  

R Head of Caudate Nucleus (dorsal striatum)  8 18 –1 3.16 520 

R Putamen /Hippocampus 34 –17 4 –15 2.85 352 

Lat, laterality; L, left; R, right  

 

 

Figure 4. Results of ALE image-contrast analysis of trust decision vs. outcome phases (multi-round IG). 

Decision ∩∩∩∩ Outcome (Red): peaks in right BCd & HCd + bilateral putamen. Outcome > Decision (Blue): peaks 

in left HCd & Putamen. Random-effects analysis; 5,000 permutations; z-scores; q(FDR) < 0.05; min. threshold 

of 100 mm3; Image is overlaid on a normalized brain template using Mango.  
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Figure 5. Results of ALE single-dataset analysis of trust vs. reciprocity (multi-round IG). 

Reciprocity Networks (Green): frontoparietal (rlPFC, dlPFC, dmPFC, vlPFC, PCC, SPL/IPL, BCd & HCd) & 

mPFC (vmPFC, dACC, NAc, GP & VA) + AI, IT/MT, putamen & CB. Trust (Red). Random-effects analysis; 

5,000 permutations; ALE values; q(FDR) < 0.05; min. threshold of 100 mm3; Image is overlaid on a normalized 

brain template using Mango. 

 

Inquiry 3 concerned the issue of common vs. dissociable neural networks of trust 

and reciprocity. Reciprocity (Figure 5, Table 10) engaged the right vlPFC, dmPFC, 

SMA, IT, putamen & HCd; the left SMA, MT & ventral striatum and bilaterally, dACC, 

PMC, ventromedial, rostrolateral/dorsolateral PFC, inferior/superior parietal lobules 

(IPL/SPL), V2 & cerebellum. The conjunction (trust ∩∩∩∩ reciprocity) involved the right pu-

tamen & BCd and the left rlPFC & NAc (Figure 6, Table 11a). The (reciprocity > trust) 

comparison identified consistent peaks in the right IPL/SPL, anterior insula, vlPFC & IT 

and in the left PMC (Figure 6, Table 11b). 
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Table 10 Results of ALE single-dataset analysis of reciprocity (multi-round IG) 

Lat Brain Regions BA 
MNI Coordinates 

    (mm) 

ALE 

×10–2 

Size 

(mm3) 

   x y z   

 Reciprocity, Multi-Round IG (ALE)       

R Putamen (dorsal striatum)  29 17 –1 1.80 2912 

R Head of Caudate Nucleus (dorsal striatum)  7 15 –4 1.40 304 

L Head of Caudate Nucleus (dorsal striatum) 25 –5 12 –13 1.31 496 

L Tuber (cerebellum)  –42 –73 –23 2.03 1344 

R Tonsil (cerebellum)  28 –47 –38 1.77 680 

R Culmen (cerebellum)  39 –48 –20 1.42 488 

R Culmen (cerebellum)  6 –65 –22 1.48 352 

R Anterior Lobe (cerebellum)  36 –58 –30 1.58 304 

R Premotor Cortex (precentral gyrus) 6 –57 3 30 1.76 664 

L Premotor Cortex (middle frontal gyrus) 6 –34 –5 48 1.48 352 

R Supplementary Motor Area (medial frontal gyrus) 6 –3 –2 50 1.80 760 

R Ventrolateral PFC (inferior frontal gyrus) 47 41 17 –19 1.18 352 

L Dorsomedial PFC (medial frontal gyrus)) 10 –5 55 2 1.60 624 

R Dorsomedial PFC (medial frontal gyrus) 9 3 56 29 1.12 176 

R Dorsal Anterior Cingulate Cortex 32/24 6 16 36 2.36 704 

L Dorsal Anterior Cingulate Cortex 32 –6 16 36 1.09 128 

R Ventromedial PFC (medial frontal gyrus) 32/10 14 46 0 1.57 264 

R Dorsolateral PFC (middle frontal gyrus) 9 36 41 28 1.83 768 

L Dorsolateral PFC (middle frontal gyrus) 9 –46 30 25 1.27 296 

L Dorsolateral PFC (superior frontal gyrus) 9 –12 64 24 1.57 264 

L Dorsolateral PFC (superior frontal gyrus) 8 –12 46 50 1.57 224 

L Rostrolateral PFC (superior frontal gyrus) 10 –28 58 7 2.02 1200 

R Rostrolateral PFC (superior frontal gyrus) 10 36 61 4 1.17 184 

L Middle Temporal Cortex 21 –58 –63 7 1.97 616 

R Inferior Temporal Cortex 37 51 –60 –13 1.83 2000 

L Inferior Parietal Lobule 40 –48 –33 37 1.39 440 

R Inferior Parietal Lobule 40 41 –43 47 1.39 528 

R Superior Parietal Lobule 7 31 –60 45 2.15 1584 

L Superior Parietal Lobule 7 –30 –57 47 1.48 464 

R Extrastriate Visual Area (lingual gyrus) 18 30 –94 –7 2.00 952 

L Extrastriate Visual Area (inferior occipital gyrus) 18 –32 –94 –9 1.04 152 

Lat, laterality; L, left; R, right. 
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Table 11 Results of ALE image-contrast analysis of trust vs. reciprocity (multi-round IG) 

Lat Brain Regions BA 
MNI Coordinates 

(mm) 

ALE 

×10–2 

Size 

(mm3) 

   x y z   

 a) Trust ∩∩∩∩ Reciprocity (ALE)       

L Rostrolateral PFC (superior frontal gyrus) 10 –27 56 6 1.31 248 

R Putamen (dorsal striatum)  24 12 1 1.79 456 

        

 b) Reciprocity > Trust (z score)     Z  

R Ventrolateral PFC (inferior frontal gyrus) 47 42 18 –18 3.72 160 

R Anterior Insula 13 42 10 –3 3.72 392 

R Precuneus /Superior Parietal Lobule 7 31 –60 45 3.54 1568 

R Inferior Parietal Lobule 40 38 –45 46 3.72 200 

R Inferior Temporal Cortex (fusiform gyrus) 37 51 –65 –9 2.62 152 

R Inferior Temporal Cortex (fusiform gyrus) 37 43 –49 –21 3.04 112 

L Premotor Cortex (precentral gyrus) 6 –56 4 31 3.54 352 

R 
Primary Visual Cortex (inf. occipital gyrus) /  

Extrastriate Vis. Area (lingual, mid occip. & fusiform gyri) 

17/ 

18 
30 –94 –7 3.04 904 

Lat, laterality; L, left; R, right  

 

 

Figure 6. Results of ALE image-contrast analysis of trust vs. reciprocity (multi-round IG). 

Trust ∩∩∩∩ Reciprocity (Red): peaks in rlPFC, NAc (not shown) & putamen. Reciprocity > Trust (Blue): peaks in 

AI, vlPFC, SPL, IPL, IT & V2. Random-effects analysis: 5,000 permutations; z-score values; q(FDR) < 0.05; 

min. threshold of 100 mm3. Image is overlaid on a normalized brain template using Mango. 
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Section 2.4 Discussion 

Subsection 2.4.1 Scope 

The combined product of a series of meta-analyses discussed above is a structure 

and layout of three domain-general neurocognitive networks of trust – the result of a re-

search mission that has never been previously undertaken. In Chapter 2, trust was exam-

ined in its two most prominent forms – unconditional (dispositional) and conditional 

(trust in reciprocity). The key constituent property of trust was the degree, to which par-

ticipants would be willing to invest (entrust) a share of their endowment with others un-

der conditions of social uncertainty. The results obtained in the meta-analysis for Inquiry 

1 are the reflection of varying dynamics between the two forms of trust, the forms that 

are similar in some of their cognitive constituents but are dissimilar in terms of conditions 

that might sustain them. 

Correspondingly, in this analysis, the dynamic of these two neurocognitive sys-

tems was modeled through the use of an experiment design specifically tailored to high-

light the distinction between the unconditional (one-shot IG) and conditional (multi-

round IG) trust. Accordingly, in a multi-round IG – in a paradigm with a repeated delega-

tion, the expectations about the trustee would be confirmed by the trustee’s continuous 

response. In contrast, in a one-shot IG, there would be no such assurance and trustors 

would be deliberately forced to unconditionally rely on their default positive beliefs. 
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Subsection 2.4.2 Trust Dichotomy 

The dichotomy of trust was reflected in the dissociation between the neurocogni-

tive patterns elicited by the two variants of IG. Brain activity modulated by unconditional 

trust was confined to a concise set of regions that included the anterior insula, fO, dACC 

and hippocampus. Conditional trust on the other hand, would reveal a far more complex 

pattern (or rather, a series of patterns) involving cortico-striato-thalamo-cortical loops 

along with the occipito-parietal (dorsal) and occipito-temporal (ventral) visual streams. 

Among the regions that were strongly consistent for the one-shot IG was anterior insula. 

Ventral striatum had strong showing for the multi-round IG. The anterior insula vs. ven-

tral striatum dichotomy in IG is in parallel with a series of earlier studies implicating the 

insular-striatal “switch” in inverse relationships between corresponding pairs of cognitive 

traits in some other social learning tasks 80,114. Intriguingly, some of the regions putative-

ly implicated in trust in earlier studies have not been detected in this analysis. The exam-

ples include dmPFC, temporal-parietal junction and amygdala. 

Subsection 2.4.3 Unconditional Trust 

The unconditional trust analysis revealed a generalized pattern of activation, in 

which three of the detected regions, namely dACC, anterior insula and frontal operculum, 

appeared to lay within a brain system known as cingulo-opercular network 115,116. This 

network has been theorized as a neural substrate of mental phenomena known as “social 

value orientation” (SVO) or “cooperative phenotype” 117,118. Prior evidence, which finds 

the activity in this network to be predictive of other-regarding, cooperative tendencies in 
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a behavior, is in agreement with several fMRI-IG studies linking this pattern to both trust 

108 and trust responsiveness (reciprocity) 95,110. 

In terms of the specific relative functional contribution of each of the regions in 

this network, the anterior insula had the strongest effect. However, the precise role of in-

sula in trust is subject of ongoing debate in the literature, where competing theories link 

insula to either social aversion 27,53,79,95, prosocial orientation 110 or attention salience 95. 

The ALE method does not have the capacity to test relative significance of different theo-

ries in their predictive power of behavior, but an in-depth review of the fMRI-IG litera-

ture on the subject shows that the majority favors the “aversion” hypothesis, whereby 

aversion is caused by ambiguity and lack of a-priori knowledge about the trustee. In the 

present analysis, the conditions were also created for ruling out the salience hypothesis, 

as the experiments selected for the analysis were counterbalanced for the effects of stimu-

lus salience. 

Subsection 2.4.4 Conditional Trust 

The analysis of conditional trust sets the wheels in motion for a more in-depth 

analysis, while capitalizing on the knowledge of unconditional trust – a more basic form 

of the cognitive function. Unlike the unconditional trust, the existence of which is merely 

confined to the decision phase, the conditional trust presumably develops across two 

phases of the IG lifecycle, decision and outcome. In theory, the “meaning” of conditional 

trust is deeper and its properties are more dynamic than those of unconditional trust. Un-

like in a one-shot IG, in which a decision to trust is as good as a guess, one’s trust in a 

multi-round IG is not only evidence-based and derived from the direct experience with 
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the trustee, but is also instrumentally reinforced with every iteration. Repayment (reci-

procity) of trust generates trustworthiness if the rewards and the other player’s positive 

intentions are consistently confirmed 47,102. 

Subsection 2.4.5 Goal-Setting in Trust 

In Chapter 1 a theoretical groundwork for Chapter 2 was laid out the by empha-

sizing the importance of goal setting in a trust belief system. In support of this claim, the 

meta-analysis provided evidence of significant trust-modulated brain activity in rlPFC, 

which implies that trust in IG is manifest by goal-directed action. This conclusion is 

based on what is known about the anatomy and function of rlPFC 119-122. The rlPFC may 

represent a “seat” of goal-guidance for performance of socially interactive tasks. In gen-

eral, goal-guidance is about associating past actions and anticipated outcomes according 

to their value and keeping them online. But crucially, goal-guidance is recruited when a 

desire for an immediate reward must be suppressed for a potential of more socially signif-

icant future rewards. As suggested by the growing evidence from prior studies, the ability 

to selectively integrate goal-relevant features of stimuli and actions, to abstract infor-

mation relevant to global needs and to apply these representations to the dynamic social 

context can be all linked to the rlPFC 104. 

Subsection 2.4.6 Learning Trust 

Importantly, goals have to be learned. High cognitive demands of executing well-

motivated goal-directed actions require that cognitive control work in tandem with learn-

ing to guide actions that are implemented in the brain’s motor systems. A goal-directed 
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cognitive function is fundamentally facilitated by a framework of instrumental and asso-

ciative learning functions. This framework involves four critical elements – stimulus, re-

sponse, value and goal 123. In order to accomplish a purposeful behavioral sequence, there 

has to be a learning mechanism in place where a stimulus value is inspected and later 

transformed into an efficient behavioral plan for future actions. In support of these as-

sumptions, the results obtained in the meta-analysis for the Inquiry 2 revealed strong ac-

tivation in ventral striatum (HCd and ventral putamen) for the comparison of (outcome > 

decision) phases and in dorsal striatum (BCd and dorsal putamen) for the (outcome ∩∩∩∩ de-

cision) phase conjunction. The revealed functional pattern of activation along the ventral-

dorsal axis of the striatum allows for a potential mechanism of reinforcement learning 

(RL) across the two phases of the game. In an RL-based model, the role of the striatum is 

often framed within a context of a putative “Actor-Critic” neurocognitive architecture 

123,124.  

In Actor-Critic, the decision choices (policies) are managed by a neurocognitive 

module called “Actor”, while value encoding of the choices is managed by “Critic”. The 

RL model takes as its starting point, the notion of a “learning agent” in contact with his 

outside environment or with another agent. In terms of IG, the overall task for the agent 

(trustor) is to consistently learn and perform actions that are useful in delivering sustaina-

ble monetary and social rewards. Critic is viewed as an inspector of the potential reward 

value for both the actions (trust decisions) and stimuli (outcomes of trust). Actor is 

viewed as the brain’s gating system meant to safeguard the selection of reward-

maximizing moves at the expense of suboptimal action plans. The results suggest disso-
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ciable contributions of ventral and dorsal striatum to the process of learning the rewards, 

with the ventral striatum (HCd) corresponding to the Critic reward-prediction role and the 

dorsal striatum (BCd and putamen) corresponding to the Actor. Subsequently for trust, 

Actor and Critic would be essential in predicting rewards of trustworthiness and correct-

ing errors in the policy selection on a round-by-round basis in IG. Since learning is ex-

pected to benefit the trustor via a step-by-step improvement of his action-selection policy, 

the IG decision phase can be focused on the task of optimizing the policies towards best 

possible move (Actor, dorsal striatum). In turn, optimization is based on the outcomes of 

the previous moves, which are “inspected” by the Critic (ventral striatum). Critic steps in, 

to detect the degree and valence of an error between the reward estimates and the actions 

aimed at benefiting the selection. The error valence is then used as a basis for updating 

both the stimulus value and the policy value. If trust is met with an unfavorable response 

(no payback), the Actor is signaled a negatively valued error. Negativity would then drive 

the policy-adjustment towards lesser trust (avoidance). Positivity on the other hand, steers 

the response policy in the direction of greater trust. Meanwhile, the values of both, action 

and its outcome are promptly updated on the trial-by-trial basis facilitating a learning 

mechanism, whereby the conditions for a decision to trust undergo a continuous trans-

formation towards increasingly beneficial decisions. 

In terms of social learning, trust is not only a skill but also a trait strongly affected 

by the trustor’s concern for socially appropriate personal conduct. Leading to this conclu-

sion is the evidence from the analysis of the outcome phase revealing neural activity in 
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the putative OFC cortico-striatal circuitry, previously associated with mediating socially 

appropriate behavior (for review, see 125). 

Subsection 2.4.7 Interaction in Trust 

In theory, trust in IG is predicated on the expectation that it will be eventually re-

ciprocated. Reciprocity shall result in further intent to delegate potentially rewarding 

tasks to the trustee. Yet, one-shot IG and multi-round IG must be markedly different in 

terms of the degree of reciprocity expected. Unlike in a “starved of knowledge" one-shot 

IG interaction, where trust essentially amounts to acting “as if” reciprocity have already 

occurred and to overcoming a credibility gap, in the repeated IG, participants face a 

“world full of action choices” 126, while being fully-informed about each other intentions. 

Thus multi-round IG shall lead to overall high expectations of reciprocity and in case the 

ensuing reciprocity is consistent, the trustee should be earning high confidence and 

“strong delegation” from the trustor. The results of meta-analysis for Inquiry 3 are 

providing the insights into how reciprocity is differentially modulated by various motives 

of trust and how reciprocity compares to trust in terms of shared (e.g., benevolence) and 

distinct (e.g., betrayal vs. guilt) neurocognitive properties. Both trust and reciprocity 

where mediated by activation in ventral and dorsal striatum and rlPFC. For reciprocity in 

particular, the network included medial and lateral PFC, anterior insula, parietal cortex, 

posterior temporal cortex and the striatum. 

Prior neuroimaging evidence points at distinct roles for the ventral and dorsal stri-

atum in the network. For example, NAc in the ventral striatum has been strongly linked 

with a role of a “Critic” in the RL model. This role is to learn how to improve social in-
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teraction by strengthening relational bonds 127 and how to ensure that everything goes as 

expected in terms of both values and costs and among the costs, in terms of both mone-

tary losses and social contingencies (e.g., betrayal) 128,129. Putamen in the dorsal striatum 

on the other hand, fits the role of an “Actor” by transforming a stimulus-value association 

into a goal-instrumental action 130,131. While the ventral striatum as Critic is affiliated 

with social stimuli disambiguation, the dorsal striatum is more of an Actor, involved in 

action evaluation and selection. NAc has been correlated to players’ having to deal with a 

socio-cognitive ambiguity such as a concern for a material payoff mixed with the concern 

for reputation with others 132,133 or their attempts to predict rewards in a mix of risky and 

positive value choices 78. Intriguingly, NAc has been selectively activated when those 

participants who were categorized as “defectors” betrayed trust and those categorized as 

“cooperators”, would honor it 80,110. From this evidence, the overall mission for NAc ap-

pears to be that of a benefit inspector as it entails a strategic monitoring of earning long-

term reward and minimizing costs. Dorsal striatum on the other hand, is involved with 

evaluating actions in terms of a successful prediction of a reward-action association 134. 

Subsection 2.4.8 Reciprocated Trust 

So far, the analysis of interaction between trust and reciprocity has highlighted 

their “mutually agreeable”, commonly shared cooperative properties. Nevertheless strong 

evidence from the analysis has also revealed that they are distinct types of cooperative 

behavior. The (reciprocity > trust) comparison showed reliable activation in the parietal 

cortex (IPL, SPL), anterior insula, posterior MT, pars orbitalis (vlPFC), PMC and visual 

cortex. 
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The role of the parietal regions in reciprocity is unclear as IPL and SPL are 

among those highly interconnected and multi-modal regions that represent a complex mix 

of factors contributing to distinct cognitive domains. The jury is still out for a suitable 

explanation of a role for IPL. One possible explanation would be supported by strong 

neuroimaging evidence of IPL’s involvement in cognitive control of hand movements for 

grasping 135. This evidence has been interpreted by some as “social grasping” or “mirror-

ing” and even mentalizing, because the way humans grasp an object presumably varies 

depending on the intention, with which the object is grasped 136-138. In the context of IG, 

this kind of social mirroring could be an indicator of a reliably reciprocal and confidence-

inducing social bond (“grasping”). Some neuroimaging studies have hypothesized a neu-

ral correlate of “social grasping” and provided evidence in favor of a “mirror neuron net-

work” underlying this behavior 139-141. If confirmed in further studies, the network would 

link into a single reciprocity network three of the regions identified in this dissertation – 

vlPFC, PMC and temporal cortex. 

However, a competing theory linking behavioral response to actively choosing 

from social options rather than to passive mirroring has challenged the notion of “mirror 

neuron network”. Proponents of the “social affordances” theory have argued 126,142 that a 

large portion of the “canonical” mirror neurons in reality does not respond to observation 

of objects as much as they do to social interactions with the environment (“social af-

fordances”). Instead, a network, distinct in its neuronal properties from the “mirror neu-

ron network” has evolved to produce adaptive response to the “world full of action choic-

es” 126. In the process of adaptation to the environment and pursuing various opportuni-
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ties to fulfill the organism’s goals, the initial response to the choices (i.e., “social af-

fordances”) is divided between the parieto-occipital (dorsal) and temporal-occipital (ven-

tral) visual streams. Thus, while the identity of non-social objects is processed by the 

ventral stream (IT in this analysis), neurons in the dorsal stream (IPL/SPL) are more sen-

sitive to social information. In IG, a player receives “social affordances” in terms of his 

payment options in the game. The payment option information enters the player’s visual 

cortex and travels to the parietal cortex, where a set of alternative candidate actions is 

created to provide a response appropriate for the options at hand.  

Alternatively, IPL has been previously linked with representation of numeric 

quantities and mathematical operations such as adding, subtracting and comparing one~ 

to two-digit numbers 143-145 which is the case in IG. IPL has also been observed to be en-

gaged increasingly stronger with an increasing difficulty of tasks such as computing two 

operations instead of one, for example 146-149. On that evidence, the involvement of IPL 

can be interpreted as serving players’ capacity to evaluate the economic utility of both, 

their options and potential actions for the purpose of earning maximum possible reward. 

Among the regions of the parietal cortex, a puzzling lack of an effect in temporal-

parietal junction (TPJ) previously linked with mentalizing tasks, appears to disagree with 

those mentalizing studies that implicate TPJ in enabling “shared intentionality” – i.e., 

motivation to interact cooperatively in a social exchange. All things considered however, 

this outcome can be explained by the notion of selectivity of TPJ involvement in mental-

izing tasks, where it’s known to get selectively engaged by face-to-face human commu-
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nications 150, and therefore in the IG “face-blocked”, anonymous interaction it should be 

selectively inhibited. 

While (reciprocity > trust) comparison revealed a number of consistent activa-

tions, there were no differences in activation maxima for the reversed (trust > reciprocity) 

comparison. The observed asymmetry in neural patterns may mark a certain distinction in 

the psychological causes of reciprocity as compared to trust. For example, the reciproci-

ty-related modulation of insula might suggest that the players feel more averse to uncer-

tainty arising from reciprocity than to uncertainty arising from trust. For example, 

Andreoni 151 proposed a theory whereby a trustee is considered a more vulnerable party 

in IG than the trustor. This proposal was explained by the asymmetry inherent in the IG 

paradigm design in which the trustor’s benefits from the advantage of the first move. 

Subsequently and unwillingly the trustee gets exposed to a potentially unfair treatment 

and might experience inequity aversion. This explanation could be useful for the asym-

metry of reciprocity but not for the asymmetry of trust in IG, whereby the trustor gets on 

the receiving end of a potentially unfair treatment.  

Another, more plausible and empirically testable theory has also implicated a role 

for insula in mediating inequity aversion but on dissimilar grounds. On that account, rec-

iprocity is driven by a dichotomy of two competing motivational forces. One motivation-

al force concerns self-relevant gain and the other – equity for the partner 152-154. These 

two forces might be the basis for the trustee interest in the partner’s perspective (1st-order 

beliefs). They can also motivate the players’ to predict consequences of their actions from 

the players’ mutual perspective (2nd-order beliefs) 110,155,156. The theory links inequity 
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aversion with norm-compliance tendency to avoid potential guilt for the consequences of 

“letting trustor down” 157,158. The inequity aversion may stem from two different beliefs – 

a concern for the trustor’s disappointment with the trustee payoff (1st order belief) and a 

concern for failing the trustor’s expectations of trustworthiness (2nd order belief). Both 

beliefs may be rooted in the trustee’s fairness-driven social norm compliance. The latter 

theory is in agreement with some of the neuroimaging data generated in the fMRI-IG 

studies. Thus, the trustee’s 1st-order beliefs 53 and 2nd-order beliefs 80 have been linked to 

the enhanced activation in the insular cortex. In the study of 1st-order beliefs, the insula is 

engaged in monitoring unfairness of payoffs, while in the study of 2nd-order beliefs, the 

insula is linked to guilt aversion. Taken together, this evidence indicates that aversion (or 

avoidance) of social adversity is the most plausible common factor among the causal in-

fluences on reciprocity. At the same time, it is also apparent that the present meta-

analysis points in the direction of guilt aversion as a possible explanation of motivation 

for reciprocity but it fails to generate any evidence to support the extension of this hy-

pothesis to the causes of trust. 

The activity in vlPFC (BA 47) could indicate a role of a logical and neuronal sta-

tion in the trustee’s chain of action selection processing, as vlPFC has been largely asso-

ciated with resolving conflicts at the level of selection of behavioral response. The activi-

ty in vlPFC has been linked to the activity in the insula as the two work together to inhibit 

irrelevant behavioral responses in favor of contextually appropriate action plans 159-162. 

Specifically in the IG task, this region has been linked with players’ ability to resolve a 

decision conflict of having to choose between two competing beliefs – one based on the 
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response history and another based on prior beliefs 66. The PMC region identified by the 

reciprocity analysis could be the ultimate associative link between the sensory stimuli en-

coded in visual and parietal cortices and the pragmatic response instructions encoded in 

the motor cortex 163. 

Subsection 2.4.9 Significance 

In summary, this meta-analysis has linked converging activation patterns in the 

domain-general neurocognitive network to trust in reciprocity and facilitated a general-

ized model of trust in the context of economic exchange. Overall, these findings empha-

size the idea that trust is a conflict between anticipation of future rewards (NAc) and 

avoidance of ambiguity due to risk (insula). This conflict is resolved in the process of 

learning how much the trustees can be relied upon. At the neurocognitive level, trust is 

mediated by a wide network of frontal and parietal brain regions that are associated with 

stimulus-value-response i.e., instrumental or goal-directed learning. Per iteration and 

through feedback learning, the mental model of the trustee (Actor/Critic) is updated (stri-

atum) with respect to goal-directed strategies (rlPFC). In turn, the iterative improvement 

in knowing the trustee intentions facilitates a long-term cooperative exchange. In conclu-

sion, the presented conceptual framework provides a detailed characterization of the neu-

ral bases of trust in reciprocity and highlights their important roles in promoting trust and 

reciprocity during economic exchange. The model presented in this chapter is aimed to 

characterize the generalized cognitive and neurobiological model of trust and reciprocity 

in three dimensions i.e., believing in trust, learning trust and reciprocating trust. Revealed 
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here is the topology of the neural networks supporting the cogntive models across the IG 

experimental conditions. 

The study of trust neurocognitive networks will now proceed to Chapter 3 explor-

ing the role of mentalizing in the communication of value to neural circuits of choice. 

The model presented in Chapter 3 will demonstrate effective connectivity i.e., causal di-

rected relations among neuronal populations. The effective connectivity will be modeled 

through the use of a data-driven MVGC framework and the existing hyperscan-fMRI da-

ta, to allow testing of the proposed trust models more fully i.e., at both, the individual 

(“within-brain”) and social (“between-brains”) activity levels. 

Subsection 2.4.10 Limitations 

The meta-analysis conducted in Chapter 2 improves the existing conceptual un-

derstanding of neural signatures of trust. However, there exist several limitations that 

need to be acknowledged. Only a relatively small number of papers eligible for inclusion 

in the analysis were ultimately selected. This, and the lack of reported parametric anal-

yses linking brain activity and key behavioral variables of IG, led this dissertation to con-

sidering only the basic comparisons between the measured variables (e.g., ‘trust’ vs. 

‘control’). The phrase “key behavioral variables” is to denote the most important aspects 

of the IG experiment design, such as the amount sent to the trustee or the amount paid 

back to the trustor, for example. The analysis was based on the reported activation coor-

dinates and subject counts. However, many other variables, such as the fMRI scanning 

parameters, data analysis parameters and some potential mediator variables were omitted, 

because of their high cross-study variability. The variation may have impacted the final 
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results along certain dimensions of the IG design, including for example, the participant 

category (e.g., “healthy” vs. “patient”) 68,89-91, player’s role-changing (e.g., “permanent” 

vs. “alternating”) 47,102 or treatment type (e.g., “oxytocin” vs. “placebo”) 103. 

To account for such undesirable but sometimes unavoidable deficits, future stud-

ies should model their experiment design after the seminal paper of Baumgartner, et al. 

103, in which the approach is to expand on the number and quality of demographic, psy-

chological and cultural measurements and to bring more clarity to the study of the brain’s 

neurocognitive networks. Based on that approach, further progress in quantitative verifi-

cation of theoretical hypotheses about trust can be achieved by increasing the statistical 

power, external validity and refinement of trust generalized models. Raising the effec-

tiveness of future fMRI-IG studies will also help to advance the understanding of causal 

and temporal relationships among the brain regions engaged by trust. 
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CHAPTER 3. Effective Brain Connectivity in Trust Networks 

Section 3.1 Introduction 

Subsection 3.1.1 Scope 

The topology and functional mapping of trust neural networks identified in Chap-

ter 2 provides the structural basis for further analysis of the networks’ dynamic character-

istics. Analysis in the upcoming chapters will start with defining key terms and conceptu-

al understanding (e.g., “de-convolution”, “Granger causality”, “connectivity”) of the ef-

fective connectivity problem domain. The analysis will then proceed with a brief descrip-

tion of current research as it relates to decision-making in general and trust decision-

making in particular. Next, a more detailed, technical account of a novel approach to 

studying trust i.e., effective connectivity modeling, will be laid out and the methods that 

the model is built upon will be described. A composition of customized algorithms and 

scripts implementing the model will be analyzed in depth. The goal of the model is to 

compute strength of directed neuronal signaling within and between interacting brains 

during trust. At the end of the chapter, a brief summary of the results and the analysis of 

their importance to the cause of this research project, the methodological limitations as 

well as perspectives on future development are provided. 

Subsection 3.1.2 Problem Domain 

As has been noted in Chapters 1 and 2, a sound conceptual understanding of neu-

ral activity underlying trust decision-making must agree with the empirical evidence in 
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support of a generalized decision-making theory. In today’s theory, decision-making is 

typically viewed as a product of two foundational neurocognitive mechanisms – one that 

supports choice and another that supports valuation of choices. Each of the neural sys-

tems has been in focus of independent interdisciplinary studies in psychology, economics 

and neuroscience, but the attempts to functionally bring together the evidence of the well-

known biological substrates of the anatomically “isolated”, but cognitively mutually in-

fluential constituents have not been successful 164. 

Today, researchers agree on a putative neurobiological model of perceptual 

choice and a putative model of subjective valuation. In perceptual choice, a decision-

maker is presented with sensory ambiguity of alternative signals. The decisions are then 

formed based on the outcomes of continuous sequential sampling of evidence related to 

the options at hand. The choice, i.e., physically committing decision-making to a single 

course of action occurs through perceptual integration, when the evidence favoring one of 

the options reaches a threshold for neuronal response and produces “winner-takes-all” 

neuronal response 9-11. The constituent “ramping-to-threshold” and “accumulate-to-

bound” brain activities appear to scale with respectively, the operation of evidence accu-

mulation observed in lateral parietal cortex and caudate 13-16 and a subsequent activity in 

dlPFC, akin to integration of lower-level stimuli 12. 

However, a significant limitation of the stimuli disambiguation paradigm restricts 

the use of the model in trust research. Thus, the model relies on the notion of decision-

making dissociated from utility (i.e., relative desirability of the options) – the assumption 

disproved by the evidence that some kind of reward or aversion to loss is essential to de-
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cision-making 17. Evidence for a distinct set of frontal and striatal areas generating sub-

jective value for choices on a common scale and for a wide range of rewards had 

emerged 18. Studies of appetitive stimuli point at vmPFC – a target of critical inputs for 

valuing social, consumable and emotional rewards from the dlPFC 19, OFC 20, 

hypothalamus 21, amygdala 22,23 and the striatum 24. Also, as shown in Chapter 2, the 

valuation-choice neural model can be expanded with the factor of “risk aversion”, which 

introduces the notion of a trade-off between reward and aversion mediated by cingulo-

opercular circuitry.  

However, in spite of the abundant evidence, little is known about how the fron-

toparietal (choice), medial prefrontal (valuation) and cingulo-opercular (aversion) neural 

circuits interact with one another. Whether the circuitry forms a tightly interconnected 

global network or its topology is composed of loosely coupled specialized functional 

modules – remains a matter of conjecture. The analysis in the upcoming chapter is set to 

provide evidence of functional links between the three constituents of decision-making. 

Subsection 3.1.3 Method 

To assist bridging the gap of knowledge described above, the “problem” of trust 

has to be taken out of the context of mere personal reward and choice processing and 

studied as a relational phenomenon of a social behavior reliant on a spectrum of interac-

tional reward-risk trade-offs. Yet, among the existing fMRI-IG studies analyzed in Chap-

ter 2, the majority are focused on the mental states of a single IG participant and only 

two, King-Casas, et al. 59 and Krueger, et al. 47, have attempted a neurocognitive model of 

trust as interaction. This is due to high cost of the hyperscan-fMRI technology used in the 
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interaction studies. However, the studies take advantage of a crucially important property 

of the hyperscan-fMRI technique as it relates to study of a social behavior like trust, in 

that the technique allows a researcher to concurrently image the brains on both sides of 

an interactive task 46.  

However, while the hyperscan-fMRI-IG studies succeed in elucidating some of 

the time-order neurocognitive relations for trust, they produce little evidence on causal 

influence among the neurocognitive constituents at hand. The result is that today we 

know much more about where some of the trust functionally segregated signals are local-

ized in the brain than about how the causal influences within and between brains are fa-

cilitated and communicated across neuronal populations and persons. Furthermore, de-

spite the plethora of information on the functional mapping of trust, it can be easily pre-

dicted that any attempt to localize a cognitive function to a segregated set of brain regions 

will be met with difficulty. This is because a complex cognitive function is more often 

than not is mediated by a network of associated regions rather than by a segregated func-

tional module in the brain 45. 

Therefore, an improved understanding of the neurocognitive model of trust is 

predicated on the knowledge of effective connectivity or causal neurocognitive links 

among the regions of a functional network in the brain or causal cognitive influence that 

a neuronal population in one interacting brain can exert over the other. To test for the in-

terpersonal and intertemporal neurocognitive dynamic influences within and across the 

participating brains, the effective connectivity analysis not yet undertaken in any of the 

earlier studies of IG has been performed as part of this dissertation.  The ECA was im-
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plemented using MVGC 51 – a robust data-driven method predicated on exploring the 

structure of a dataset in pursuit of task-related effects. This method was chosen for its ca-

pacity to detect causal dynamic influences between any pair of related stochastic process-

es. In that capacity, it was applied to the analysis of dynamic neuronal signal a priori de-

convolved from the “raw” fMRI signal. 

Subsection 3.1.4 Research Inquiry 

Based on the converging evidence from the studies analyzed above, it can be con-

jectured that in the absence of direct anatomical links and strong presence of functional, 

cognitive links between the basic components of a decision-making system, there has to 

exist a third, “mediator” component of the model with the established anatomical and 

functional connections to both of the basic components. From what we know today about 

the functional anatomy of the “social brain” a candidate region can be identified for its 

unique connections to both, the reward substrate vmPFC and action selection neuronal 

substrate, the parietal cortex. This region specifically, dmPFC could play a role of a 

“missing link” i.e., the anatomical and functional connectivity between the brain circuits 

of action choice (parietal cortex) and valuation of choices (vmPFC). The analysis of evi-

dence in support of this assumption is provided in the upcoming Chapter 3 analysis.  

Section 3.2 Data Preprocessing 

Subsection 3.2.1 Data Source 

From what has been noted above, trust as a relational (social, interactive) phe-

nomenon can be measured in two neurocognitive dimensions: within an individual (trus-
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tor or trustee) or between the subjects i.e., in their brains during their interaction with 

each other. In Chapter 3 it is attempted to build the brain maps of causal regional connec-

tivity underlying the cognitive dimensions of trust interaction. The analysis relies on ex-

isting data from one of the two earlier hyperscan-fMRI experiments mentioned above 47. 

To make the data source consistent with the goals of the present analysis, BOLD time se-

ries for the ROI during trust and reciprocity decision-making (experiment and control 

conditions) were selectively retrieved from the source dataset and a priori de-convolved 

to make the data suitable for the subsequent ECA. 

Subsection 3.2.2 Participants 

At the start, the dataset was divided in the “defectors” and “cooperators” data, 

based on the valence of participants’ response during the experiment. In line with the fi-

nal goal of this dissertation, which is to explore the incentives for cooperative and not di-

visive behavior, the outcomes for the “cooperators” were selectively included in the new 

dataset and the “defectors” data were omitted. The cohort comprised 44 data records, rep-

resenting 22 pairs of participants who were healthy, native English speakers, matched by 

sex (22 males, 22 females), age (28.3 ± 7.1 [mean age ± s.d.], range 21-51 years) and ed-

ucation (17.3 ± 2.2 [mean level of education ± s.d.], range 12-23 years), right-handed as 

determined by Edinburgh Handedness Inventory (95.3 ± 8.7 [mean right-handedness ± 

s.d.], range 65-100 points) with normal or corrected-to-normal vision and no history of 

neurological/psychiatric disorder or medication use. Participants provided a written in-

formed consent approved by Institutional Review Board of the National Institute of Neu-

rological Disorders and Stroke (NINDS). 
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Subsection 3.2.3 Functional Analysis 

In the original experiment, continuous whole brain imaging was performed as the 

participants were engaged in the IG task. For this dissertation, the outcomes were ana-

lyzed using whole-brain and GLM data analyses, with the criteria for activation to reach a 

threshold for the main effects of trust and reciprocity. The results were thresholded to 

correct for multiple comparisons using q(FDR) < 0.005 at a minimum cluster volume of 

100 mm3. Images were analyzed using BrainVoyager QX (Brain Innovation) and custom 

MATLAB (The MathWorks Inc., Natick, MA, US) scripts. Statistical images were over-

laid onto a normalized brain template (Talairach space) and thresholded at P < 0.005, un-

corrected, with extent threshold of 100 mm3 (t = 3.00, random effects). Data prepro-

cessing involved slice scan-time correction (‘‘sinc’’ interpolation), linear trend removal, 

temporal high-pass filtering of low-frequency nonlinear drifts of three or fewer cycles in 

a time course, spatial smoothing (8-mm FWHM), 3D motion correction of small head 

movements and spatial alignment of all participants to the first volume by rigid-body 

transformation procedure. Estimated translation and rotation parameters were inspected 

and never exceeded 2 mm or 2°.  

Subsection 3.2.4 Data Normalization 

Throughout the analysis the data was encoded in different ways. The fMRI func-

tional analysis produced a single “one size fits all” Excel data sheet to allow plenty of re-

dundancy for the pragmatic purposes of legibility to humans. Such data structure was as 

good for human perception as it was bad for computer processing. Redundancy would 

have violated a number of data normalization principles 173 and would have likely result-
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ed in errors and endless back and forth patch-up and maintenance. With that in mind, a 

normalized Excel-based database system was put in place. Also, an additional script was 

created to convert and import the source data into the new database. For the sake of sig-

nificant data reduction, normalization and efficiency, the behavioral and neuroimaging 

(BOLD time series) data were split in two separate tables and logically linked back to-

gether at the run time by enforcing a set of association rules in the code. Further, the 

number of data elements was reduced to a necessary minimum and each data element was 

represented by a set of unique data records. To speed up processing, all the text data ele-

ments were enumerated. These efforts allowed for a significant reduction in the overall 

volume of data and hence for considerable improvement in performance. Once the new 

database structure was in order, a preprocessing script was created, to import the data into 

the new database. At the end of this initial preprocessing sequence, another script was 

created to upload the converted data into the memory at run time. 

Subsection 3.2.5 Suitability of fMRI Data 

The main goal of ECA was to produce pairwise connectivity values for the ROI 

modulated by the implied neurocognitive constituents of trust. Accomplishing this goal 

was predicated on overcoming a large number of technical challenges to the task of 

bridging differences between the fMRI and MVGC analysis techniques. The selected 

ROIs’ BOLD signal time series representing brain’s HR were extracted, averaged across 

voxels and normalized across the participants. However, proceeding with the analysis 

was predicated on a successful data conversion and preprocessing. The rationale for add-

ing yet another step to the already complex computational cascade was to avoid data re-
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dundancy as well as missing and faulty data – the potential causes of computational er-

rors affecting the subsequent stages of the modeling process. Another important factor 

was suitability of data for the MVGC analysis model. 

One of the challenges to achieving that objective concerned a series of drawbacks 

associated with BOLD – the primary measure in fMRI. The signal measured in fMRI 

neuroimaging experiments is a result of linear convolution between the brain’s neuronal 

and subsequent HR to stimuli. BOLD represents only a secondary, indirect manifestation 

of the primary neuronal signal of interest. As a consequence, eligibility of BOLD data for 

a MVGC analysis is hampered by a reduced spatial resolution, lowered signal-to-noise 

ratio and lag in relation to the latent neuronal signal. Another obstacle to using BOLD da-

ta in a MVGC analysis is that it comes as a nonlinear and non-stationary HR, which is al-

so characterized by high level of variability across participants and brain regions 165,166. 

The nonlinear and non-stationary properties of HR complicate estimation of the interre-

gional connectivity by distorting the underlying latent neuronal signal.  

Subsection 3.2.6 Deconvolution 

To account for issues like the HR’s nonlinearity and variability across participants 

and regions 167, the fMRI data must first be converted into a properly approximated bio-

physical representation of the latent neuronal signals. This intermediate but critical goal 

can be achieved via a complex cascade of signal processing techniques termed “blind de-

convolution” 168, which includes a combination of signal processing algorithms such as 

dynamic expectation maximization (DEM) 169 and cubature Kalman filtering (CKF) 170. 

In the past, this technology has proven highly robust in application to nonlinear dynamic 
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systems, representing hidden neuronal states. In this dissertation, the efficiency of for-

ward-pass CKF was finessed via the use of backward-pass cubature Rauch–Tung–

Striebel smoother 171. In addition, the efficient square root formulation of these algo-

rithms facilitated consistent and accurate estimates of the hidden neuronal time series, 

well beyond the temporal resolution of fMRI. Using the blind deconvolution techniques 

in this model has appeared extremely efficient in estimating the latent neuronal signaling 

needed for the input into the subsequent MVGC analysis 50,172. 

Section 3.3 Method 

Subsection 3.3.1 IG Task 

In the experiment conducted by the source study, participants were matched in 

pairs of “trustor” vis-a-vis “trustee” and were involved in a series of repeated voluntary 

IG, with players randomly alternating their roles in every round. Payoffs in cents were 

presented as a binary decision tree with an option to quit and an option to share. A two-

player IG can proceed in three possible scenarios resulting in three possible outcomes. 

Most mutually rewarding for the players is to share with each other. A less rewarding 

scenario is for the trustor to abstain from investing and to trigger equally split but reduced 

earnings. The third scenario is for the trustee to abstain from repaying trust and benefit at 

the trustor’s expense. Thus, for each round of the game, trustor’s withholding the money 

would get equal but lower [5, 5] payoff for both players. Trustor’s investing and being 

paid back on the investment would result in a greater share [10, 15] for each player. Trus-
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tor’s investing and not being paid back would yield nothing to the trustor and everything 

to the trustee [0, 25].  

Subsection 3.3.2 IG Timeline 

The timeline for a round of the game (Figure 7) included a 2 second introductory 

phase (a display informing the players of their roles), a sequence of two 6 second deci-

sion phases (a display informing one player of his payment options, while the other play-

er is waiting), 4 second feedback phase (decision outcomes displayed to both players) fol-

lowed by the blank screen with a jittered inter-stimulus interval lasting 2 to 6 seconds. No 

information about cumulative earnings was provided during the experiment. Timeline of 

the experiment was a priori divided in two distinct stages: “partnership building” (Stage 

1) and “partnership maintenance” (Stage 2). Primary goal of the subsequent analysis was 

to provide connectivity evidence in support of such division. Within each stage, oppo-

nents sequentially performed 36 rounds of the IG task and 16 rounds of a control task 

(designed to control for sensorimotor and material aspects of decision-making). In the 

experimental condition, participants randomly alternated their roles in rounds of a volun-

tary IG, playing half of the time as “trustor” and half of the time as “trustee”. In the con-

trol task with the identical timeline and screen layout, participants were to merely choose 

from a pair of computer generated monetary rewards. The source data were obtained 

through the use of event-related hyperscan-fMRI of unacquainted participant pairs 

matched by sex. While in the process of performing the task, participants on both sides of 

the exchange were simultaneously imaged in separate scanners. 

 



64 

 

 

Figure 7. Timeline of a round of the multi-round voluntary IG 

Adapted from “Neural Correlates of Trust” by Krueger et al., 2007, Proc Natl Acad Sci U S A, 104 (50), pp. 

20084-9. Copyright 2007 by The National Academy of Sciences of the USA.  

“Intro”, a 2 second display informing players of their roles (DM1, DM2, decision-makers (players) 1 and 2); 

“Game: DM”, a sequence of two 6 second decision-making phases – one for DM1 followed by the one for DM2; 

“Wait”, 6 second wait while the partner is deciding; “Feedback”, a 4 second outcome processing phase; followed 

by a blank screen with a jittered inter-stimulus interval of 2–6 seconds. 

 

Subsection 3.3.3 Multivariate Granger Causality 

MVAR Modeling. ROI generated by the whole brain data analysis were subse-

quently tested to quantify the strength and causal influence (i.e., effective connectivity) of 

their interactions across the network. The assumptions were tested using the MVGC 

mapping 174. A property of MVGC key to this analysis is its capacity for predicting an 

unobservable signal based on a functional approximation of intertemporal relationships 

between the signal and relevant observable signals. This possibility can be realized in 

multivariate autoregressive (MVAR) modeling 175 – a practical implementation of 

MVGC tailored to fMRI needs. In MVAR a process “X” is said to have causal influence 
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on process “Y”, if considering past values of both time series “X” and time series “Y” 

improves the future prediction of time series “Y” (Equation 1). 

Equation 1. MVAR Principle 

Y�t� = � a�Y�t − k� +
�

��
� b�X�t − k� + e�t�

�

��
 

In terms of brain connectivity, this principle translates into a concept where one 

region in the brain is assumed to have a directed influence on another, if a combination of 

time courses of activation in the source and target regions allows predicting the temporal 

progression of activity in the target region. The between-brain relationships implicate 

causal flow between two regions in two different brains. As such, they cannot be inter-

preted in terms of physical connectivity and instead, should be viewed as a predictive re-

lationship between the brains such that activity in one brain at one instant is replicated in 

another brain after a time lag. 

Algorithm. A series of MATLAB scripts were developed in close collaboration 

with Dr. Gopikrishna Deshpande at the Department of Electrical Engineering, Auburn 

University, AL. The proposed method of ECA involved four major steps as illustrated in 

Figure 8. First, the source data required conversion and normalization. Second, the 

BOLD time series extracted from the ROI functional analysis had to be de-convolved to 

further extract the underlying neuronal response time series. Third, the resulting neuronal 

time series were fit into the MVAR model to compute the network of connectivity path-
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ways for trust and reciprocity and for within and between brains. After obtaining the con-

nectivity measures the statistical testing was applied to extract significant effects. 

Subsection 3.3.4 Deconvolution 

Proceeding with the analysis was predicated on converting the source fMRI data 

to a form suitable for the MVAR model. Due to the limitations of the fMRI method de-

scribed above any enhancement of the input temporal resolution would have to rely on a 

series of complex signal processing algorithms termed “deconvolution” 176. The algo-

rithm adopted from Dr. Deshpande, was tailored to the needs of this analysis in a custom-

ized script. The output of the script is a 3-D matrix (N�� X N�� X [2 X N���]� of the neu-

ronal time series that are used as input for the next, connectivity stage of the analysis. NTP 

denotes the number of points in a time series, NPR is the number of participant pairs and 2 

X NROI is the number of regions of interest in a pair. 
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Figure 8. Computing Effective Connectivity. 

Within brain: “T > C”, trust; “R > C”, reciprocity. Between brains: “R � T”, reciprocity to trust. 

 

Subsection 3.3.5 Effective Connectivity Analysis 

In the next step, a novel algorithm building on the strength of the original MVAR 

model was developed to provide cross-region connectivity predictions for the de-

convolved neuronal signals 177,178. The model coefficients were allowed to vary as a func-

tion of time, so that the condition-specific connectivity values could be obtained 179. Box-

car functions corresponding to the trust and reciprocity conditions were subsequently 

used to extract connectivity values for the within- and between-brain contexts. Three ma-
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jor steps in the analysis included: (1) Optimization of the model: choosing the right val-

ues for Bayesian information criterion (BIC) i.e., the “order” or “memory” of the system 

and for “Forgetting Factor” (ff) i.e., how quickly the model would converge on a predict-

ed connectivity value; (2) Obtaining the connectivity measures; (3) Testing for statistical 

significance. 

Choosing the optimal value for BIC was predicated on how many predictors (lag 

values) were available within a decision window (Figure 9). With brain images taken 

every 2 seconds during a 6 second decision phase, there is a total of 3 time points in a de-

cision. The diagram does not allow depicting any of the within-brain mapping, but the 

process of obtaining a connectivity measure is illustrated by the arrows at the bottom 

(blue, “trust”; green, “reciprocity”, red “idle”). The middle arrows illustrate how the neu-

ronal signal time series are mapped between the trustee and trustor brains. An estimate of 

connectivity at a given point in a neuronal signal time series (e.g., tT3 for the trustor, tR3 

for the trustee) is based on the current value of the signal and a maximum number of lag 

values (e.g., tT1 and tT2 for the trustor, tR1 and tR2 for the trustee). 

Key to ECA was the notion of connectivity pathway defined by strength (numeric 

value) and direction. Both can be derived from the output of the ECA function – a 4-D 

connectivity matrix �N�� X N�� X N��� X N���� – according to Equation 2. 

Equation 2. MVAR Matrix 

2, number of stages, NTP, number of time points per stage. NPR, number of participant pairs. 4, number of 

conditions of interest = 2 within-brain + 2 between-brain; NROI, number of ROI = NROI for trustor + NROI 

for trustee. 

M = 2 ×  N�� ×  N�� ×  4 × �N���  ×  N���� 
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Figure 9. Defining the Order of the Model. 

Within Brain: (Blue) Trust (tT3, connectivity estimate; tT1 & tT2, connectivity predictors); (Green) Reciprocity (tR3, 

connectivity estimate; tR1 & tR2, connectivity predictors. Between Brains: (Green-to-Blue) Reciprocity-to-Trust. 

 

Equation 2 and Figure 10 illustrate how the matrix defines connectivity mapping for a 

pair of ROI as a function of condition (within-brain/between-brain), player’s role 

(trustor/trustee) and placement (scanner 1/2) at a particular instant in a time series. Thus, 

a within-brain connectivity value is found in a quadrant representing one player, while 

the between-brain values are found in a crosshair of two players vis-à-vis each other. The 

direction of connectivity is set as “row-to-column”. 
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Figure 10. Connectivity Strength and Direction (Row-to-Column) Selection Criteria. 

Within brain: trustor (purple), trustee (pink). Between brains: trustor vis-a-vis trustee (forest green), trustee vis-a-

vis trustor (Lime Green). ROI: r1-r5 (blue) – trustor; r1-r4 (green) – trustee. 

 

In the final step of the analysis, the connectivity values were tested for statistical 

significance in a human-to-human condition of interest (i.e., trust-within, reciprocity-

within, reciprocity-to-trust-between) compared to a human-to-nonhuman or baseline con-

trol condition. Pairwise and between sample t-tests were performed for the within-brain 

and between-brain contexts, respectively with the FDR-correction for multiple compari-

sons thresholded at q(FDR) < 0.05. The outcomes of the analysis were then converted 

from a numeric form into a user-friendly graph format (termed “glass-brain plot”) and 

overlaid onto a normalized brain template using “BrainNet Viewer” 180 – a MATLAB-

based toolbox designed to visualize brain connectomes through the use of Statistical Par-

ametric Mapping 8 functions (SPM, http://www.fil.ion.ucl.ac.uk/spm/). 
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Section 3.4 Results 

Subsection 3.4.1 Functional Analysis 

Neuroimaging data pertinent to the analysis was retrieved from the Krueger et al. 

(2007) study. The ROIs were selected on the basis of their enhanced activation for a be-

havioral condition (trust or reciprocity) and formed distinct neural networks for trust: 

right dmPFC (medial frontal gyrus, BA 9); PCC (cingulate gyrus, BA 23); temporal polar 

cortex (TP, superior temporal gyrus, BA 38); hippocampus (parahippocampal gyrus, BA 

35) and hypothalamus (Table 11); and for reciprocity: right dmPFC (superior frontal gy-

rus, BA 9), dlPFC (middle frontal gyrus, BA 8), lOFC (inferior frontal gyrus, BA 11) and 

precuneus (BA 7) (Table 12). 

 

Table 12 Results of whole brain functional analysis of trust and reciprocity 

Lat Brain Regions BA 
MNI Coordinates 

(mm) 
t 

   x y z  

 a) Trust (Trustor)      

R Dorsomedial PFC (medial frontal gyrus) 9 6 45 23 4.7 

R Posterior Cingulate Cortex 23 5 –15 35 5.3 

R Temporal Polar Cortex (superior temporal gyrus) 38 43 7 –33 4.7 

R Hippocampus (parahippocampal gyrus) 35 24 –35 –8 4.6 

R Hypothalamus – 9 –3 –8 4.7 

       

 b) Reciprocity (Trustee)      

R Dorsomedial PFC (superio frontal gyrus) 9 9 49 40 3.2 

R Dorsolateral PFC (middle frontal gyrus) 8/9 38 7 47 3.1 

R Orbitofrontal Cortex (inferior frontal gyrus) 11 33 32 –37 3.2 

R Precuneus (medial parietal wall) 7 5 –79 50 3.0 

Voxel-wise P < 0.001 in conjunction with a cluster-size threshold of 40 voxels, voxel size = 2 × 2 × 2 mm. Lat, laterali-

ty; R, right hemisphere; L, left hemisphere. 
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Subsection 3.4.2 Behavioral Data 

Participants in the source study had a strong tendency for prevalence of coopera-

tive incentives. Trustors opted to trust more often (84%) than not (16%) and the trustees 

opted to repay trust more often (77%) than defect (7%). However, the trustees differed in 

levels of their concern for the partner (“cooperators” vs. “defectors”). For the “coopera-

tors” group no trustee ever defected their partner’s decision to trust, whereas for the “de-

fectors” group trustors experienced some defections. 

Subsection 3.4.3 Connectivity within Brain 

To identify the effective connectivity of interest, a data-driven MVGC analysis 

was performed for the regions surviving the statistical threshold of q(FDR) < 0.05. The 

analysis revealed varying connectivity across the trust/reciprocity/within-/between-brain 

conditions. Significant causal pathways are depicted graphically in Figures 11-16. For 

trust, three regions in the network (TP, hypothalamus and hippocampus) formed two star-

like topologies, one with dmPFC and another with PCC. The latter two regions estab-

lished a bidirectional connection with each other. This connectivity pattern was preserved 

across stages, but the connectivity strength varied. In Stage 1, dmPFC was first in the or-

der of strength, followed by TP, PCC, hypothalamus and hippocampus (Figure 11, Table 

13). In Stage 2, TP was first and dmPFC was second in the order of strength (Figure 12, 

Table 14). For reciprocity, precuneus, dmPFC and lOFC formed a star-like connection 

181
 with the central dlPFC region and both in Stage 1 (Figure 13; Table 15) and Stage 2 

(Figure 14; Table 16). 
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Table 13 Effective Connectivity during Trust (Stage 1, Partnership Building) 

ROI (BA) Connectivity 

Source  Target Stage 1 P 

Trust (Trustor) 

dmPFC (9) PCC (23) –0.100650 0.00470 

PCC (23) dmPFC (9) –0.068874 0.00012 

TP (38) dmPFC (9) –0.092693 0.01270 

TP (38) PCC (23) –0.077045 0.00003 

Hippocampus (35) dmPFC (9) –0.067079 0.00002 

Hippocampus (35) PCC (23) –0.068064 0.00002 

Hypothalamus dmPFC (9) –0.073249 1.06 x 10–7 

Hypothalamus PCC (23) –0.074405 1.84 x 10–7 

    

t-test, [Human > Control], q(FDR) = 0.05 corrected for multiple comparisons. 

 

 

Figure 11. Effective Connectivity during Trust (Stage 1, Partnership Building). 
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Table 14 Effective Connectivity during Trust (Stage 2, Partnership Maintenance) 

ROI (BA) Connectivity 

Source  Target Stage 2 P 

Trust (Trustor) 

dmPFC (9) PCC (23) –0.090525 0.00006 

PCC (23) dmPFC (9) –0.070257 0.00310 

TP (38) dmPFC (9) –0.101540 0.00034 

TP (38) PCC (23) –0.076091 1.07 x 10–6 

Hippocampus (35) dmPFC (9) –0.064154 1.30 x 10–9 

Hippocampus (35) PCC (23) –0.065877 1.49 x 10–9 

Hypothalamus dmPFC (9) –0.064582 0.00680 

Hypothalamus PCC (23) –0.066605 0.00019 

    

t-test, [Human > Control], q(FDR) = 0.05 corrected for multiple comparisons.  

 

 

Figure 12. Effective Connectivity during Trust (Stage 2, Partnership Maintenance).  
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Table 15 Effective Connectivity during Reciprocity (Stage 1, Partnership Building) 

ROI (BA) Connectivity 

Source  Target Stage 1 P 

Reciprocity (Trustee) 

dmPFC (9) dlPFC (8) –0.059914 4.50 x 10–6 

Precuneus (7) dlPFC (8) –0.061478 1.41 x 10–8 

OFC (11) dlPFC (8) –0.082516 0.00024 

    

t-test, [Human > Control], q(FDR) = 0.05 corrected for multiple comparisons. 

 

 

Figure 13. Effective Connectivity during Reciprocity (Stage 1, Partnership Building). 
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Table 16 Effective Connectivity during Reciprocity (Stage 2, Partnership Maintenance) 

ROI (BA) Connectivity 

Source  Target Stage 2 P 

Reciprocity (Trustee) 

Precuneus (7) dlPFC (8) –0.067855 0.00007 

OFC (11) dlPFC (8) –0.070404 0.00001 

    

t-test, [Human > Control], q(FDR) = 0.05 corrected for multiple comparisons. 

 

 

Figure 14. Effective Connectivity during Reciprocity (Stage 2, Partnership Maintenance). 

 

Subsection 3.4.4 Connectivity between Brains 

Stage 1. The precuneus and lOFC (trustee) were causally linked to the dmPFC 

(trustor). The precuneus was also linked to the PCC (trustor) (Figure 15, Table 17). 
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Table 17 Effective Connectivity between the Trustor and Trustee (Stage 1, Partnership Building) 

ROI (BA) Connectivity 

Trustee Trustor Stage 1 P 

Reciprocity to Trust 

Precuneus (7) dmPFC (9) –0.102570 0.00370 

Precuneus (7) PCC (23) –0.099779 0.00830 

OFC (11) dmPFC (9) –0.105010 0.00830 

    

t-test, [Human > Control], q(FDR) = 0.05 corrected for multiple comparisons. 

 

 

Figure 15. Effective Connectivity between the Trustor and Trustee (Stage 1, Partnership Building). 

 

Stage 2. The topology linked three regions (i.e., precuneus, lOFC and dlPFC) in 

the trustee brain with the dmPFC of the trustor and two of the regions i.e., precuneus and 

lOFC, with the PCC of the trustor (Figure 16, Table 18). 
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Table 18 Effective Connectivity between the Trustor and Trustee (Stage 2, Partnership Maintenance) 

ROI (BA) Connectivity 

Trustee Trustor Stage 2 P 

Reciprocity to Trust 

Precuneus (7) dmPFC (9) –0.099815 0.00026 

Precuneus (7) PCC (23) –0.095545 0.00039 

OFC (11) dmPFC (9) –0.099500 0.00400 

OFC (11) PCC (23) –0.102060 0.00510 

dlPFC (8) dmPFC (9) –0.102700 0.01910 

    

t-test, [Human > Control], q(FDR) = 0.05 corrected for multiple comparisons. 

 

 

Figure 16. Effective Connectivity between the Trustor and Trustee (Stage 2, Partnership Maintenance). 

 

Stage 1 vs. Stage 2. On the trustor’s side, dmPFC and PCC were the only two re-

gions involved in any communication in any of the stages. For the trustee, dlPFC was in-

volved in Stage 2, but not in Stage 1, while dmPFC was absent in both. Connections of 
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the precuneus and lOFC (trustee) to the dmPFC (trustor) and of the precuneus (trustee) to 

the PCC (trustor) persisted across the stages. The connectivity strength varied cross-

stage. In Stage 1, the strongest was lOFC (trustee) to dmPFC (trustor) connection, while 

the precuneus (trustee) to PCC (trustor) was the weakest. In Stage 2, the strongest was the 

dlPFC (trustee) to dmPFC (trustor) connection, while the precuneus (trustee) to PCC 

(trustor) was the weakest. 

Section 3.5 Discussion 

Subsection 3.5.1 Approach 

If a generalized neurocognitive model of trust is to be built, the principles of its 

construction have to agree with the existing evidence on functional components of the 

model. One of the main functional components of trust is decision-making. Yet, the initi-

ative to match the trust model developed in this dissertation against the existing neurobio-

logical models of decision-making was met with a controversy within the domain of de-

cision-making research itself. The research has produced an overall decision-making 

schema that involves two putatively related components. They include a neural circuitry 

of “choice” and “valuation”, fundamental to any decision-making behavior. However, the 

two neurobiological models were produced by two compartmentalized lines of research 

and over the course of several years. As a result, to date, no apparent functional and neu-

ronal links between the two systems have been empirically established 25. This is despite 

the fact, that a wealth of functional evidence implicates the brain’s hidden processes in 

the ability to aggregate subjective values for use in choice 19,182. The exploratory analysis 
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in Chapter 3 set out to provide evidence assisting in closing this gap in the knowledge of 

decision-making in general and in trust decision-making in particular. 

To achieve this goal, the analysis had to apply a combination of methods. First, 

for a connectivity analysis to be valid, the data must be collected on both sides of the in-

teractive task. This was achieved by selecting a dataset from a hyperscan-fMRI study and 

by an extensive search of neurobiological literature for preliminary evidence. Based on 

the evidence, it was conjectured that a group of regions collectively known as “social 

brain” (mentalizing) regions possess the structural and functional properties necessary to 

provide the links between the two decision-making systems. Accordingly, the analysis 

schema would have to be designed in such a way as first, to functionally test the assump-

tion that all three component systems would indeed engage for trust and second, while 

testing, to control for basic mechanisms of reward perception and choice. First step in 

that direction was made in Chapter 2, where the traits were manipulated using IG to ex-

tract the functional maps of reward, choice and mentalizing, specifically for trust and rec-

iprocity. The next step in the analysis was to implement a schema as to allow the control 

for the effects of “choice” and “valuation” and subsequently to allow exploring the “mid-

dle-man” assumption. There were two known approaches to solving the problem: a hy-

pothesis-driven approach, which would require an experiment for testing validity of a hy-

pothesis and a data-driven approach, which would require a researcher to examine the ex-

isting data structure for possible effects for the task. 

This dissertation has adopted the latter approach to examine the source data. But 

first, a functional whole-brain analysis of the existing dataset was conducted to tailor the 
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data to the needs of this analysis. While controlling for the confounding effects of basic 

reward-perception and choice behavior, the analysis found the effect of mentalizing on 

trust in the putative “social brain” ROI. This discovery motivated the choice of this da-

taset for the analysis in the pursuit of anatomical and functional evidence of the “miss-

ing” functional links between the reward and choice systems in the brain. Based on the 

source study evidence of strong presence of social brain in trust, it was conjectured that 

the mentalizing networks might serve as functional links between reward and choice. 

Subsection 3.5.2 Effective Connectivity 

The ROI time series were subsequently fit into the MVGC model to ascertain ef-

fective connectivity between the parietal and prefrontal regions – key to value-choice 

neuronal interactions. As a result, strong frontoparietal effective connectivity pathways 

for both trust and reciprocity were revealed. Furthermore, for trust, the frontoparietal 

dmPFC-PCC pathway provided a bidirectional link. For reciprocity, the link was unidi-

rectional and localized more laterally i.e., precuneus-dlPFC. Both networks formed a 

family of connections around some center of connectivity. For trust, the network formed 

around two central regions, dmPFC and PCC. For reciprocity, the network formed a to-

pology of a star with only one center, dlPFC. A functional role implied by the dmPFC-

PCC pathway could be defined as “Network Bridge”. By definition a “network bridge” is 

understood as a provider of 2-way communication exchange between autonomous and 

functionally significant segments of a network 183. On these grounds, the bridge is in pole 

position at center of communications between the reward and choice segments of the 

network 19,184. 
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Subsection 3.5.3 Connectivity during Trust 

The importance of the dmPFC-PCC connectivity is supported by the evidence 

implicating these regions in tracking subjective value of delayed monetary rewards 182 

and in representing subjective value under conditions of ambiguity 185. Ambiguity and 

delay are embedded in the IG reward structure, which is described by an implicit delay-

magnitude trade-off. The trade-off is an ambiguous intertemporal choice between a larger 

but postponed and an immediate but smaller reward. This evidence indicates that dmPFC 

and PCC are not only anatomically connected to both the reward-processing and action-

selection systems but also play a significant functional role in those systems. 

For PCC, the evidence points at a role of a highly heterogeneous functional and 

anatomical hub, which links together a number of networks “that are functionally distinct 

but that require coordinated changes in activity to allow for efficient cognitive function” 

186-188. Of a particular interest is one of the PCC many links – a structural association with 

the parietal area LIP – key player in the putative “winner take all” frontoparietal model of 

action selection. According to this model, a decision is made based on a highest intrinsic 

subjective value 184,189.  

The dmPFC is similarly known to form alliances with many other segments of the 

decision-making infrastructure such as vmPFC (valuation), lateral parietal cortex (action 

choice) and PCC (mentalizing) 190. Numerous studies of mentalizing and empathy have 

emphasized the convergence underlying perspective taking to dmPFC 191,192. In an exper-

iment that may elucidate a possible role of dmPFC in the IG decision-making, a striking 

similarity between the dmPFC activation dynamic and the reward-learning dopaminergic 
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activity was observed 193. Distinctively however, the dmPFC is engaged for social, but 

not the sensory context and might be able for example, to predict at once a reward and the 

valence of advice used for locating the reward. The activity in dmPFC has also been 

found to correlate with reward prediction error (PE), but only when the PE is linked to a 

trustworthy advice rather than to the reward’s scalar value. 

The TP connectivity findings in this dissertation converge with the earlier data re-

lating together TP, mPFC and PCC 194. Together, these regions comprise a mentalizing 

network involved in decoding information associated with personal memories in the con-

text of interpersonal interactions 195,196. Specifically, TP has been linked to one’s ability 

to interpret social cues (others’ actions) and to relate the social signals and intrinsic emo-

tional states according to a putative “social script” 197. In the IG task, the mentalizing tri-

ad may thus provide another crucial link between the “action choice” and “valuation” cir-

cuits, which can be established by means of mapping intentions to actions in the context 

of social norms (social script).  

Less clear is the meaning of the dmPFC–hippocampus connection, as there is no 

direct evidence of the structural connectivity between the two regions. The apparent 

causal covariance between the regions is likely mediated by a third party structural cou-

pling with the medial temporal lobe and the third party could be PCC 198-201. The dmPFC-

hippocampus connectivity pattern points at a critical utility of episodic social memories 

in the dmPFC global function of acquiring social knowledge about partner’s intentions. 

The results for hypothalamus would also agree with the previous findings con-

firming that the entire “valuation cascade” is strongly modulated by the hypothalamus – 
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the source of “trust hormone” oxytocin. Oxytocin is used by the brain as a means of con-

trolling predispositions to trust in a social context dependent manner  202. 

Subsection 3.5.4 Connectivity during Reciprocity 

The reciprocity network analysis arrived at a rather different connectivity out-

come than has the trust network analysis by identifying a different pattern of “social 

brain” 203,204, whereby the dlPFC was a site of critical input from the dmPFC for valuing 

social cooperation and self-control of impulsivity 205,206. Further, the anatomical overlap 

of the dlPFC cluster with the frontal eye fields area in this analysis, points at a role in 

guiding saccade movements during choice 25. 

The precuneus forming anatomical connections with dlPFC and area LIP 207,208 

has been linked to first person perspective taking 209. In terms of the IG paradigm, that 

might imply a role in evaluating partner’s intentions in relationship to the player’s own 

intentions. Together, the connectivity patterns of the precuneus-dlPFC bridge suggest a 

cognitive link between the parieto-centric “action selection” and the prefronto-centric 

“valuation” circuits during reciprocity.  

The dlPFC connectivity with lOFC might reflect player’s motivation for coopera-

tive conduct given the design of the IG reward structure. In IG, the trustee is tempted to 

defect in favor of a higher payback, but is held back by the concern for social norms and 

by avoidance of betrayal-induced guilt 80. Based on the neuroimaging evidence of the 

lOFC role in encoding for negative reinforcement by punishment or by omission of re-

ward 210, its recruitment may indicate a concern for trustor’s punishment, which can mo-
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tivate the trustee’s norm-compliance behavior even further. In this regard, a surprising re-

sult of the analysis is the absence of insula implicitly “averse” activity in the ROI for ei-

ther reciprocity or trust, which is in contrast to the results generated in Chapter 2. This 

outcome can be explained by Chapter 3 selective focus on the multi-round IG and the re-

gions that are associated with mutually benevolent and cooperative decision-making (i.e., 

trust and reciprocity, but not defection or betrayal). 

Subsection 3.5.5 Connectivity during Reciprocity to Trust 

The importance of the dmPFC-PCC functional tandem in trustor’s decision-

making was emphasized further by the results of the between-brain connectivity analysis, 

where these regions were the only ones ever involved in the interaction with the trustee. 

The dmPFC activity was predictive of the activity in all but one (dlPFC in Stage 1) of the 

three regions involved on the trustee side. The PCC activity was predictive of the activity 

in two of the trustee regions, precuneus (Stage-1 and 2) and lOFC (Stage 2). 

The between-brain analysis provided evidence on what the within-brain analysis 

failed to show – a higher relative contribution of the dmPFC region in trust. For trustor, 

this evidence points at the greater importance of gathering social knowledge and account-

ing for the trustee’s intentions when making trust decisions. The latter would engage the 

trustee’s concern for positive reputation with the trustor (precuneus) mediated through a 

desire to not disappoint the trustor (lOFC). The relationship between the dmPFC (trustor) 

and dlPFC (trustee) in Stage 2 and lack thereof in Stage 1 highlight the differences be-

tween the partnership building stage, when the trustee could be more focused on building 

the reputation (precuneus and lOFC) sought by the trustor (dmPFC) and the relationship 
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maintenance stage, when the temptation to violate trust could be stronger (due to less 

need for the trustee to win reputation towards the end of the game) and would have to be 

controlled (dlPFC).  

The PCC connections indicate both players going through the social adjustment 

process with each other. As noted before, the PCC has been implicated in policy switch-

ing while adjusting to changes in others’ behavior as compared to expectations. The PCC 

(trustor) link to precuneus and lOFC (trustee) could very well model the relationship be-

tween the trustor’s expectations about the trustee trustworthiness and his adjustment to 

the trustee’s actual responses. Additionally, lack of the lOFC “reaction” to PCC in Stage 

1 but not in Stage 2 provides converging evidence that the temptation and subsequent 

guilt feeling towards the trustor could be more prominent in Stage 2 than in Stage 1. 

Subsection 3.5.6 Summary of Outcomes 

The Chapter 3 analyses collectively revealed a series of important aspects of the 

economic interaction in IG. Based on this evidence, it can be concluded that trust and rec-

iprocity are driven by different motives for favoring cooperation. For the trustee who has 

a stake in trustor’s lasting cooperation, the greatest concern is to establish good reputation 

(precuneus) with the trustor. But equally important is the affective motive of avoiding 

guilt (lOFC), which is induced by the trustee temptation to defect and at the same time 

the desire to not let the trustor down. The trustor on the other hand, might be encouraged 

by the partner’s adoption of mutually rewarding, albeit ambiguous, interpersonal deci-

sion-making strategy (dmPFC-PCC-TP-Hypothalamus). 
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CHAPTER 4. General Discussion 

Section 4.1 Objectives 

Subsection 4.1.1 Scope 

The overall goal of the research presented in the current thesis is to examine dy-

namic characteristics of human interpersonal trust and reciprocity. The problem was ap-

proached by asking, what are the neural mechanisms that actually motivate people to del-

egate their goals and tasks to other individuals and to take into account others’ motives in 

order to motivate their own behavior? In Chapter 1, these questions were framed in terms 

of beliefs and decisions of an agent who is pondering whether to turn to another individu-

al in pursuit of his goals. In the subsequent chapters, this class of behaviors was exam-

ined in light of the data collected in earlier studies. Source studies were conducted in a 

natural social interaction of the IG task. IG was designed to study trust and reciprocity 

under the conditions, in which the interacting individuals are expected to demonstrate in-

creased tendency for the alignment of their incentives to cooperate. 

However, inherent in the problem domain of trust and reciprocity is complexity. 

Not only the majority of psychological causes of these behaviors are hidden mental 

states, but also, the course of a cooperative relationship is an intricate sequence of inter-

dependent decision strategies and motivations that vary in time. To deal with the increas-

ing complexity of the varied alternative neurocognitive paths, the necessity to inquire into 

domain-general properties of trust and to construct a comprehensive neurocognitive mod-
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el of trust has emerged. These goals were achieved through the use of data-driven anal-

yses, ALE and MVGC, in which the existing data structures were examined in pursuit of 

task relevant effects. 

Subsection 4.1.2 Meta-Analysis 

First, an “aerial”, more global view on trust and reciprocity was adopted in Chap-

ter 2 and then, a more focused, single-study approach followed in Chapter 3. The study in 

Chapter 2 provided a toolbox that housed all the important instruments to assist in gener-

alizing the discrete phenomena across multiple fMRI studies. For example, the transition 

of trust attitudes throughout the interaction was traced from the offset of the task, when 

players’ anxiety is presumably high, into the later stages, when the anxiety gives way to 

confidence. 

Subsection 4.1.3 Connectivity Analysis 

The combined contribution of the studies reported in Chapter 2 and Chapter 3 is a 

greater comprehension of the incentives to cooperate and their evolution throughout the 

exchange. These findings illustrate that cooperative incentives (as theory would predict) 

while being initially formed as unconditional beliefs, transform throughout the experi-

ence of an interaction into the attitudes that are conditional on the opponent’s response 

history 2. Specific contribution of Chapter 3 is a comprehensive resolution of a long-

standing issue in neuroeconomics study of decision-making. When in decision-making 

research the evidence of strong impact of value signaling on choice-selection became ap-
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parent 164, researchers have made several attempts to combine the two systems and to ar-

rive at a generalized model that is biologically and psychologically valid.  

So far, such attempts have not been very successful. No neurobiological evidence 

had been produced to date of how these two seemingly interdependent systems connect to 

each other. The precise mechanism of how the value signals are projected to the choice 

circuits of the brain has been poorly understood. This dissertation is approaching the 

problem from a novel perspective in the hope to contribute to a resolution. First, Chapter 

2 provides confirmatory evidence of strong links between the two systems by correlating 

lateral parietal cortex to choice and vmPFC to reward-processing in trust. Then Chapter 3 

reveals further computational evidence of effective connectivity between the two sys-

tems. In a series of exploratory studies leading to the proposed analysis it was initially 

theorized that the “missing” functional link could be found in the areas of the brain that 

are anatomically connected to both circuits. Subsequently, an equivalent of a “mediator” 

brain system with a mission to abstract and integrate reward values into behavioral re-

sponses was conceived 211. Since then, strong neuroimaging evidence implicated a net-

work of regions, including dmPFC, medial parietal and temporo-parietal cortices in a 

mental process commonly known as mentalizing. Based on the evidence, it was theorized 

further, that the mentalizing network is anatomically in pole position to mediate the neu-

ral communication between the anatomically distant frontoparietal (choice) and mPFC 

(valuation) networks and must be key to reinforcing trust beliefs nurtured by cooperative 

decision-making. In the next step, a study linking the putative “social brain” to trust was 
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identified and a dataset based on that study was generated subject to further examination 

in the present data-driven analysis. 

Section 4.2 Methods 

Subsection 4.2.1 ALE 

Chapter 2 espoused IG – a useful economic game paradigm to examine trust from 

the economics perspective of utility in decision-making. The analysis in Chapter 2 also 

examined trust from a neurobiological perspective by looking at the neurocognitive 

mechanisms of disambiguating trust’s cognitive dichotomies. The leading forces behind 

the emergence of trust and reciprocity beliefs and decisions (more broadly described as 

“cooperative phenotype” 118) were analyzed in depth. The focus of the analysis was first, 

on the selection of fMRI-IG studies suitable for validating the neuroimaging evidence of 

human propensity for cooperation and second, on linking patterns of individual trust and 

trust repayment choices to the images of brain activity during the exchange. However, no 

single fMRI study would allow a sampling size large enough and a signal-to-noise ratio 

strong enough to ensure reliable generalizations of the behavioral and neuroimaging find-

ings. To overcome the limitations, an ALE meta-analysis approach was implemented to 

inspect the evidence of regional activation in correlation with core cognitive components 

of trust in reciprocity. Comprised of three independent analyses comparing unconditional 

vs. conditional trust, expected (decision) vs. experienced (outcome) utility and trust vs. 

reciprocity, Chapter 2 generated the evidence of consistent activation maxima for trust 

across a selection of fMRI-IG studies. 
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Subsection 4.2.2 Multivariate Granger Causality 

Chapter 3 embarked on a powerful method of analyzing neuroimaging data, 

namely the MVGC analysis, to see whether converging evidence in favor of the new con-

jectures could be provided. This allowed a novel approach as no prior studies of IG have 

addressed either within-brain or between-brain effective connectivity during trust and 

reciprocity in IG. MVGC is a data-driven method and unlike the standard hypothesis-

driven data analysis methods does not require an accurate estimate of the relationship be-

tween the fMRI signal and performance of the experimental task. MVGC provides a 

complimentary approach by testing a hypothesis about the time course of activation in an 

experimental condition vs. control condition. What makes this method relevant to the 

analysis of interaction in economic exchange like IG is its ability to estimate the influ-

ence i.e., effective connectivity of neuronal populations on each other not only within, 

but also between the interacting brains. The outcome of the ECA in Chapter 3 was the to-

pology of task-related effective connectivity pathways among the active regions. 

Subsection 4.2.3 Hyperscan-fMRI 

The source study for Chapter 3 applied a paradigm in which multi-round IG was 

played twice in a row with the same partner. The two runs represented two hypothetical 

stages in the formation of trust relationship, “partnership building” and “partnership 

maintenance”. Importantly, the neural imaging was carried out by simultaneously scan-

ning (i.e., “hyperscanning”) the brains of both partners who were alternating their roles in 

the exchange. The combined methodological approach allowed for truly interactive ex-

ploration of brain activity in two cognitive dimensions, intertermporal and interactional. 
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Section 4.3 Outcomes 

Subsection 4.3.1 ALE 

The results of Chapter 2 demonstrated significant differences in regional activa-

tion between one-shot and multi-round IG. The unconditional trust (one-shot) was linked 

to activation maxima in cingulo-opercular network and hippocampus. The most robust 

maxima were found in anterior insula – an indicator of strong effects of ambiguity aver-

sion on mental state of the trustor. In contrast, the conditional trust was strongly affected 

by how the opponent’s reputation emerged from the course (decision � outcome) of the 

game. The rationale behind using the Chapter 2 findings as a baseline for Chapter 3 was 

to expand on the knowledge of trust dynamics and to analyze the potential mapping be-

tween the tendencies in the behavior and brain activity underlying its cognition. The re-

sults of Chapter 2 put the research inquiry in a new place, allowing an important new 

question: could this kind of understanding of the global network of trust be used to make 

progress in understanding the dynamics of trust? 

Subsection 4.3.2 Connectivity for dmPFC 

The results of Chapter 3 contribute to such understanding. Connectivity analysis 

in Chapter 3 demonstrated that multiple brain areas, found to be part of the trust decision-

making process, showed a strong tendency to interconnect and produce compound con-

nectivity patterns. Indeed, in the trust network the analysis revealed strong bidirectional 

connectivity and therefore strong causal relationship between the dmPFC and medial pa-

rietal cortex. Both the trust-mediated network and reciprocity-mediated network involved 
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dmPFC and medial parietal areas. Intriguingly however, the dmPFC activation, while so 

prominent in Chapter 3 has only shown consistency for reciprocity but not for trust in 

Chapter 2 study. Also, dmPFC and medial parietal cortex were directly connected for 

trust, but not for reciprocity where the two were connected through a third-party region, 

namely dlPFC. 

These results may have several implications. According to earlier studies, the 

dmPFC pattern of activation was shown to be predicated on the already known dopamin-

ergic activity during reward learning, but it manifests itself exclusively for socially sali-

ent information such as that pertaining to theory of mind 193. Individual connectivity stud-

ies of the rostral cluster of dmPFC, matching the one identified in Chapter 3, agree with 

the notion that dmPFC has a role in episodic social memory and mental scene construc-

tion implicit in this region’s connectivity to the PCC and hippocampus 190. The dmPFC 

structural connectivity pattern is known to be distinct from that of the adjacent vmPFC. 

The vmPFC is weakly interconnected with motor areas and while in the right place to 

compute stimulus values, is not in the position to directly influence decisions. In contrast, 

the dmPFC is heavily interconnected with both SMA and the vmPFC involved in valua-

tion 212,213. The dmPFC neurobiological evidence is conducive with the socio-cognitive 

theory claiming that trust is a relationship between the agents who assume “intentional 

stance” 2,214. Based on the overwhelming evidence supporting the notion of a value-to-

choice functional connection, the Chapter 3 outcomes for the dmPFC imply a role for this 

region in the neural communication between the medial frontal (valuation) and parietal 

(choice) decision-making circuits. 
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Subsection 4.3.3 Connectivity for PCC 

As for the medial parietal side of the frontoparietal connection, neurobiological 

literature also implicates medial parietal areas (PCC for trust and precuneus for reciproci-

ty) in mentalizing but for a different constituent role. In contrast to the dmPFC focus on 

social experience, medial parietal cortex is focused on decoding personal experiences in 

social contexts. For example, neuroimaging evidence links PCC and the ability to inte-

grate one’s awareness of self-location and body ownership 215 and to modulate changes in 

subjective motivational state by reacting strongly to salient but not neutral rewards 216. 

The PCC has dense structural connections to many other brain networks, suggesting a 

role as a cortical hub with its primary function to perform integration of distributed neural 

communications 187. Both, PCC and precuneus are highly heterogeneous in structure 

208,217 and facilitate “transitional” connectivity and functional coordination of the adjacent 

networks representing dissociable cognitive domains 218. Such pattern of structural con-

nectivity may reflect a role of a comparator for the medial parietal hub regions, which in-

tegrate and also relay the outcomes of value computations from the vmPFC to intraparie-

tal regions to guide choices.  

Subsection 4.3.4 dmPFC-PCC Bridge 

Chapter 3 study has produced an important and novel finding in relationship to 

the dmPFC connectivity with PCC. This connectivity pathway interpreted as a “commu-

nication bridge” between the circuits of value and choice is strategically situated in the 

brain to compare stimulus values (e.g., monetary options in the task) against action costs 

(e.g., reward delay or betrayal of trust) and to integrate the outcomes of the comparison 
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into the process of computing optimal courses of action 219. Chapter 3 provides evidence 

of the dmPFC serving as the crucial sought-after functional link – a neural system that 

might play a crucial role in mediating the valuation and choice brain systems during deci-

sion-making in trust. 

According to the results, the dmPFC-PCC network bridge was also linked with 

the activity in TP – “a transitional region where many different cortical regions meet” 220. 

The connectivity pattern of TP identified in the Chapter 3 study is in many respects in 

line with the structural connectivity pattern of the anterior temporal lobe, which receives 

anatomical projections from OFC, inferior frontal, perirhinal and insular cortices. Ana-

tomically segregated sensory inputs (e.g., ventral visual stream and OFC) converge in TP 

to integrate perceptual input into the ability to recognize, infer and respond to a host of 

social signals. TP has also been implicated in a large number of mentalizing tasks and 

appears to be associated with socially relevant episodic memory encoded in the adjacent 

hippocampus and amygdala 197. Neuroimaging findings implicating TP in theory of mind 

tasks may reflect the linkage of human ability to recognize social cues and self-regarding 

interpretations and reactions 221. Selectively however, TP responds to only those social 

stimuli that feature a “story”, a narrative or in psychological terms, “social script” 222. 

From the TP evidence, it appears that the IG players learn from their opponent’s past re-

sponses and put their views of the opponent in line with a cognitively developed and con-

stantly updated interaction scenario. These outcomes thus point to the role of TP in keep-

ing track of an event sequence during social interaction, which is done according to ex-

pectations the participants might have about the future of the exchange. 
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Subsection 4.3.5 Connectivity for Reciprocity 

Reciprocity connectivity in Chapter 3 formed a pattern considerably different 

from that of trust. The center of the topology is localized to dlPFC, which receives pro-

jections from lOFC and the mentalizing regions i.e., dmPFC and precuneus. The distinct 

reciprocity pattern might indicate that, in spite of the apparent behavioral similarities, 

players’ inferences about each other’s intentions could be driven by quite dissimilar forc-

es. While the trustor is busy betting on the trustee desire to cooperate, the trustee, when 

trusted, is awarded with more money than the trustor and could be caught in two minds 

between the temptation to defect and avoidance of feeling guilty if defected. The latter is 

evidenced by activation in lOFC and precuneus for reciprocity. The lOFC region has 

been previously linked to aversion reinforcement by punishment or guilt 210. Precuneus 

on the other hand, has been implicated in modeling one’s own behavior based on social 

norms and reputation with others 209. The center of the network, dlPFC, has been previ-

ously implicated in controlling impulsive behaviors and in time discounting of short-term 

rewards in favor of a long term goal 206 – a solid candidate for a position in mediating 

conflicts caused by the trustee decision-making dilemma. 

Subsection 4.3.6 Summary of Outcomes 

In summary, the study of predisposition to trust characterized by ambiguity over 

potential violation of trust (Chapter 2) points at the anterior insula as a critical input to 

mPFC for negative subjective valuation and avoidance of ambiguity. The study of inter-

actional trust, characterized by conditional i.e., reputation-based beliefs (Chapter 2 and 

Chapter 3), reveals a complex pattern of encoding for reward in vmPFC, ventral striatum 
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and PCC (Chapter 2). Mentalizing is likely to engage dmPFC, TP and precuneus (Chap-

ter 3). IPL, dlPFC, SMA and dorsal striatum are recruited for behavioral response selec-

tion (Chapter 2). The study in Chapter 2 also implicates vmPFC and NAc in expected 

utility (decision phase). Lateral OFC and dorsal striatum are the likely neural correlates 

of experienced utility during the outcome (feedback) phase. The results of the reciprocity 

study in Chapter 3 point at lOFC, dmPFC and precuneus as providers of social 

knowledge inputs for the dlPFC. The dlPFC has a role in gating the inputs to control and 

produce socially appropriate behavior. Thus, what emerges is a fairly complex network of 

brain areas that collectively construct subjective value, social knowledge and action se-

lection signals to guide cooperation-driven, inter-personal and inter-temporal choice. 

Section 4.4 Implications and Future Directions 

Subsection 4.4.1 Conclusions 

The most significant findings of this research can be summarized as follows. First, 

the cognitive model of trust was defined to a greater degree of abstraction and clarity. 

Second, the model revealed a number of new generalizable patterns of brain activity and 

connectivity that support trust. Third, it showed strong evidence in support of a third-

party link between the anatomically distant neural circuits underlying the functions of 

reward mapping and choice decision-making in trust. The identified fronto-parietal neural 

connectivity might prove critical to integrating reward values in choice and should be ex-

amined further. Having inherited what was originally a compartmentalized theory of val-

ue and choice, consisting of a mechanistic account of stimulus disambiguation on the one 
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hand, and an anatomically unsubstantiated account of the utility’s role in choice on the 

other, this dissertation developed a unified theory of a domain-general brain system un-

derlying value-guided choice in trust. Fourth, this dissertation provided an improved 

functional dissociation between unconditional and conditional trust, between phases of 

learning trust and between trust and reciprocity by revealing some commonly shared as 

well as dissimilar functional patterns such as the anatomically dissociable brain systems 

engaged for ambiguity resolution and theory of mind. 

Subsection 4.4.2 Outlook 

An improved conceptual understanding of trust introduced in this dissertation 

provides a natural platform and guide to future research. To achieve a higher level of util-

ity the new studies could contribute to this line of research by addressing the measure-

ment of alternative forms of trust, such as trust in information (e.g. trust in advice or tes-

timony) and comparing those forms to the one addressed in this dissertation i.e., trust in 

actions. Or they could improve on the existing measures of trust that have received less 

attention in trust literature such as deficiency of trust in certain psychiatric disorders (e.g., 

generalized social anxiety disorder or bipolar personality disorder).  

Alternatively, there is still room for improvement on the characteristics of the 

proposed model itself. A future meta-analysis could enhance the validity of the results re-

ported here by including a comparison of IG to some other less-studied paradigms of 

trust, such as communication game. A potential effective connectivity analysis, on the 

other hand, could benefit from an enhanced efficiency of the existing fMRI studies or 

from the inclusion of a greater number of hyperscan-fMRI studies of trust should those 
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studies become more readily available in the future. The network model could be ex-

panded further by conducting a connectivity analysis of unconditional trust in addition 

and in contrast to the connectivity findings for conditional trust provided in this disserta-

tion. Collectively, such a thourough and comprehensive approach to trust experimenta-

tion could serve to support the existing neurocognitive models of trust and enhance their 

validity by demonstrating the causal role of functional brain activation and connectivity 

in cognitive modulation of human-to-human trust and reciprocity. 
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APPENDIX B. SUPPLEMENTAL INFO 

 

Supplemental Figure 1 Results of ALE singe-dataset analysis of trust (one-shot IG vs. multi-round) 

Multi-Round Networks (Red): mOFC (vmPFC, NAc, HCd, GP, VA), ventral vis. stream (V2, MT/IT, Pul) & 

frontoparietal (rlPFC, dlPFC, PCC, PCu, IPL, PMC [not shown], SMA, BCd). One-Shot (Green): cingulo-
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opercular network (AI, dACC, fO) & Hip. Random-effects analysis, 5,000 permutations, ALE values, 

q(FDR)<0.05, min. threshold of 100 mm3. Image is overlaid on a normalized brain template using Mango. 
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Supplemental Figure 2 Results ALE image-contrast analysis of trust (one-shot vs. multi-round IG) 

Multi-Round > One-Round (Green): peaks in BCd, HCd & NAc. One-Round > Multi-Round (Blue): peak in AI. 

Random-effects analysis; 5,000 permutations; z-scores; q(FDR) < 0.05; min. threshold of 100 mm3. Image is 

overlaid on a normalized brain template using Mango. 
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Supplemental Figure 3 Results of ALE singe-dataset analysis of trust decision & outcome phases (multi-

round IG) 

Outcome Phase (Green): peaks in lOFC, BCd, HCd, NAc, Putamen, GP, CB, AI, IT & MT. Decision phase 

(Red). Random-effects ALE analysis, 5,000 permutations, ALE values, q(FDR) < 0.05, min. threshold of 100 

mm3. Image overlay on a normalized brain template using Mango. 
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Supplemental Figure 4 Results of ALE image-contrast analysis of trust decision vs. outcome phases (multi-

round IG) 

Decision ∩∩∩∩ Outcome (Red): peaks in right BCd & HCd + bilateral putamen. Outcome > Decision (Blue): peaks 

in left HCd & Putamen. Random-effects analysis; 5,000 permutations; z-scores; q(FDR) < 0.05; min. threshold 

of 100 mm3; Image is overlaid on a normalized brain template using Mango. 
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Supplemental Figure 5 Results of ALE singe-dataset analysis of trust vs. reciprocity (multi-round IG) 

Reciprocity Networks (Green): frontoparietal (rlPFC, dlPFC, dmPFC, vlPFC, PCC, SPL/IPL, BCd & HCd) & 

mPFC (vmPFC, dACC, NAc, GP & VA) + AI, IT/MT, putamen & CB. Trust (Red). Random-effects analysis; 

5,000 permutations; ALE values; q(FDR) < 0.05; min. threshold of 100 mm3; Image is overlaid on a normalized 

brain template using Mango. 
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Supplemental Figure 6 ALE image-contrast analysis of trust vs. reciprocity (multi-round IG) 

Trust ∩∩∩∩ Reciprocity (Red): peaks in rlPFC, NAc (not shown) & putamen. Reciprocity > Trust (Blue): peaks in 

AI, vlPFC, SPL, IPL, IT & V2. Random-effects analysis: 5,000 permutations; z-score values; q(FDR) < 0.05; 

min. threshold of 100 mm3. Image is overlaid on a normalized brain template using Mango.  
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