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ABSTRACT

To identify the neurocognitive mechanisms underpinning the social difficulties that characterize autism, we performed func-
tional magnetic resonance imaging on pairs of autistic and non-autistic adults simultaneously whilst they interacted with one
another on the iterated Ultimatum Game (iUG)—an interactive task that emulates the reciprocal characteristic of naturalistic
interpersonal exchanges. Two age-matched sets of male-male dyads were investigated: 16 comprised an autistic Responder and a
non-autistic Proposer, and 19 comprised non-autistic pairs of Responder and Proposer. Players' round-by-round behavior on the
iUG was modeled as reciprocal choices, and dynamic functional connectivity (dAFC) was measured to identify the neural mecha-
nisms underpinning reciprocal behaviors. Behavioral expressions of reciprocity were significantly reduced in autistic compared
with non-autistic Responders, yet no such differences were observed between the non-autistic Proposers in either set of dyads.
Furthermore, we identified latent dFC states with temporal properties associated with reciprocity. Autistic interactants spent
less time in brain states characterized by dynamic inter-network integration and segregation among the Default Mode Network
and cognitive control networks, suggesting that their reduced expressions of social-emotional reciprocity reflect less efficient
reconfigurations among brain networks supporting flexible cognition and behavior. These findings advance our mechanistic

understanding of the social difficulties characterizing autism.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.
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Summary

« Autism is characterized largely by atypical expres-
sions of social-emotional reciprocity, such as reduced
sharing of interests and emotions during social inter-
action, but research has not yet identified the reasons
for such behavior.

To advance this field of research, we measured brain
activity and behaviors of autistic and non-autistic par-
ticipants while they interacted with each other on an
experimental task designed to emulate the reciprocal
characteristic of real-world social interaction.

We found that autistic participants reciprocated their
partner's behavior less than their non-autistic counter-
parts, and this was associated with altered patterns of
communication and integration among certain brain
networks.

Assuming that these reduced expressions of reci-
procity shown by autistic participants provide an ex-
perimental index of their behavior during real-world
social interactions, this study identifies a potential
mechanism behind the social difficulties reported by
autistic people.

1 | Introduction

Autism is a developmental condition characterized by diffi-
culties in social interaction and communication (American
Psychiatric Association 2013). Given the well-established im-
portance of meaningful interpersonal relationships for mental
health (Santamaria-Garcia et al. 2020), it is essential that we
identify the neurocognitive mechanisms giving rise to such
social difficulties. While considerable progress has been made
in this endeavor (Guo et al. 2024; Lord et al. 2020; Velikonja
et al. 2019), our understanding remains limited because the
experimental paradigms used most commonly fail to capture
the conditions of real-world social interaction under which
interpersonal difficulties manifest—namely, the reciprocal
dynamic through which social interactions evolve (Davis and
Crompton 2021; Thaler et al. 2024). Consequently, studies
often fail to detect atypical interpersonal behavior in autistic
participants (Gernsbacher and Yergeau 2019) despite the so-
cial difficulties they report (Bylemans et al. 2023). Advancing
our understanding of the neurocognitive systems that drive
such difficulties in autism, therefore, requires us to capture
them in real time during more naturalistic social encounters
(Schilbach 2016; Thaler et al. 2024; Wheatley et al. 2019). To
achieve this, the present study performed functional brain im-
aging on pairs of autistic and non-autistic adults while they
interacted with one another on a task designed to emulate the
reciprocal characteristic of social interaction.

The difficulties in social interaction characterizing autism
manifest predominantly as atypical social-emotional reciproc-
ity, such as failures in back-and-forth conversation or the mu-
tual sharing of interests and emotions (American Psychiatric
Association 2013). Identifying the neurocognitive mechanisms
underpinning these behavioral patterns therefore necessitates

experimental paradigms that allow for variable expressions of
interpersonal reciprocity. Reciprocity is defined as mutually de-
pendent and symmetrical exchanges between individuals, and
so its atypical expression in autism necessarily reflects the be-
havior of the non-autistic individuals with whom autistic peo-
ple interact most frequently (Gernsbacher 2006). The iterated
version of the Ultimatum Game (iUG; Avrahami et al. 2013)
is an experimental paradigm that offers an interactive setting
for investigating this interpersonal dynamic. In each exchange,
one player (Proposer) is required to divide a sum of money be-
tween themselves and their co-player (Responder), and the lat-
ter can choose to accept or reject the proposed division. If the
Responder accepts the Proposer's offer, the amount is divided
accordingly; but if the offer is rejected, neither player receives
any money. Unlike the one-shot UG that ends after a single ex-
change, the iterated version is played repeatedly between the
same players and permits expressions of bidirectional reciproc-
ity. In previous studies, we developed a model of bidirectional
reciprocity to estimate the behaviors of Proposer and Responder
dyads on each exchange of the iUG (Shaw et al. 2019, 2018).
This revealed that some players’ behavior (e.g., Responders’ re-
jections or acceptances) was driven by a reaction to how they
felt they had been treated previously; they perceived greater
utility in increasing their partner's relative payoff if they felt
they had been treated fairly in earlier exchanges, but chose
to decrease the partner's payoff in favor of their own if they
felt they had been treated unfairly (positive and negative reci-
procity, respectively). In contrast, other players adopted an un-
wavering strategy; by proposing only divisions that benefited
themselves maximally or accepting only those that they consid-
ered to be fair, they forced their partner into a compromise over
fairness and ultimate payoff.

To the best of our knowledge, no studies have utilized the iUG to
explore reciprocity in dyads of autistic and non-autistic players.
Previous studies employing the one-shot UG report a higher ac-
ceptance of unfair offers in autistic compared with non-autistic
Responders, suggesting the former have a lower aversion to
unfairness (Hartley and Fisher 2018; Molins et al. 2024; Tei
et al. 2018; Wang et al. 2019). These tendencies may be more
apparent in autistic children than adults; however, older au-
tistic individuals appear to implement learned fairness norms
more consistently than non-autistic players (Jin et al. 2020).
Furthermore, behaviors shown in the one-shot version might
not transfer to the iUG because Responders’ motivations will
be very different when they know that Proposers can recipro-
cate their responses in turn. This non-affordance for bidirec-
tional reciprocity in the one-shot format might explain why
some studies report no differences in the behavior of autistic
and non-autistic players (Klapwijk et al. 2017; Trovato 2019;
Woodcock et al. 2020). In this study, we apply our model of bidi-
rectional reciprocity to the behavior of autistic and non-autistic
Responders playing the iUG with non-autistic Proposers to de-
termine if they show systematic differences in their expression
of reciprocity over recursive monetary exchanges.

As with real-world social interactions, iterative exchanges across
the iUG represent a unique two-in-one dynamic that unfolds
non-linearly and unpredictably—through mutual expressions of
reciprocity, both interactants’ behavior at any one moment is si-
multaneously a consequence of and antecedent to their partner’s
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actions. To coordinate behavior in such contexts, the brains of
both interactants must be capable of recruiting and switching
flexibly between networks of neural systems so they can re-
spond and adapt continuously to the rapidly changing demands
imposed by their interaction partner. This is referred to as dy-
namic functional connectivity (dFC; Hutchison et al. 2013). As
such, alterations in dFC might give rise to atypical expressions
of social-emotional reciprocity in autism. Indeed, studies have
shown that autism is associated with altered dFC when the brain
is at rest (Roy and Uddin 2021), during which atypical patterns
of integration and/or segregation are observed among several
intrinsic brain networks—stable large-scale neural circuits that
transiently link distributed brain regions (Uddin et al. 2019).
Frequent examples include the fronto-parietal network, the ven-
tral and dorsal attention networks, and the default mode net-
work (Yeshurun et al. 2021). At rest, the brains of autistic people
spend more time in states of hyper- and hypo-connectivity
among these brain networks (Li et al. 2020; Mash et al. 2019),
and transitions among these dFC patterns differ when compared
to their non-autistic counterparts (Pan et al. 2023; Watanabe
and Rees 2017). Interestingly, the coordinated integration of
these intrinsic brain networks appears to play a crucial role in
supporting interpersonal behavior in non-autistic individuals;
meta-analytic data reveal their combined involvement during
social cognitive functions (e.g., inferring others' intentions; Feng
et al. 2021; Schurz et al. 2020), and our own research has shown
that they integrate systematically during different types of inter-
personal exchange (Shaw et al. 2023).

While these findings suggest that altered dFC might indeed un-
derpin atypical expressions of social-emotion reciprocity in au-
tism, neuroimaging data acquired from this population during
interpersonal settings remain scarce (Jasmin et al. 2023; Peng
et al. 2024; Quifiones-Camacho et al. 2021). This is an important
limitation of existing research given that reciprocal behaviors
and associated dFC patterns are necessarily interpersonal phe-
nomena—they reflect both a reaction and precursor to a fellow
interactant's behavior. In the present study, we estimated dFC
and behavioral expressions of reciprocity from pairs of Proposers
and Responders simultaneously while they interacted with one
another on the iUG. This allowed us to compare behaviors mea-
sured with our model of bidirectional reciprocity and associated
patterns of dFC between autistic and non-autistic Responders,
and between the non-autistic Proposers with whom they inter-
acted, while the pair co-created a unique interpersonal context
through bidirectional reciprocity.

The vast majority of existing studies into dFC in autism have
utilized the sliding-window technique (de Lacy et al. 2017;
Hyatt et al. 2022; Mash et al. 2019; Rabany et al. 2019; Zhuang
et al. 2023; Li et al. 2020)—a window of fixed length is pro-
gressed along a functional time series, and window-by-window
changes in patterns of functional connectivity (FC) are calcu-
lated. The size of each window should be large enough to per-
mit robust FC estimation at lower frequencies in that period yet
small enough to detect potentially interesting between-window
transients. Window sizes around 30-60s have been shown to
achieve robust results in conventional acquisitions (for a review
see Hutchison et al. 2013). However, this approach might miss
the high-frequency changes in FC that are likely to coordinate
reciprocal behaviors during social interaction. An alternative

approach is offered by state-space modeling, whereby observed
patterns of whole-brain FC are represented as a function of in-
dependent and constantly changing latent brain states. Rather
than estimating patterns of FC from data aggregated over dis-
crete windows of predefined length, this data-driven method
applies matrix factorization to the entire time series to identify
a set of latent space variables from which the observed data can
be reconstructed and then estimates the posterior probability of
each latent state at every time point (Taghia et al. 2018). With
greater sensitivity to fleeting patterns of dFC, and by estimat-
ing each state's continuous evolution over time, state-based
approaches are more suited for uncovering the neurocognitive
mechanisms associated with expressions of reciprocity during
social interactions.

The aim of this study was to perform the first direct investigation
of the neurocognitive mechanisms underpinning atypical social-
emotional reciprocity in autistic adults during naturalistic social
interactions. This advances the growing literature on alterations
in functional brain connectivity in autism, which has focused al-
most exclusively on measuring brain activity in children at rest
with analytical methods that do not capture the dynamism of la-
tent whole-brain states. To achieve this, we measured expressions
of reciprocal behavior and concurrent patterns of dFC captured
with a state-space model during the iUG and compared them
between autistic and non-autistic Responders, and between the
non-autistic Proposers who interacted with these autistic or non-
autistic Responders in the game. This second-person paradigm
allowed us to capture the continuous evolution of latent dFC
patterns associated with variable expressions of reciprocity as
they occur during a given social interaction, which cannot be re-
produced by scanning the brains of each interactant sequentially
(Misaki et al. 2021; Redcay and Schilbach 2019; Shamay-Tsoory
and Mendelsohn 2019).

2 | Methods
2.1 | Participants

The dataset included two independent samples: one recruited
specifically for this study that comprised pairs of autistic and
non-autistic adults (AA/NA dyads), and a second recruited for
an earlier study (Shaw et al. 2018) that involved only non-autistic
adults (NA/NA dyads). Both samples were comprised only of
males because sex differences in social interaction (Eagly and
Wood 1991) and brain organization (Ingalhalikar et al. 2014)
have the potential to confound measures of reciprocity and/or
dFC during mixed-sex exchanges.

2.11 | AA/NA Dyads

Seventeen autistic male adults (AA) diagnosed with Autism
Spectrum Disorder (IQ >80; M=107, SE=3; range 83-130) but
no history of substance disorder or epilepsy were recruited from a
database of former patients at University Hospital Brno. The other
17 were non-autistic male adults (NA) recruited from the associ-
ates of Masaryk University (MU) and included individuals with
no history of neurological or psychiatric diagnosis. These partic-
ipants were paired into dyads matched on age and handedness
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(six left-handed). To build on existing research that has focused
on autistic Responders, AA participants always played the role
of Responder and NA participants played the role of Proposer.
The data from one dyad were unusable due to technical prob-
lems, leaving a final sample of 16 dyads (Mage:24.50, +5.96).
The study was approved by the Research Ethics Committee of
MU and the Ethics Committee of University Hospital Brno, and
all participants provided written informed consent prior to the
experimental procedure.

2.1.2 | NA/NA Dyads

This sample comprised 19 male-male dyads reported in (Shaw
et al. 2018) that were age-matched to the final AA/NA sample
(Mage:24.51, +3.76). These participants were recruited from
the associates of MU and reported no history of neurological or
psychiatric diagnoses. This study was approved by the Research
Ethics Committee of MU, and all participants provided in-

formed consent prior to the experimental procedure.

2.2 | Procedure

Both sets of dyads underwent a single testing session at the
same research facility (CEITEC MU). The individuals compris-
ing a dyad were introduced to one another for the first time on
the day of the experiment and told explicitly that they would
interact with the same individual to whom they had just been
introduced. The experimental protocol for the AA/NA dyads
comprised the Autism Spectrum Quotient and a single run
of the iUG, and—for the AA sub-group only—the Childhood
Autism Rating Scale 2-HF. For the NA/NA dyads, the protocol
comprised two successive runs of the iUG (each identical to
the iUG played by the AA/NA dyads) followed by one run of
the Dictator Game and two self-report instruments measuring
trait empathy (Interpersonal Reactivity Index; Davis 1983) and
emotion regulation tendency (Action Control Scale; Kuhl 1994).
Since data from the Dictator Game and responses to these ques-
tionnaires were not administered in the AA/NA sample, they
are not analyzed in the present study. More importantly, in the
analyses described henceforth, we only consider data from the
first run of the iUG performed by NA/NA dyads to ensure com-
parable comparisons between the two dyad sets.

2.3 | Materials
2.3.1 | The Iterated Ultimatum Game

The iUG was identical to the one employed in our earlier study
(Shaw et al. 2018). All rounds consisted of three 4-s periods
(Choice, Offer, and Decision) and were separated by a jittered
inter-trial interval for 2-4s. During the Choice period, players
were presented with two alternative divisions of 100 CZK (the
choice set; approximately €4) and Proposers were instructed
to select one option to offer the Responder. Proposers could
make their choice at any time during the 4-s Choice period,
but it was not indicated to the Responder until a subsequent
Offer period. During the 4-s Offer period, the Responder could
either accept or reject the proposed division at any time, but

their decision was not indicated to the Proposer until a sub-
sequent 4-s Decision period. To encourage reciprocity, choice
sets always comprised two unequal divisions of money that
differed in the direction of inequity: In Proposer-Responder
(PR) rounds, Proposers were forced to make a choice between
two divisions that presented the greater payout to either them-
selves or the Responder (e.g., 70:30 or 30:70). Conversely, in
Proposer-Proposer (PP) rounds, both divisions were advanta-
geous for the Proposer but varied in the magnitude of ineq-
uity (e.g., 70:30 or 60:40). For ease of interpretation, we refer
to offers that maximize the Responder's payout as “fair” and
those that maximize the Proposer's payout as “unfair”. As a
means of localizing brain responses specific to these mone-
tary exchanges, among them we intermixed 30 control (CTRL)
rounds; following the same sequence, Proposers were in-
structed to choose between two different divisions of color,
and Responders could accept or reject the proposed division
(see Figure 1). The Supporting Information provides a full list
of choice sets and the instructions given to participants.

The iUG included 30 PR, 30 PP, and 30 CTRL rounds presented
in a pseudorandomised sequence optimized for contrast de-
tection between conditions using a genetic algorithm (Wager
and Nichols 2003). The number of remaining rounds was not
disclosed to participants at any point. All the stimuli were pre-
sented to both players simultaneously throughout the entire
interaction. At the end of the game, participants received the
monetary outcome of three rounds selected randomly.

2.4 | Autism Assessment

The Childhood Autism Rating Scale-2HF (CARS-2; Schopler
et al. 2010) is a clinician-rated scale for the assessment of autism
symptomatology, consisting of 15 items, each rated from 1 (no
abnormality) to 4 (severe abnormality; cut-off =28). The average
CARS-2 score in our sample was 30.5 (+2.9; range 27-37). The
CARS-2 was administered by an experienced psychologist who
works routinely with autistic individuals (PH).

The Autism Spectrum Quotient (AQ; Baron-Cohen et al. 2001)
is a 50-item questionnaire that measures autistic traits within
different domains on a 4-point Likert scale ranging from 1
(“Definitely agree”) to 4 (“Definitely disagree”). The assessed
domains include social skills, attention switching, attention
to detail, communication, and imagination. A score above
29 is considered indicative of autism (Broadbent et al. 2013).
AQ scores differed significantly between autistic (M =26.4,
SD=6.6) and non-autistic individuals (M=14.9, SD=6.0;
f3y=—5-19, p<0.001).

2.5 | MRI Data Acquisition and Preprocessing

Structural and functional brain images were acquired from both
participants of a given pair simultaneously with one of two iden-
tical 3T Siemens Prisma scanners, and the images from both sets
of dyads were pre-processed identically using FMRIB's software
library (FSL; Jenkinson et al. 2012). In addition to standard
motion correction routines, we used Independent Component
Analysis to identify artifactual signals arising from residual
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FIGURE1 | Experimental paradigm. On experimental (iUG) rounds, Proposers selected between two alternative monetary divisions to offer the
Responder (Choice), after which their choice was presented, and Responders had to accept or reject the proposal (Offer). The Responder's decision
was then presented subsequently (Decision). The rounds were separated by the jittered inter-trial interval (ITI). The same sequence and timings were
followed in Control (CTRL) rounds, but Proposers chose between two alternative divisions of color and the Responder decided whether to accept or
reject the offer. In these examples, the unfair offer made by the Proposer on a Proposer-Responder (PR) round of the iUG is rejected by the Responder

(left), while the offer made on the CTRL round is accepted (right).

head motion and physiological noise and subsequently regressed
these from the time series. Full details of the data acquisi-
tion and preprocessing protocols are provided in Supporting
Information.

2.6 | Reciprocity Modeling

To quantify each players’ behavioral expression of reciproc-
ity during the iUG, we adapted a Cox's reciprocity model (Cox
etal. 2007). This model involves an evaluation of the choice set in
terms of the final relative payout between the players, thereby ac-
counting for inequity aversion (Bolton and Ockenfels 2000; Fehr
and Schmidt 1999). Unlike other models (Molins et al. 2024),
our adaptation incorporated data from both interacting players
simultaneously to quantify the influence of emotional reactions
to a co-player's previous responses. This allowed us to capture
more accurately the interdependency of dyadic interactions.
Full specification of the estimation procedure is provided in the
Supporting Information.

2.7 | Dynamic Functional Connectivity

We extracted an average time series (690 measurements) from
all voxels comprising each of the 400 non-overlapping cortical

parcels defined by Schaefer et al. (2018). This parcellation cap-
tures the topographical structure of the following seven func-
tional networks detected reliably in resting-state fMRI data
(Thomas Yeo et al. 2011): the visual (VN) and somatomotor
(SMN) networks, the dorsal and ventral attention networks
(DAN and VAN), the limbic network (LN), the fronto-parietal
network (FPN), and the default mode network (DMN).
Extracting time series from each network node enabled assess-
ment of dynamic functional connectivity (dFC).

To these parcellated time-series, we applied a state-space dFC
analysis. Unlike sliding-window approaches, this technique as-
sumes that observed brain activity at any moment is generated
by a smaller number of underlying latent (hidden) states of brain
connectivity with lower dimensionality. These latent states and
their temporal evolution during the iUG were identified with
Bayesian Mixture of Factor Analyzers (BMFA; Ghahramani
and Beai 2000)—an alternative to Bayesian Switching Factor
Analysis (Taghia et al. 2018) that does not model any tempo-
ral dependencies among states and is therefore influenced less
by lower sampling frequencies (Ezaki et al. 2021). To identify
role-specific states of dFC expressed across both dyads and
compare the temporal evolution of each state between them,
BMFA was applied separately to the parcellated time-series
from all 35 Proposers and 35 Responders from the AA/NA and
NA/NA dyads.
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The number of states to extract was determined with Variational
Bayesian Approximation: BMFA was computed for 2-15 States,
and each number of states was estimated 40 times with random
initializations and estimation convergence controlled by Free
Energy and parameter change. Several metrics of fit were de-
rived from this process: silhouette and point-biserial correla-
tion coefficients, and Davies-Bouldin, Calinski-Harabasz, and
Dunn indices. The optimal number of brain states for each role
was determined by the median of optimal values derived from
each criterion (Brunet et al. 2011).

For each of the optimal set of states, BMFA estimated its pat-
tern of covariance among the 400 cortical parcels at the group
level (across all 35 Proposers or Responders) and its posterior
probability at every time point of each individual's full fMRI
time-series (throughout the entire iUG). The dominant state
was identified at each time-point—that is, the state with the
highest probability of occurrence (winner-takes-all approach).
The time-series was then divided into epochs of a sustained
dominant state, from which four temporal characteristics
were calculated: coverage—the overall ratio of time frames in
which that state dominates, occurrence—the number of times
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per minute that the state emerged dominant, lifetime—the
mean duration of all epochs in which the state dominated,
and transition probability—the probability with which each
dominant state persisted from one moment to the next or
transitioned to another state (within- or between-state transi-
tions). In addition to these task-level temporal characteristics,
we segmented and concatenated each individual's probability
time series for a given state into rounds of each condition—PP,
PR, and CTRL and subsequently calculated each state's cover-
age and transition probability across all rounds of a given con-
dition, the latter computed only from consecutive time points.
The analysis pipeline is illustrated in Figure 2.

2.8 | Analytical Plan

To allow for comparisons with existing literature, iUG perfor-
mance was measured with traditional composite indices (the
frequency of fair/unfair offers and their acceptance/rejection)
in addition to the reciprocity modeling. Using non-parametric
Mann-Whitney tests and False Discovery Rate to correct
for multiple comparisons (Benjamini and Hochberg 2016),
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Processing pipeline for dFC. After pre-processing, the fMRI data were parcellated into 400 regions. The representative time-series for

every region across all participants were entered into the Bayesian Mixture of Factor Analyzers (BMFA) model. The model was estimated repeatedly
with random initialization and 2 to 15 States. The optimal run of the BMFA estimation was selected according to metacriterion comprising sever-
al metrics. Each resulting state was subsequently described by a group-specific FC matrix and its probability time-series for each participant. The
winner-takes-all (WTA) approach was employed to construct participants’ state sequences, which were used to compute temporal characteristics for
each state. These characteristics were then subjected to statistical comparisons. The BMFA model was estimated separately for groups of Proposers
and Responders.
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behavioral indices and temporal characteristics of role-specific
latent brain states were compared between the two groups of au-
tistic and non-autistic Responders, and between the two groups
of non-autistic Proposers from the AA/NA and NA/NA dyads.
Sensitivity analysis performed in G*Power indicated that at
a=0.05, these between-group comparisons could detect large ef-
fects (r>0.47) with 80% power (Faul et al. 2007). Brain-behavior
associations were investigated using the Spearman correlation
coefficient.

3 | Results
3.1 | Behavior

Our adaptation of Cox's reciprocity model correctly estimated
the responses of non-autistic Proposers and autistic Responders
comprising the AA/NA dyads on 72.1% (£12.6) and 77.9% (+18.7)
of iUG exchanges, respectively; and the responses of non-autistic
Proposers and Responders from the NA/NA dyads on 71.6%
(£8.6) and 81.9% (£10.7) of exchanges, respectively. Estimates of
reciprocity from this modeling procedure were significantly lower
among autistic Responders from the AA/NA dyads (Mdn=0.04,
IQR=0.08) compared with their non-autistic counterparts from
NA/NA dyads (Mdn=0.13, IQR=0.04; Z=-3.21, p<0.001,
r=-0.54). More conventional iUG indices revealed no differences
between autistic and non-autistic Responders in their acceptance
rates of unfair offers across PP (Mdn, ,,,=0.05, IQR=0.90;
Mdny, ,=0.50,IQR=0.81; Z=—1.75, p=0.082, r=—0.30) or PR
rounds(MdnAA/NA=0.47,IQR=0.68;ManA/NA=0.65,IQR=0.32;
Z=-1.29, p=0.202, r=—0.22), but autistic Responders accepted
fair offers significantly less frequently relative to their non-autistic
counterparts across both PP rounds (Mdn , , /na=0.86,IQR=0.30;
ManA/NA: 1.00, IQR=0.00; Z=-2.58, p=0.009, r=-0.44)
and PR rounds (MdnAA/NA: 0.88, IQR=0.25; Mdn =1.00,
IQR=0.00; Z=-3.59, p<0.001, r=—0.61).

NA/NA

In contrast, reciprocity estimates of non-autistic Proposers
from both sets of dyads were comparable (Mdn, , \,=0.08,
IQR=0.06; Mdn,, ., =0.06, IQR=0.04; Z=-1.76, p=0.082,
r=-0.30), but the proportion of fair offers on PR rounds (fa-
voring either Proposer or Responder) was significantly lower
among non-autistic Proposers who interacted with non-autistic
Responders (ManA/NA=O.37, IQR=0.30; MdnAA/NA=0.58,
IQR=0.42; Z=-2.90, p=0.003, r=-0.49). No such difference
was observed on PP rounds, however, when the fairer offer
represented a choice of less over more advantageous inequity
from the Proposer's perspective (Mdn, , \, =0.93, IQR=0.17;
Mdn, =090, IQR=0.37; Z=-1.04, p=0.306, r=-0.18).
The results of these direct comparisons between the AA/NA
and NA/NA dyads for Responders and Proposers are illustrated
in Figure 3.

3.2 | Dynamic Functional Brain Connectivity
3.2.1 | Latent Brain States
The median metacriterion indicated that 4- and 5-State solu-

tions were optimal for Proposer and Responder roles, respec-
tively (see Figure S1). As illustrated in Figure 4, three of four

role-specific latent dFC states showed striking similarity across
both dyad sets, with all states exhibiting high interhemispheric
symmetry.

State 1 is characterized by strong positive correlations between
SMN and VAN, and positive but somewhat less consistent cor-
relations among the DAN and VN. This state also comprises a
mixture of weaker positive and negative correlations among se-
lected nodes of the DMN, FPN, and LN networks.

State 2 represents positive correlations among the DMN, FPN,
VN, and to some degree between the DAN and LN. Interactions
between the attentional networks DAN and VAN are less strong
in this state and consist of both positive and negative associ-
ations. Similarly, the SMN shows negative correlations with
other networks, particularly the FPN, DMN, and certain nodes
of VAN.

The pattern of State 3 differs markedly between the two roles: In
Proposers, this state consists of relatively strong and consistent
correlations between most of the networks except the DMN and
LN, where both positive and negative associations emerged. In
contrast, this state is connected more weakly in Responders—
while the DAN and FPN are largely co-activated, less compre-
hensive functional connectivity emerged within and between
VN and VAN, and the DMN is largely segregated.

State 4 can be characterized as a whole-brain hyper-connected
state. It is represented by very strong associations among all net-
works except the LN, which seems to be co-engaged much less.

State 5 in Responders can be summarized as another densely
(albeit less strongly) inter-connected state capturing strong in-
teractions among the investigated networks, with the exception
of the DAN.

Patterns of hyperconnectivity such as those comprising State
4 might reflect global brain signal (GS), which has been at-
tributed traditionally to measurement artifacts. We therefore
conducted analyses to determine the extent to which the GS
contributed to each of the latent brain states we have observed.
For each participant, their GS was fitted to the time-series
extracted from each of the 400 parcels to determine the pro-
portion of covariance explained by the GS. While the cova-
riance pattern of State 4 was indeed explained by GS to the
greatest degree in both Proposers and Responders, it contained
a large amount of covariance unexplained by GS variability.
Furthermore, GS contributed only marginally to the covari-
ance of the other latent states. The results of these analyses are
presented in Figures S2 and S3.

3.2.2 | Group Differences

Across the entire iUG, autistic Responders demonstrated sig-
nificantly lower coverage (Z=-2.68, p=0.007; r=-0.45)
and occurrence (Z=-2.93, p=0.003; r=-0.50) of State 1.
Correspondingly, transitions from State 1 to State 4 (Z=-3.49,
p<0.001; r=-0.59) and from State 2 to State 1 (Z=-3.39,
p<0.001; r=—0.57) were significantly less probable in autistic
compared with non-autistic Responders. No other differences
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survived the FDR correction. In contrast, non-autistic Proposers
from the two sets of dyads did not differ in any of the indices
(see Figure 5).

When examining condition-specific metrics, autistic Responders
showed significantly less coverage than their non-autistic coun-
terparts for State 2 in the PR condition (Z=-2.73, p=0.005;
r=—0.46). Perhaps for this reason, there were significantly
fewer within-state transitions for State 2 in the PR condition
for autistic compared with non-autistic Responders (Z=-2.99,
p=0.002; r=-0.51; see Figure 6).

3.3 | Brain-Behavior Relationships

In non-autistic Responders, player-specific reciprocity parameters
were correlated positively with the lifetime of State 2 (0=0.539;
p=0.017;95% CI [0.10, 0.80]) and negatively with State 1 to State
4 transitions (o=-0.660; p=0.002; 95% CI [—0.86, —0.28]). In
other words, stronger reciprocity in non-autistic Responders was
associated with a lower probability of transitioning from State 1
to State 4—a globally hyperconnected state with variability ex-
plained partly by the GS. In contrast, the only metrics related to
reciprocity expressed by autistic Responders were the transition
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from the hyperconnected State 4 to State 2, the latter character-
ized by an integration of DMN, FPN, DAN, and VN and segre-
gation of SMN and VAN (p=-0.534, p=0.033; 95% CI [-0.82,
—0.04])—the lower probability of transitioning between these
latent states was associated with stronger reciprocity.

In Proposers from NA/NA dyads, a greater expression of recip-
rocal behavior was associated with a larger coverage (0=0.521;
p=0.022;95% CI[0.07,0.79]) and a higher occurrence (o =0.561;
p=0.012; 95% CI [0.13, 0.81]) of State 3, characterized by

consistent and relatively strong integration of the SMN, VAN,
DAN, FPN, and VN, and segregation of the LN and (less consis-
tent) engagement of the DMN (see Figure 7). Tables S2-S5 pres-
ent all brain-behavior correlation matrices.

4 | Discussion

This is the first investigation of dynamic functional connectiv-
ity (dFC) as it unfolds in the brains of autistic and non-autistic
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adults while they engage with one another in naturalistic social
exchanges. By applying a model of reciprocity to interactive
behavior on the iterated Ultimatum Game (iUG), we show evi-
dence of reduced expressions of reciprocity in autistic compared
with non-autistic adults. Furthermore, using a state-space anal-
ysis of dFC, we reveal that these reduced expressions of reci-
procity are associated with latent brain states defined by less
dynamic integration and segregation among large-scale brain
networks—particularly among the DMN and cognitive control
networks (e.g., FPN, VAN). Together, these findings offer novel
mechanistic insights into the neurocognitive mechanisms that
give rise to atypical expressions of social-emotional reciprocity
characterizing autism.

The reduced expressions of reciprocity that we have observed
converge with other reports of altered reciprocal behavior mea-
sured during interaction between autistic and non-autistic adults:
autistic individuals have been shown to make fewer reciprocal
contributions and express lower reciprocal flexibility during
(non-verbal) interaction (Backer van Ommeren et al. 2022), ex-
hibit less dynamic updating of communicative signals during
an ongoing interaction (Wadge et al. 2019) and a greater reli-
ance on prior information about a co-player's reputation despite
repeated contradictory experiences (Maurer et al. 2018). Our
observation of similar rejection rates to unfair offers but fewer
acceptances of fair offers (i.e., those favoring Responders) in au-
tistic compared with non-autistic Responders diverges from pre-
vious studies, however, which report more frequent acceptance

of unfair offers and a comparable acceptance rate for fair offers
in autistic relative to non-autistic Responders during the one-
shot UG (Jin et al. 2020; Molins et al. 2024; Tei et al. 2018; Wang
et al. 2019; but see Sally and Hill 2006; Trovato 2019; Woodcock
et al. 2020). These discrepancies likely reflect a fundamental
difference between the two paradigms—namely, the influence
of Responders' decisions on subsequent Proposer offers during
iterated exchanges. Nevertheless, similar interpretations can
be applied to these findings: they might reflect differences be-
tween autistic and non-autistic Responders in their ability, will-
ingness, or strategic motivation to infer the intentions behind
Proposers' offers (Sally and Hill 2006). This would have been
exacerbated in the current study by the fact that autistic individ-
uals were never given the chance to take the role of Proposer and
thus adopt their alternative perspective. Alternatively, autistic
Responders may have implemented more consistent and/or ob-
jective fairness norms when responding to contextual changes
(Forbes et al. 2023; Forgeot D'Arc et al. 2020).

The tendency for autistic individuals to respond with greater
consistency to contextual manipulations has been doc-
umented across various economic paradigms. Examples
include inflexibility to changes in the social closeness be-
tween interactants or the explicit motivations of a supposed
co-player (Forbes et al. 2023; Forgeot D'Arc et al. 2020), the
presence or absence of punishment (Hase et al. 2023), or out-
come framing effects (Molins et al. 2024). These findings sug-
gest that autistic Responders on the iUG might have behaved
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according to objective fairness norms rather than interpret-
ing Proposers’ offers as (communicative) signals of their in-
tentions (e.g., Proposers offering divisions that maximally
disadvantage them as a means of communicating their coop-
erative intention). This would be consistent with the general
strategy applied by autistic individuals on a gambling task ir-
respective of the intentions of a supposed co-player (Forgeot
D'Arc et al. 2020). In turn, non-autistic Proposers might not
have understood the motivation of autistic Responders to re-
ject fair offers and attempted to increase the number of ac-
ceptances by offering monetary divisions that disadvantaged
themselves; such offers were significantly more frequent in
AA/NA compared with NA/NA dyads. This could reflect a
mismatch between autistic and non-autistic (social) cognitive
processing styles, as suggested by the double empathy problem
(Milton 2012). Alternatively, autistic Responders might have
found it more difficult to adjust their decisions flexibly during
the event-related design we employed in the present study,
whereby the nature of choice sets changed on each successive
round. The decision-making of autistic adults in ambiguous
situations has been shown to be affected by the predictability
of the outcome (Macchia et al. 2024), and so the uncertainty
of iUG interactions could have played a role in their less flex-
ible (reciprocal) behavior. In this light, altered social-emo-
tional reciprocity in autism might reflect a reduced sensitivity
to contextual changes (cognitive inflexibility) in the face of
rapidly and unpredictably changing demands encountered

during real-time social exchanges (Forgeot D'Arc et al. 2020;
Tei et al. 2018).

Ourinterpretation thatreduced reciprocityin autistic Responders
reflects a more general decrease in sensitivity to context aligns
with the state-space dFC patterns we have revealed. The differ-
ences we have identified in the dynamics of latent brain states
between autistic and non-autistic Responders are largely con-
sistent with existing evidence of altered FC in the autistic brain
at rest: less frequent brain-state transitions (de Lacy et al. 2017;
Watanabe and Rees 2017), atypical inter- and intra-network
transitions (hypo- and hyper-connectivity; Pan et al. 2023),
atypical within-network nodal relationships (Yue et al. 2022)
and fewer dissociable states of time-varying connectivity among
brain networks (Rabany et al. 2019). Such aberrant connectiv-
ity is reported most frequently among the DMN, V/DAN, and
the FPN, but also within VN and SMN, which are interpreted
to reflect more stable neural processing (Ilioska et al. 2023;
Watanabe and Rees 2017; Wang et al. 2022). Our data showed
that autistic and non-autistic Responders differ specifically in
the dynamics of latent brain states that involve consistent and
complex interplay (coordinated integration and segregation) of
the same large-scale networks (States 1 and 2). More specifically,
these two latent states differed in the degree of connectivity be-
tween the DMN and the set of networks implicated in cognitive
control (i.e., FPN, DAN). This finding confirms the importance
of these network configurations in social cognitive processing
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(Maliske and Kanske 2022) and is in line with reduced within-
and between-DMN connectivity shown in autistic individuals
elsewhere (de Lacy et al. 2017; Pan et al. 2023; Watanabe and
Rees 2017). Differences in State 2 dynamics were specific to the
PR condition, where the player's decision involves the strongest
conflict between self and other interests, and so the integration
of the DMN could be indicative of more effortful and controlled
cognitive processing in response to increasing task complexity,
during which the DMN is believed to assist in the formation of
abstract representations by integrating information from other
brain networks (Yeshurun et al. 2021). The positive relationship
between State 2 and expressions of reciprocity further suggests
that the duration of coordinated activity between the DMN and
FPN and the concurrent disengagement of SMN and VAN are
important for interactive behaviors in non-autistic Responders.
Similar patterns of strong functional connections between the
same networks were characteristic of latent brain states iden-
tified in our earlier work, where they differentiated between
cooperative and competitive exchanges in non-autistic interac-
tants (Shaw et al. 2023).

On the other hand, a negative covariance between the DMN
and cognitive control networks characterizing State 1 should
emerge when there is a need for external focus on social signals
that require immediate response (Schurz et al. 2020). Social in-
teractions necessitate coordinated internally and externally fo-
cused mentation, requiring a flexible balance between network
configuration patterns (Maliske and Kanske 2022); to effec-
tively reciprocate a partner's behavior, we must carefully mon-
itor their behaviors (e.g., a Proposer’s pattern of offers) in order
to generate inferences about their momentary motivational, in-
tentional, and affective state, and adjust our own behavior ac-
cordingly. The lower coverage of State 1 in autistic Responders
might reflect less efficient network reconfigurations supporting
these cognitive processes, which could reduce social-emotional
reciprocity and make social encounters more challenging.
However, similar direct comparisons between autistic and non-
autistic samples might not be appropriate. While higher general
cognitive abilities have been found to be associated with greater
stability of brain dynamics at rest in autistic adults, they are cor-
related with more flexible brain dynamics in non-autistic adults
(Watanabe and Rees 2017). These differences in relationships
between brain dynamics and cognition highlight the need for
further investigations.

State 4 was prominent in both Proposers and Responders during
the iUG. This hyperconnected state has been observed in earlier
studies, including those that have employed a sliding-window
approach (e.g., de Lacy et al. 2017; Mash et al. 2019). In the pres-
ent study, we show that a substantial amount of the covariance
captured by this latent state was shared by the global signal,
which is interpreted commonly to reflect artifactual signals (e.g.,
respiration; Zhang and Northoff 2022). Recent research suggests
that the global signal may, in fact, contain important informa-
tion; however, linking it to arousal, task performance (Zhang
et al. 2020), and differences between clinical and non-clinical
groups (Gotts et al. 2013). These findings have been taken as
evidence that global brain activity reflects an equilibrium of
internal signals and task-related demands, and its alteration in
clinical groups may underpin differences in cognitive process-
ing (Zhang and Northoff 2022). State 4 may therefore reflect

(at least in part) this global internal-to-external coordination.
Reduced transition probabilities to (in NA Responders) and from
(AA Responders) State 4 were associated with stronger expres-
sions of reciprocity, potentially indexing a form of dysregulation
or internal-external disequilibrium. This finding should encour-
age future research on autism and social interaction more gen-
erally to consider the role of global brain activity. Interestingly,
task-related hyperconnectivity that seemed to facilitate typical
conversation has been recently reported during a naturalistic
interactive setting in autistic adults even after accounting for
global activity (Jasmin et al. 2019, 2023).

It is important to acknowledge that some limitations of the
present study can be overcome in future research. Although
our sample sizes were sufficient to detect the large between-
group differences we have revealed, these findings require
replication in larger and more heterogeneous autistic samples.
Further, we compared dyads comprising autistic Responders
and non-autistic Proposers with those comprised of non-autistic
participants. While social interactions between autistic and
non-autistic individuals are most common in everyday life, it
has been shown repeatedly that social exchanges between two
autistic individuals can be equally efficient and achieve compa-
rable levels of rapport as those observed in non-autistic dyads
(Crompton et al. 2020; Rifai et al. 2022). Similarly, given known
sex differences in social cognition (Proverbio 2023) and brain
connectivity in the autistic population (Roy and Uddin 2021),
our focus on male-male dyads precludes any generalization of
our findings to autistic females. Second, although a lack of fram-
ing effects suggests that emotional responses do not contribute
significantly to the performance of autistic adults on (non-
interactive) economic games (Molins et al. 2024), emotional
management could influence fairness processing and reciproc-
ity in autistic individuals (Jin et al. 2020). Indeed, our reciproc-
ity model incorporated a given player's emotional reaction to
the prior behavior of their co-player. Unfortunately, behavioral
measures of emotion regulation were not included in this study
and we encourage future studies to examine the role of emo-
tion regulation abilities in reciprocity expression (Woodcock
et al. 2020). Subjective perceptions of interaction quality (Rifai
et al. 2022) from both dyad members should also be included
to complement more objective behavioral indices of reciproc-
ity. Next, we examined dFC among brain networks defined by
a cortical parcellation derived from the brains of non-autistic
samples (Schaefer et al. 2018). However, studies have reported
increased variability in the topographical organization of brain
networks in the autistic population, with the DMN, DAN,
SMN, and VAN shown to be shifted from their typical locations
(Benkarim et al. 2021; Nunes et al. 2019) and such variability
could have contributed to our results. Finally, our current de-
sign precluded investigation of between-brain coupling in dFC
patterns; players' choices were presented to their co-players after
a variable delay, and so there was no fixed contingency between
the actions of one player and the brain responses of another. By
showing players the choices of their partner in real time, future
studies can start to identify if the neural alignment that we have
observed previously in discrete brain regions (Shaw et al. 2018)
extends to whole-brain patterns of dFC.

By acquiring behavioral and fMRI data from pairs of autistic
and non-autistic males engaged in naturalistic bidirectional
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social exchanges and applying sophisticated data modeling
techniques to these data, this study reveals for the first time that
reduced expressions of interpersonal reciprocity in autism are
associated with altered temporal characteristics of latent brain
states characterized by coordinated inter-network integration
and segregation of cognitive networks and DMN. Assuming
that the reduced expressions of reciprocity shown by autistic
Responders provide an experimental index of their real-world
social interaction, this study captured socially disadvantageous
behaviors that can have negative consequences for relationship
building.

These results highlight the importance of interactive paradigms,
dual-brain imaging, and whole-brain dFC analyses in autism re-
search, especially in adult populations. First, the study advances
our understanding of the neural underpinnings of social diffi-
culties reported by autistic individuals. Our findings suggest the
potential benefit of investigating the role of global brain activ-
ity in autistic adults, particularly during social interactions or
more naturalistic social contexts, which could help to reconcile
the hypo- versus hyper-connectivity debate (Mash et al. 2019).
Second, our interactive task could be employed as an objective
measure of social-emotional reciprocity in intervention evalu-
ation. Third, our findings suggest that autistic people use con-
sistent/less reciprocal behavioral strategies during their social
interactions with non-autistic people. Understanding these
differences in cognitive styles could facilitate communication
between non-autistic and autistic individuals. Using interac-
tive experimental paradigms and dual-brain imaging, future
research should investigate if and how these same behavioral
strategies and associated neural processes change in autistic
dyads or with people with whom autistic individuals have more
social proximity (e.g., friends, family).
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