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Note on the use of language

In autism studies, the use of an adequate manner of designation for the individuals concerned
is an important issue for the stakeholders. There is currently no definite consensus on the
preference for 'identity-first' or 'person-first' language. There are several studies showing that a
majority in English-speaking countries endorse 'identity-first' language (Keating et al., 2022;
Kenny et al., 2016). This contrasts with studies showing a majority preference for 'person-first'
in non-English-speaking samples (Buijsman et al., 2022). Additionally, people with a higher
experience of stigma rated 'identity-first' as offensive (Bury et al., 2022) and although a majority
showed a preference for 'identity-first' language, minorities also endorsed 'person-first'
language in the aforementioned studies (Keating et al., 2022; Kenny et al., 2016). In addition,
even if one strives to be respectful of the identity and integrity of the individuals concerned,
this can lead to different results depending on the perspective of the person making the
statement (e.g., researchers; clinicians; people on the spectrum) (Kenny et al., 2016; Tepest,
2021).

In assembling the study samples of the current thesis, the presence of a clinically confirmed
autism diagnosis was a main inclusion criterion. Based on this it seems appropriate to use
‘person-first’ language and referring to ‘Autism Spectrum Disorder’ (ASD) in alignment with
the current designation in the ICD. An exception is Study 2, in which 'identity-first' language
was used (see "Additional Information" section in Bloch, Viswanathan, et al., 2023 for an
explanation of this decision). In addition, practical suggestions for respectful language are

applied when applicable (Monk et al., 2022).



Notes on the text design

Please note that in the first part of the thesis, individual terms, sentences or parts of sentences
are printed in bold to emphasize important aspects and thus improve the reading flow. To
facilitate the distinction between inter- (between individuals) and intra- (within individuals) in
the reading flow, these prefixes are highlighted in italics throughout the thesis. Cross-references

to specific sections are indicated in bold with the section number and title.
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Introduction

Humans are born into a social world. Social interaction is constitutive for the development
of cognitive and behavioral repertoires from birth. By adulthood, individuals are equipped with
sophisticated social cognitive capacities, characterized by intuitive, rapid, and automatic
processes in interpersonal exchange (Fujiwara et al., 2020; Hove & Risen, 2009; Jaques et al.,
2016; Langton & Bruce, 2000; Murphy & Hall, 2021; Nguyen & Gatica-Perez, 2015; Pan et
al., 2021). For example, when people interact face-to-face, there is a dynamic and rapid
exchange of verbal and nonverbal signals. During this exchange, interacting individuals
implicitly and rapidly coordinate various signal modalities within themselves, placing them in
a temporally coherent relationship with each other. They look at objects and make eye contact,
gesture, speak, intonate, smile, etc., and these communicative modalities are expressed in
parallel, in a self-synchronized manner. This results in individual time-series of multimodal
communication that are the perceptual basis for decoding meaning and planning responses by
the interaction partner. Thus, achieving functional self-synchrony may be a crucial basis for
social reciprocity.

However, little research has been done on how individuals achieve self-synchrony, or
intrapersonal synchrony. With respect to the study of human face-to-face interactions, research
has provided significant advances in understanding the mechanisms of social interaction and
their developmental trajectories. Besides numerous approaches that highlight inferpersonal
synchrony as an essential feature of successful social interaction, the underlying mechanisms
that lead to temporally coordinated interactions are not fully understood. The level of
intrapersonal synchrony (i.e., temporal coordination within individuals) is a potentially
decisive factor that could affect the quality and success of interpersonal synchrony (i.e.,
temporal coordination between individuals). Nevertheless, it has been a neglected research
topic so far.

Assuming that intrapersonal synchrony is shaped by social interaction from early infancy,
is substantially mediated by temporal processing, and is likely to affect inferpersonal
coordination, this topic is of importance for the field of autism research. Autism spectrum
disorder (ASD) as a developmental disorder is associated with early characteristics in
interactional behavior. These are still the main diagnostic criteria for ASD, although lower-
level features related to sensory and motor functionality are receiving growing attention for the
description of the phenotype. In adulthood, decreased interpersonal synchrony is a promising
objective marker for diagnosis and it provides an empirical approach to dysfunctional

reciprocity in ASD. However, in order to understand why inferpersonal coordination fails, it
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seems imperative to examine the level of intrapersonal synchrony and thus to identify the
predisposing individual temporal baselines, which may differ systematically between
individuals with and without ASD. Studying intrapersonal synchrony can thereby provide
essential insights not only into communicative differences in ASD, but also, independently of
the clinical context, help to further develop theories that attribute a special role to temporal
factors in communication. Thus, the systematic study of intrapersonal synchrony in adults with
and without ASD will be centerpiece of this thesis.

In the first part of this thesis, selected theoretical end empirical approaches to human
communication are discussed. In particular, studies are outlined that put a focus on temporal
parameters observable in social interactions, also referred to as ‘chronemics’. Besides temporal
parameters between individuals in interaction, it is argued that temporal coordination of
multimodal signals within interacting individuals, i.e., intrapersonal synchrony, is an essential
prerequisite for interpersonal temporal coordination. Findings from studies with infants and
children are included illustrating that the development of intrapersonal synchrony emerges
already in early childhood interactions. Against this background, ASD is discussed and
theoretical considerations are given to the special role of intrapersonal synchrony for ASD. In
line with this, the first publication of this thesis (Bloch et al., 2019) introduces a research agenda
for the systematic study of intrapersonal synchrony. Starting from the question which
behavioral domain is suitable for the investigation of infrapersonal synchrony, studies from the
fields of gaze behavior, pointing gestures, and the development of their multimodal
coordination in ASD and typical development are reviewed.

In the second part, own empirical studies are presented. To this end, three guiding
questions are derived from the theoretical background, which are addressed sequentially in the
empirical studies. First, the question of how to measure infrapersonal synchrony during a social
interaction in adults with and without ASD is addressed, and the results of Study 1 (Bloch et
al., 2022) are presented. Second, the question if an association exists between social and non-
social synchronization behavior in adults with and without ASD is the focused study aim in
Study 2 (Bloch, Viswanathan, et al., 2023). Third, the target question is what consequences
group-specific intrapersonal synchrony production levels have for observers. For this purpose,
the results from Study 3 (Bloch, Tepest, et al., 2023) are presented. Finally, the broader scope

of this work is discussed leading to an outlook and suggestions for future research.
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1.  Theoretical background

1.1. Synchronized individuals in synchronized interactions

“All forms of nonverbal communication messages have their own temporalities,
beginnings and endings, startings and stoppings, zeros and ones, befores and afters, faster and
slower, and so forth. Verbal messages, too, have major temporal features. We could not
possibly communicate without human temporality. (...) We are homo temporalis” (Littlejohn
& Foss, 2009, p. 97). This excerpt describes the core idea of communication theories that put a
special emphasis on temporal aspects of communication and which are termed chronemics
(Bruneau, 1980, 2012; Littlejohn & Foss, 2009). While chronemics deal with all conceivable
domains in which temporal aspects constitute or influence human communication (e.g.,
biological rhythms or timing of messages in computer-mediated communication), the focus
here will be on behavioral observations of temporality during face-to-face interactions.

Many studies have shown that interacting individuals automatically adjust their behavior
to each other in the temporal domain, as a result a shared rhythm in signal transmission becomes
observable, a phenomenon called interpersonal synchrony (Bernieri & Rosenthal, 1991;
Cacioppo et al., 2014; Delaherche et al., 2012; Dunbar et al., 2022; Fujiwara et al., 2020; Yun
et al., 2012). Interpersonal synchrony has become an intensely studied phenomenon because of
its assumed association with positive social consequences like bonding or rapport (Fujiwara et
al., 2020; Hove & Risen, 2009; Miles et al., 2009; Tickle-Degnen & Rosenthal, 1990;
Vacharkulksemsuk & Fredrickson, 2012; Valdesolo et al., 2010) and its systematic variation in
psychopathological conditions (Altmann et al., 2021; Georgescu et al., 2020; Koehler et al.,
2021; Kupper et al., 2015; Paulick et al., 2018; Walther et al., 2015). A related phenomenon is
mimicry, which is the automatic and simultaneous adaptation of certain forms of interaction
(e.g., poses) (Chartrand & Lakin, 2013; Lakin et al., 2008). Nevertheless, Delaherche et al.
distinguish interpersonal synchrony from mimicry in that “synchrony is dynamic in the sense
that the important element is the timing, rather than the nature of the behaviors” (Delaherche
et al.,, 2012, p. 3). This distinction is important in that synchrony clearly sets a focus on
temporal parameters in interaction that are shaped by different forms of communication.

An established method for interpersonal synchrony extraction from video recordings of
dyads in interaction is ‘Motion Energy Analysis’ (MEA). The synchrony measure here is
derived from alignments in time-series of motion energy whereby the amount of movement in
a defined region of interest may be modulated by different communicative behavior (Ramseyer,
2020; Ramseyer & Tschacher, 2011), for example, leaning forward may result in a similar
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motion energy as moving an arm upwards. Other methodological operationalization of
interpersonal synchrony exist, yet the basic principle usually lies in the investigation of
temporal associations between individual behavioral measurements (Dunbar et al., 2022;
Fujiwara et al., 2021).

Thus, the basis for measuring interpersonal synchrony lies in the individual time-
series. Individual time-series on the other hand encode temporal parameters associated with
each individual, see adaptation in schematic illustration in Figure 1. It can be assumed that the
temporal parameters within these individual time-series constitute temporal structures or
“gestalts”, which are determined by internal synchronization processes. Accordingly, an early
theoretical approach from the domain of chronemics emphasizes that endogenous, self-driven
rhythmic processes that reside within the interacting individual are the fundamental building
blocks of interpersonal alignment (McGrath & Kelly, 1986). This observational level of
intrapersonal synchrony sets the focus for the individual in the interaction that essentially
constitutes the measurement and presumably also the emergence of interpersonal synchrony.

Although it is plausible to assume that interactional processes also influences
intrapersonal synchrony (i.e., individuals adapt behavior more or less to their interaction partner
and to the dyadic rhythm), it is equally conceivable that the individual time-series still contains
purely individual parameters. Arguably, such individual temporal baselines are particularly
important at the beginning of interactions. More recent approaches even emphasize that the
dynamic disruption of interpersonal synchrony has crucial functions during social interactions,
which in turn emphasizes the importance of individual focus (Galbusera et al., 2019; Likens &

Wiltshire, 2021; Mayo & Gordon, 2020).
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Figure 1. Schematic illustration of two levels of synchrony. Interaction sequence of person A
and person B. Each individual communicates via different communication modes that
constitute multimodal behavioral time-series per individual (solid, dashed, and dotted curves
schematically represent event time-lines of different modes; e.g., speech, gaze, gestures).
Temporal relations between these multimodal behavioral time-series within individuals form
the level of intrapersonal synchrony. It is assumed that this intrapersonal level of temporal
coordination constitutes the measurement of interpersonal synchrony between A and B.

The elements that require intrapersonal synchronization in a social interaction and thus
are to be integrated into a temporal relation are communication events from different
modalities (e.g., gaze, gestures, speech, etc.). The temporal coupling of such multimodal events
could be essential for smooth reciprocal exchange of information. As Streeck puts it:
“Generally we tend to disregard that the construction of messages is a process in time”
(Streeck, 1993, p. 296). As such, the way individuals temporally produce and thereby associate
signals from different communication modalities could influence the decoding of meaningful
messages by the counterpart and vice versa. Thus, intrapersonal synchrony could be critical
for the production of meaningful signal-units that segregate the individual communication
stream into cohesive bits that can be acted upon. For example, a gaze shift that is temporally

coherent with a pointing gesture could constitute a perceived signal-unit that leads the observer
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to plan and eventually produce a certain response, €.g., to look at what is pointed and to name
that object. In addition, a similarity in intrapersonal synchrony production and perception could
be beneficial during signal exchange (Koban et al., 2019). Indeed, there is evidence that a
matching of individually produced rhythms is predictive of interpersonal synchrony during
joint performance (Alderisio et al., 2017; Bégel et al., 2022; Tranchant et al., 2022; Zamm et
al., 2016).

Yet how does intrapersonal synchrony arise in persons who interact with each other? In
their social entrainment model, McGrath and Kelly emphasize the implicit character of
temporal processes within and between interaction partners (McGrath & Kelly, 1986).
Accordingly, it is fair to say that intrapersonal synchrony comprises implicit processes, so
individuals are not aware of the processes that lead to temporally coordinated multimodal
signals within themselves. Instead, observable temporal couplings of multimodal signals are
subject to automatized processes that are practiced from an early age onwards. In this context,
studies show that already children are capable of both inferpersonal timing (Beebe, 1982;
Feldman, 2006, 2007a; Jaffe et al., 2001; Keller et al., 1999; Markova et al., 2019; Rochat et
al., 1999; Tricia Striano et al., 2006) and systematic intrapersonal coordination of multimodal
signals, such as vocalization/speech, gestures, gaze behavior, facial expressions (Franco, 2005;
Iverson, 2010; Parladé & Iverson, 2011; Yale et al., 2003). Thus, intrapersonal synchronizing
mechanisms are likely developed from very early stages in ontogeny on and likely
contribute to the acquisition of an increasingly complex communication repertoire of an adult.
As Parladé and Iverson put it: “When typically-developing (TD) infants communicate, they not
only do so through mutual eye gaze, facial expression, gesture, and vocalization, they do so by
combining these communicative signals seamlessly into a single, multi-modal act. (...) Indeed,
coordinated communication — or the co-production of more than one communicative behavior
in time — is a crowning achievement in the early development of social communication”
(Parladé & Iverson, 2015, p. 2219).

As these early multimodal communication acts are directed towards mature and
responsive observer (e.g., mother or caregiver), the coordinated or rhythmic self is inevitably
socially shaped. This idea of a socially influenced temporal fine-tuning of intrapersonal
synchrony processes is consistent with theories that postulate that social cognitive processes
can only be understood by taking into account the history of social interaction (Bolis et al.,
2023; Han et al., 2013; Schilbach et al., 2012). In adulthood, intrapersonal synchrony is
assumed to be based on mature social-cognitive processes that have been refined by social

interaction since early childhood. This makes infrapersonal synchrony a relevant construct for
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psychological conditions in which the development of social functioning is atypical from the

beginning.

1.2. Inter- and intrapersonal synchrony in autism

Autism Spectrum Disorder (ASD) is a pervasive developmental disorder with
difficulties in communication and social interaction as major diagnostic criteria according to
diagnostic manuals (American Psychiatric Association, 2013; World Health Organization,
1993). In addition, there may exist sensory characteristics (Rosen et al., 2021; Tavassoli et al.,
2014; Thye et al., 2018), motor features (Fournier et al., 2010; Gowen & Hamilton, 2013;
McAuliffe et al., 2017), and co-occurring psychiatric diagnoses (Bloch et al., 2021; Ghaziuddin
et al., 2002; Hofvander et al., 2009; Kim et al., 2000), among others, that characterize the ASD
phenotype in adulthood, accounting for a highly heterogeneous population (Happé et al., 2006;
Mottron & Bzdok, 2020). A recent line of research indicates that inferpersonal synchrony in
interactions including individuals with ASD is reduced (Georgescu et al., 2020; Koehler et al.,
2021; Noel et al., 2018). Strikingly, these studies report similar movement quantities in groups
and no association of interpersonal synchrony with basic motor coordination (i.e., self-reported
dyspraxia) (see Koehler et al., 2021) suggesting that the reduced interpersonal synchrony is not
due to basic motor determinants but must be rooted elsewhere.

ASD is defined as a spectrum disorder, which means that the characteristics vary, but it
1s imperative to the diagnosis that signs exist already in early childhood, even if it is diagnosed
not earlier than in adulthood. Numerous research findings point to particular features of social
behavior in ASD as early as infancy (Colgan et al., 2006; Elsabbagh et al., 2012; Nystrom et
al., 2019; Ozonoff et al., 2014; Shumway & Wetherby, 2009; Stone et al., 1997; Trevarthen &
Daniel, 2005). In particular, there are longitudinal studies of infants at high-risk for ASD that
indicate atypical development of intrapersonal synchrony, showing that high-risk infants
coordinate signals from different modalities less with each other (Gangi et al., 2014; Ozonoff
et al., 2010; Parladé¢ & Iverson, 2015; Winder et al., 2013). In adulthood, such implicit
intrapersonal synchronization processes might present differently as a consequence of such
early characteristics. Indeed, Feldman refers to time-sensitive periods in which synchrony
might be particularly important (Feldman, 2007a). Likewise, Parladé and Iverson point at
sensitive developmental periods in which multimodal communication emerges and social
interaction becomes more complex (Parladé & Iverson, 2015). If characteristics of ASD irritate

such sensitive periods, it could lead to cascading effects and it would conceivably be
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challenging to catch up with the level of temporal refinement of multimodal communication of
typically-developed (TD) individuals.

In addition to the outlined developmental factors and other potentially important
influences, such as mentalizing processes (David et al., 2008; Frith, 2001; Vogeley, 2017) or
attentional characteristics (Happé, 1999; Happé & Frith, 2006; Plaisted, 2001) that could likely
affect intrapersonal synchronization in ASD, studies that point to deviations in basic timing
processes in ASD are particularly relevant to this work. As such, the way individuals perceive
temporal intervals, temporally respond to sensory stimuli, or motorically produce time intervals
could be associated with temporal parameters of communication behavior in the social domain.
Indeed, numerous studies point to population-level differences between ASD and TD in
perceptual timing tasks (Allman & Falter, 2015; Allman et al., 2011; Allman & Meck, 2012;
Falter et al., 2013; Falter, Elliott, et al., 2012; Falter, Noreika, et al., 2012; Falter & Noreika,
2011), sensorimotor synchronization (SMS) (Morimoto et al., 2018; Vishne et al., 2021), and
basic motor timing (Gowen & Hamilton, 2013; Morrison et al., 2018; Price et al., 2012). With
regard to a possible relationship of such non-social features with social characteristics, Falter,
Elliott, et al. (2012) report an association of atypical visual temporal processing with
communication difficulties in adults with ASD. In addition, there are other studies that reported
or theorized such cross-domain relationships between social and non-social processes in
ASD (Hamilton & Pelphrey, 2018; Lense et al., 2021; Murat Baldwin et al., 2021; Thye et al.,
2018; van de Cruys et al., 2014; Wimpory et al., 2002). Given the scope of this thesis,
differences in basal, non-social timing processing contribute to the suggestion that multimodal
communication processes may differ in the temporal domain in adults with ASD.

There is indeed evidence that differences in infrapersonal synchrony in ASD persist
beyond childhood. In their pioneering study, de Marchena and Eigsti showed that adolescents
with ASD produced similar amounts of co-speech gestures, but these were more asynchronous
with the respective speech events, which was further related to deteriorated communication
quality ratings by TD observers (de Marchena & Eigsti, 2010). Such differences in
intrapersonal synchrony suggests itself as a predisposing factor for reduced interpersonal
synchrony. Given the hypothesized relevance of intrapersonal synchrony for social interactions
and the evidence for deviations in intrapersonal synchrony in children and adolescents with
ASD, it appears imperative to establish a systematic study of intrapersonal synchrony in
adults with ASD. This may provide a deepened understanding of interactional characteristics,
may provide novel objective diagnostic markers, and can potentially inform therapeutic

interventions in the future. Noteworthy to mention is that infrapersonal multimodal timing
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differences are represented in diagnostic items of the ‘Autism Diagnostic Observation
Schedule’ (ADOS; Lord et al., 2000). With reference to Figure 1, this level of intrapersonal
synchrony should be assumed to constitute the patterns of the individual time-series of
multimodal communication and ultimately the quantification of inferpersonal (mis)alignment -
a proposition that has specific implications for a research agenda and is addressed in the first

publication of this thesis.

1.2.1. Perspective article 1: INTRApersonal synchrony as constituent of INTERpersonal

synchrony and its relevance for autism spectrum disorder

In this perspective article, studies supporting inferpersonal synchrony deviations in ASD
are reviewed (Bloch et al., 2019). It is argued that temporal differences can also be observed at
the intrapersonal level, which should be systematically examined to better understand the
mechanisms that lead to interpersonal (mis-)alignment. Accordingly, infrapersonal synchrony
is viewed from a non-social perspective, targeting perceptual and motor timing studies in ASD,
as well as from a social perspective, focusing on multimodal communication in individuals with
ASD. A research agenda to the systematic study of intrapersonal synchrony in adults with
ASD is proposed that includes two major branches of investigation, namely the study of
intrapersonal synchrony production and perception. For the former, it is suggested to create
real-life interaction scenarios and experimentally study self-synchronized time-series data from
various communication modalities that compose the endogenous or individual signal streams.
By that, for example, multimodal signal onsets can be analyzed what allows for the
quantification of temporal windows of (a-)typical signal coupling. Furthermore, measures
of dispersion and non-social timing measures are identified as important additional parameters
to be examined. To study the perception side of intrapersonal synchrony, it is proposed to
transfer measured parameters of produced intrapersonal synchrony to virtual characters in order
to allow for an experimental investigation of the effects of different expressions of
intrapersonal synchrony on observers in a standardized and controlled manner.

The outlined significance of intrapersonal synchrony for understanding interpersonal
communication in general and in the clinical context of ASD, as well as the research agenda
derived from it, guided the empirical work of this thesis. In what follows, the study of
intrapersonal synchrony will be further specified and candidate modalities for investigation are

discussed.
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1.3. Self-synchronized gaze and pointing gestures

Specifying the study of intrapersonal synchrony, the question arises which
communicative modalities and their implicit intrapersonal synchronization are of interest. In
this respect, the special role of gaze in social interactions should be considered. Gaze has a
dual function as it is used not only to gather visual information as a sensory organ but
importantly it also has a social function by delivering essential information to others about the
current focus of attention (Argyle & Cook, 1976; Cafiigueral & Hamilton, 2019; Emery, 2000;
Jording et al., 2018). This way, gaze-cueing serves to convey one's perspective and interest in
the spatial environment to another person and is one of the earliest means to establish joint
attention (JA) (Brooks & Meltzoff, 2005; Brooks & Meltzoff, 2008; Farroni et al., 2002;
Jording et al., 2018; Mundy & Newell, 2007; Senju & Johnson, 2009). JA includes behaviors
that serve as important social cues to direct the partner's attention to a target in the environment
(i.e., initiating JA) or responses to such referential cues of the partner (i.e., responding to JA)
(Seibert et al., 1982). JA abilities develop around five months of age and continue to mature
until around three years of age (Mundy, 2018; Striano & Reid, 2006). JA allows to share
experiences and establish a common ground (Vogeley et al., 2001; Vogeley, 2017) and has been
widely associated with the development of social cognition (Charman, 2003; Mundy, 2018;
Mundy & Crowson, 1997; Mundy & Newell, 2007; Nystrom et al., 2019; Tomasello et al.,
2005).

Besides gaze as an essential communication modality during JA, deictic pointing
gestures play a crucial role as referential cues to guide attention (Colonnesi et al., 2010; Diessel,
2006; Franco, 2005; Langton et al., 2000; Langton & Bruce, 2000; Leung & Rheingold, 1981;
Liebal et al., 2009; Ozc¢aliskan et al., 2016; Salo et al., 2018). Many studies examined unimodal
gaze in JA processes only in standardized laboratory conditions, but gaze can become a rather
ambiguous signal in naturalistic and spatially complex scenarios (Yu & Smith, 2017). In
naturalistic scenarios, pointing gestures act as salient and robust cues; more specifically, the
coordination of pointing gestures with gaze determined JA in infants and their parents (Yu
& Smith, 2013, 2017, 2015). In line with that, Franco report a developmental timeline of gaze
and pointing coordination from nine — 18 month of age (Franco, 2005), see Figure 2. In this,
the author describes the emergence of gaze-pointing coordination from unimodal gaze-cueing
to the strategic temporal coupling of gaze and pointing in order to achieve JA, suggesting that
intrapersonal synchronization mechanisms of deictic gaze and pointing gestures are already

acquired through social interactions in early childhood.
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Figure 2. Development of gaze and pointing coordination from Franco (2005, p. 143). The
schematic illustration is based on reports of behavioral observations of infants at different ages
in interaction with adults across different studies. (Reproduced with the permission of The
Licensor through PSLclear.)

Studies in adult samples show that gaze and pointing cues are automatically integrated
(Caruana et al., 2021; Langton & Bruce, 2000), both can serve as triggers for attentional shifts
possibly through common neural correlates (Sato et al., 2009), and motor studies show a strong
functional coupling of the two modalities (Ballard et al., 1997; de Brouwer et al., 2021; Jana et
al., 2017a, 2017b). Accordingly, it can be assumed that the production and perception of

intrapersonally synchronized gaze and pointing gestures in adulthood result in implicit and

automatized behavior.
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1.3.1. Intrapersonally synchronized gaze and pointing gestures in autism

A large body of studies indicate JA behavior as an early indicator of ASD (Billeci et
al., 2016; Bruinsma et al., 2004; Charman, 2003; Dawson et al., 2004; Nystrom et al., 2019;
Presmanes et al., 2007; Stallworthy et al., 2022; Sullivan et al., 2007). There is further evidence
for persistent differences in JA in adults with ASD (Caruana et al., 2018; Redcay et al., 2013).
Considering gaze as a referential signal, studies indicate intact gaze-following behavior while
the subsequent processing of the information delivered by gaze seems to be atypical in infants
with ASD (Bedford et al., 2012; Chawarska et al., 2003; Frischen et al., 2007; Senju et al.,
2004; Thorup et al., 2022). Regarding deictic pointing, Stone et al. (1997) reported decreased
frequencies of deictic pointing in young children with ASD, which is in line with findings of
numerous other studies showing specific differences in the production and perception of
declarative pointing gestures in ASD (Baron-Cohen, 1989; Camaioni et al., 2003; LeBarton &
Iverson, 2016; Maes et al., 2021; Manwaring et al., 2018; Mastrogiuseppe et al., 2015; Mishra
et al., 2021; Mundy et al., 1990; Ramos-Cabo et al., 2019; Sansavini et al., 2019; Shumway &
Wetherby, 2009). Importantly, children with ASD showed less complex multimodal
combinations of communicative behavior (Stone et al., 1997) and presented with differences
in the functional integration of gaze and gestures (Buitelaar et al., 1991). These findings are
further supported by a study that shows that children with ASD produced less multimodal
combinations (i.e., gaze, gestures, and vocalization) and that specifically combinations of gaze
with other modalities (e.g., with gestures) occurred less in the ASD group (Murillo et al., 2021).
Based on this evidence, it can be inferred that synchronization strategies for gaze and
pointing gestures follow atypical developmental trajectories in individuals with ASD and
that differences potentially persist into adulthood, because major developmental periods may
pass atypically (Parladé & Iverson, 2015).

Considering that intrapersonal synchronization of deictic gaze and pointing gestures is
acquired early in TD individuals during JA processes and is subject to implicit, automatized
processes in adulthood and, in contrast, is potentially subject to atypical developmental
trajectories and deviations in temporal processing in ASD, intrapersonal synchrony was
operationalized as the temporal coordination of gaze and pointing gestures in the empirical

work of this thesis.
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2.  Open questions and research framework

Based on the theoretical background outlined above, open questions arise. Although
studies suggest that intrapersonal multimodal communication develops differently in ASD and
may further be altered through distinctive features in non-social domains (here specifically
temporal processing deviations), it is still unclear whether intrapersonal synchrony is indeed
persistently divergent into adulthood. Even though the pioneering study by de Marchena and
Eigsti (2010) pointed to an asynchrony in multimodal signal coupling (i.e., increased temporal
intervals between semantic aspects of speech and co-speech gestures) in adolescents with ASD,
they did not measure communication behavior in an interactive scenario but in a narrative task
without reciprocal nature. Thus, an ecologically valid and likewise standardized assessment of
intrapersonal synchrony in adults with and without ASD during a social interaction is lacking.
Furthermore, there is still a gap of knowledge about the relationship of social-communicative
features with non-social features of the ASD phenotype. The assumption that there is a
relationship between intrapersonal synchrony differences in the social domain and a particular
temporal coordination mode in the non-social domain remains to be explored. In addition,
further basic research is required to understand the perceptual processes involved in multimodal
interpersonal communication. In particular, open questions are how intrapersonal synchrony
contributes to the perception of multimodal information and thereby how it affects observers'
response behavior and impression formation.

In the following, three studies are summarized that constitute the empirical work of this
thesis. The studies follow three successive guiding research questions, that will be targeted in

the respective study in order to address the research desiderates presented before:

L How can intrapersonal synchrony be measured in adults with and without ASD during

a social interaction?

II.  Does an association exist between synchronization in the social and non-social domains

in adults with and without ASD?

III.  What are the perceptual consequences of group-specific intrapersonal synchrony for

observers with and without ASD?
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All studies were clinically preregistered at the German register for clinical trials
(https://drks.de/search/de/trial/ DRKS00011271). Study 3 was additionally preregistered at the
Open Science Framework (OSF) (https://doi.org/10.17605/0OSF.IO/DT6VH). Code that was
generated for the acquisition and analysis of data was made publicly available on OSF (see
references in Appendences 2 - 4). All study procedures were approved by the ethics committee
of the medical faculty of the University of Cologne (Reference number: 16-126). Recruitment
of individuals with ASD for all studies was conducted via the specialized outpatient clinic for
autism in adulthood at the University Hospital of Cologne. As such, all diagnoses were
established in adulthood by specialized therapists based on standardized and manualized
consensus diagnostic procedures based on the German S3 guidelines (Arbeitsgemeinschaft der
Wissenschaftlichen Medizinischen Fachgesellschaften, 2016).

Besides publications in peer-reviewed journals, parts of the research have been presented
at national and international conferences. Preliminary results of Study 1 were presented as a
penal talks at the DGPPN (‘Deutsche Gesellschaft fiir Psychiatrie und Psychotherapie,
Psychosomatik und Nervenheilkunde) 2020 and at the INFAR (‘International Society for
Autism Research’) Annual Meeting 2021. Results from Study 1, Study 2, and Study 3 have
been presented as scientific posters at the WTAS (‘Wissenschaftliche Tagung Autismus
Spektrum’) in 2020, 2022, and 2023. The poster for Study 3 was awarded the 1st poster prize
at WTAS 2023. Additionally, results from Study 3 will be presented as a poster at the INFAR
Annual Meeting 2023.

2.1. Study 1: Intrapersonal synchrony analysis reveals a weaker temporal coherence

between gaze and gestures in adults with autism spectrum disorder

With evidence from the literature suggesting that intrapersonal multimodal temporal
coordination deviates in ASD, this study addressed the question: How can intrapersonal
synchrony be measured in adults with and without ASD during a social interaction?

In this study (Bloch et al., 2022), an approach to this question is introduced in which
intrapersonal synchrony was operationalized as the temporal coordination of deictic gaze and
pointing gestures in an interaction task with a trained interaction partner (see Figure 3).
Importantly, the measurement took place in a structured, but real social face-to-face interaction
scenario, which should recruit realistic social-cognitive processes (Redcay & Schilbach, 2020;
Schilbach et al., 2012). Additionally, the interaction task allowed a standardized measurement

and ensured comparability between individuals due to the simple and repetitive

22



implementation. In a repeated-measures design, participants had to indicate the appearance of
a target stimulus to their interaction partner using only gaze and pointing gestures. No verbal
communication was involved. Using eye-tracking technology and customized experimental
software to record pointing events as a synchronized data-stream to gaze events, this setup
enabled the acquisition of ecologically valid temporal parameters of intrapersonal synchrony

with high precision.
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Figure 3. Study setup for intrapersonal synchrony assessment. The experimenter was the
designated interaction partner during the task and sat opposite to the participants. A monitor
facing the participants displayed the stimuli. An Eyelink 1000 Plus System (SR Research Ltd.)
recorded participants’ eye movements in 1000 Hz resolution. The calibrated area included the
interaction partner’s face area and the visual stimuli. A video camera recorded participants
during all trials. (From Bloch et al., 2022)

A group of 24 adults with ASD (F84.5, according to ICD-10; World Health Organization,
1993) was compared to a group of 24 adults without any psychiatric or neurological diagnosis.
Groups were matched with respect to age, gender identity, and handedness, and did not differ
to a significant extent with regard to attention, and 1Q.

Gaze data were preselected with a selection algorithm to assure that in all trials the gaze
shift a) started with eye-contact between interaction partners, b) was not interrupted by more

than one intermittent fixation, c) ended with a fixation of the target, d) was not affected by
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preceding blinks, and e) its onset preceded the pointing onset. Selected gaze shifts were ascribed
a communicative quality in that they started with partner-oriented gaze according to the 'social
gaze space' (Jording et al., 2018) and re-directed the partner's attention via relocating the gaze
to the target of interest. Having the pointing gesture onset precisely synchronized to the gaze
data, gaze-gesture delays in millisecond resolution as well as their intrapersonal stability
(indicated by dispersion within individuals) could be compared between groups. In addition,
video recordings were used as input to a frame-differencing algorithm that inferred the spatial
position of the index finger per video frame. Thus, spatio-temporal properties of the pointing
gestures were derived and analyzed as control measures.

According to the a priori hypothesis derived from the multimodal asynchrony between
sematic aspects of speech and co-speech gestures reported by de Marchena and Eigsti (2010),
results revealed enlarged gaze-gesture delays in adults with ASD. Deploying adequate
statistical procedures to account for individual variance (i.e., multilevel modelling), this group

difference was identified as significant beyond chance level (Figure 4).
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Figure 4. Gaze-gesture delays in groups and experimental blocks. Left panel: Subject-wise
gaze-gesture delays, averaged for target sides (dots) in groups with vertical density plots and
95% colored confidence intervals (light grey = 95%; dark grey = 50%; black = 25%). Right
panel: Group-wise aggregated gaze-gesture delays per block with standard errors of the means
as error bars in both groups with linear regression lines and confidence bands. (From Bloch et
al., 2022)

Further analyses revealed that enlarged gaze-gesture delays correlated with larger intrapersonal
variability of delays. An extraction of movement trajectories showed that groups did not differ

above chance level in the spatio-temporal properties of pointing gestures (i.e., gesture
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amplitudes and velocities). Likewise, there was no indication for significant group differences
in the spontaneous usage of communication modalities in an unconstrained version of the
interaction task that was conducted prior to the nonverbal (gaze and pointing) task version.
Essentially, this study introduces a paradigm that allows to study intrapersonal synchrony
of nonverbal communication signals in a real interpersonal scenario in a precise and at the same
time ecologically valid way. Furthermore, results provide important evidence for enlarged and
more variable temporal couplings of gaze and pointing gestures in adults with ASD. This is
consistent with previous findings (de Marchena & Eigsti, 2010). Based on the results,
intrapersonal synchrony in ASD was characterized as a weaker temporal coherence between
conjoined multimodal signals. Having identified distinctive intrapersonal synchrony baselines
between groups, a crucial ensuing question targets potential factors that are associated with the

shift in temporal baselines between groups.

2.2. Study 2: Differentiated, rather than shared, strategies for time-coordinated action

in social and non-social domains in autistic individuals

Having demonstrated hypothesis-compliant disparities in intrapersonal synchrony
between individuals with and without ASD in Study 1, in this subsequent study the search for
explanatory factors is pursued, addressing the question: Does an association exist between
synchronization in the social and non-social domains in adults with and without ASD?

Besides synchronization deviations in social domains (Bloch, Tepest, et al., 2022;
Fitzpatrick et al., 2016; Georgescu et al., 2020; Koehler et al., 2021; McNaughton & Redcay,
2020), synchronization differences in ASD were also reported in non-social domains
(Morimoto et al., 2018; Vishne et al., 2021), however, the relationship of time-coordinated
behavior in social and non-social domains is unresolved. Domain-general theories propose
ASD-specific features that could affect social as well as non-social behavior (Hamilton &
Pelphrey, 2018; Lense et al., 2021; Murat Baldwin et al., 2021; Thye et al., 2018; van de Cruys
et al., 2014; Wimpory et al., 2002). In accordance and specific to this study, an ASD-specific
general synchronization style was examined as a plausible correlate of atypical intrapersonal
synchrony in adults with ASD. To approach this, a multivariate analysis procedure was
conducted in Study 2 (Bloch, Viswanathan, et al., 2023).

Data from the sample of Study 1 (Bloch et al., 2022) was used in addition to data from
two non-social timing tasks that were not reported in Study 1. These tasks included a self-paced

motor timing task with no sensory input, and a sensorimotor synchronization (SMS) task that
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was conducted in two different sensory modalities and their combination (i.e., visual, auditory,
audiovisual) and four sub- and supra-second inter-onset-intervals (IOI; i.e., 700; 900; 1200;

1800 ms), see Figure 5.
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Figure 5. Stimuli and data from non-social timing tasks. The self-paced motor timing task (A
and B, upper row) required participants to produce a steady pace of finger taps in a chosen pace.
The data derived from that task were the inter-tap-intervals (ITI) and their intrapersonal
variability. The SMS task (A and B, lower row) was conducted in two sensory modalities and
their combination (auditory, visual, audiovisual), each presented in four different inter-onset-
intervals (IOI). Participants were required to produce a finger tap in synchrony with each
stimulus onset. The temporal deviation from stimulus onset and response (i.e., the
synchronization error (SCE)) and its infrapersonal variability were calculated and analyzed as
dependent variables. (From Bloch, Viswanathan, et al., 2022)

In addition to the timing parameters from the non-social tasks, further temporal
parameters were extracted from the social pointing (SP) task that was used to quantify
intrapersonal synchrony in Study 1 (Figure 3). This allowed to investigate the temporal
structure of the full social-motor procedure, including the initiation and termination of

multimodal events (Figure 6).
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Figure 6. Trial procedure of the social pointing (SP) task. Stimulus timeline: After a tone
participants established eye-contact with the experimenter who then initiated the stimulus
presentation and acknowledged the nonverbal response by participants. Gaze event timeline:
After eye-contact and stimulus onset, a gaze shift was conducted after which the target was
fixated for a variable amount of time. Afterwards, the fixation was terminated and participants
relocated their gaze somewhere else (e.g., back to interaction partner). Pointing gesture

timeline: Some time after the gaze onset the gesture was initiated and the index finger was
relocated in a pointing position, which was held for a variable amount of time (i.e., linger time
in a spatial linger zone). After a self-chosen delay, the pointing gesture was terminated and the
index finger was relocated to the home position. Event timeline: Multimodal events that were
read out per trial. (From Bloch, Viswanathan, et al., 2022)

The analysis strategy was to first analyze population-level differences within the social
and non-social domains separately. In order to infer the existence of group-specific
synchronization styles, multivariate analysis at the individual-level (i.e., principal component
analysis (PCA)) was conducted across parameters that accounted for the population-level
differences in both domains.

Results in the non-social domain revealed no group differences in the self-paced motor
timing task and in the variability of synchronization errors (SCE) derived from the SMS task.

However, examination of mean SCE revealed that individuals with and without ASD adjusted
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their synchronized responses to different modalities and timescales distinctively, especially
synchronization in the audiovisual condition showed substantial differences between groups.
Results in the social domain revealed distinctive coordination strategies during initiation and
termination of multimodal signals between diagnostic groups: A parallel execution strategy in
the TD group contrasted with a serial strategy in ASD during initiation. During termination, TD
individuals terminated the target fixation coherently either shortly before or shortly after the
termination of the pointing gesture; this pattern was less pronounced in the ASD group.
Importantly, considering cross-domain structural associations of synchronization strategies,
PCA across parameters from both domains revealed cross-domain relationships for individuals
in the TD group, indicative of a general synchronization style, while these were strikingly

absent for individuals from the ASD group, see Figure 7.
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Figure 7. Cross-domain associations of social and non-social synchronization parameters.
Correlograms are displayed separately for both groups, TD group left and ASD group right.
Correlograms depict size and direction of bivariate Pearson correlation coefficients across
different parameters. Upper left and lower right quarters show intra-domain correlations. Lower
left and upper right quarters depict cross-domain correlations. Below the correlograms the
compositions of principal components (PC) derived from Principal Component Analysis (PCA)
with subsequent dimension reduction and Varimax rotation are shown. (From Bloch,
Viswanathan, et al., 2022)
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These results contradict a specific synchronization style in ASD, in which case we would
have expected multivariate cross-domain relationships. Results rather indicate a divergence of
and specialization within social and non-social synchronization behavior in ASD. Importantly,
with regard to the lack of basic performance differences between groups (i.e., individuals with
and without ASD were equally able to perform the tasks), the question arises how domain-
general theories of ASD are to be proven with regard to the developmental heterogeneity and
the acquisition of individualized alternative strategies to accomplish tasks. By pursuing this
question, this study further provides a framework for individual-centered analyses that are in
accordance with recent endeavors of precision medicine and neurodiversity in research
(Fernandes et al., 2017; Monk et al., 2022) (see also section 3.4. Heterogeneity and cross-
domain factors in ASD).

Having measured infrapersonal synchrony and quantified group differences between
adults with and without ASD in Study 1, and further analyzed potential associations with non-
social synchronization behavior in Study 2, a subsequent question is what consequences such

group-specific expressions of gaze-gesture synchronization entail for observers.

2.3. Study 3: Creating a virtual character from nonverbal behavior in autism: Effects

on observers with and without autism

In this follow-up study, the research perspective is shifted from the production side to the
perception side of temporal parameters of multimodal communication and the question is
pursued: What are the perceptual consequences of group-specific intrapersonal synchrony for
observers with and without ASD?

Consistent with the idea that intrapersonal synchrony processes serve the production of
temporally coherent multimodal messages (i.e., signal-units), group-specific expressions of
gaze-gesture delays, as identified in Study 1 (Bloch et al., 2022), may entail distinctive
communicative effects on observers. Furthermore, intrapersonal synchrony differences are a
potential candidate to explain unfavorable judgements of behavioral displays of individuals
with ASD by TD observers (Edey et al., 2016; Grossman, 2015; Sasson et al., 2017). To test
this, a virtual paradigm was developed in Study 3 that allowed a standardized examination of
the perception of intrapersonal synchrony in a cross-design, testing observers with and without
ASD (Bloch, Tepest, et al., 2023).

For the virtual task, spatial parameters from the participant setup in Study 1 and Study 2

(see Figure 3) were artificially reconstructed in a virtual room. Two virtual characters were
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created and preselected from 10 possible characters by a pilot study. These two characters were
then animated by using real-life measurements from Study 1. As such, a controlled
manipulation of intrapersonal synchrony was realized through two distinctive behavioral sets
that only differed in the temporal coupling of the avatars’ gaze and pointing signal onsets, while
all other parameters were kept constant (see trial procedure in Figure 8). The two behavioral
sets (red annotations of duration in Figure 8) were aligned to group-specific expressions of
intrapersonal synchrony, so the ASD set (IaPSasp) differed from the TD set (IaPStp) in that it
entailed enlarged gaze-gesture delays with a greater infrapersonal dispersion. All constant
temporal parameters (eye contact duration, saccade latency, gaze shift duration, gesture

duration) were approximated to averaged measurements from Study 1.

Figure 8. Trial procedure of the virtual interaction task. Each trial started with a fixation cross
presented for a variable amount of time. Then the avatar appeared, gazing at participants for a
variable amount of time. The variability in these initial trial phases should bring a natural
dynamic to the interaction sequences. Next, the objects appeared, located left and right of the
avatar on two virtual screens. After a short latency, the avatar shifted its gaze to one of the two
objects. Then the avatar gazed at the object for a variable amount of time before the pointing
gesture started. This gaze-gesture delay was specific to the respective behavioral sets (IaPStp
versus [aPSasp, see red annotations). After the pointing gesture reached its final linger position,
the trial ended after a certain amount of time, depending on the gaze-gesture delay. The duration
from object onset until trial end was fixed as well as the gesture duration from onset to linger
position. (From Bloch, Tepest, et al., 2023)
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During a virtual interaction task, participants were sequentially engaged with both
characters, each displaying one of the two behavioral sets, either resembling the ASD or the
TD behavioral pattern (i.e., laPSasp or [aPStp). In each trial, they were asked to select one of
two objects via keypress, which were indicated nonverbally by their virtual partners. While
doing so, gaze behavior, response times, as well as post-hoc impression formation were
recorded. A group of 34 adult observers with ASD (F84.5, according to ICD-10; World Health
Organization, 1993) was compared to a group of 34 TD observers. Groups were matched on
age and gender identity, and did not differ with regard to verbal IQ, and attention.

Results revealed that interactions with the virtual character resembling ASD-like
behavior (IaPSasp) led to overall extended decoding times — especially in observers with ASD.
Linear mixed effects models showed that these effects were beyond chance level. Response
times across the delay conditions further showed a linear increase in decoding times in both
groups. This contradicts the assumption that the primary gaze signal was sufficient for making
a decision (in which case we would have expected a flatlining of decoding times across IaPS
levels). However, this linear increase was not linked to specific gesture events, further
contradicting a specific gesture anchor for decisions (e.g., responses at pointing peak). In
contrast to these possible unimodal strategies, on the group-level results rather indicate an
integration of gaze with subsequent pointing by observers with and without ASD.

However, observers from both groups seemingly used different strategies to achieve an
integration of multimodal signals and generating adequate responses. A classification of the
gaze behavior of the observers allowed to examine such strategies during decoding in more
detail, see Figure 9. This exploratory analysis showed that TD observers very consistently paid
overt attention to the region of the characters' eyes, i.e., they used a common gaze-focused
decoding strategy that was associated with efficient and fast responses. In contrast, observers
with ASD deployed strikingly variable decoding strategies that were no longer systematically
related to the characters eye region.

There were no effects of intrapersonal synchrony conditions on post-hoc impression formation

in observers with and without ASD.
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Figure 9. Gaze types in two different intrapersonal synchrony conditions. Gaze types displayed
on y-axis. Dots display gaze types for each subject in infrapersonal synchrony conditions
(IaPStp left; IaPSasp right) in both observer groups (TD left panel; ASD right panel). Two dots
per participant are connected with grey lines. Horizontally aligned grey lines show individuals
whose gaze type did not vary across conditions; vertical lines show individuals whose gaze type
varied with intrapersonal synchrony condition. Light blue area marks gaze types that include
the eyes region of the virtual characters. (From Bloch, Tepest, et al., 2023)

This study provides insights into the effects of group-specific expressions of
intrapersonal synchrony in a crossed-design, investigating observers with and without ASD.
Essentially the results show that group-specific production levels of intrapersonal synchrony
are accompanied not only by an effect on communication efficiency (i.e., slower responses to
ASD-like behavior) but also by group-specific timing of responses to these multimodal acts.
This shifts the focus of reduced reciprocity in ASD from individual to the temporal dynamics
in the interaction and suggests a bidirectional discrepancy of multimodal communication timing

(see also section 3.5. Intrapersonal synchrony as factor for interpersonal processes).
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3. General discussion

The temporal coordination of multimodal signals within interacting individuals, or
intrapersonal synchrony, is assumed to constitute predisposing temporal baselines in social
interactions. This hitherto little studied level of intrapersonal synchrony and its expressions in
adults with and without ASD was the subject of research in this thesis. Intrapersonal synchrony
was operationalized as the produced temporal coordination between gaze and pointing gestures.
The pre-established research agenda comprised various methodological approaches to the study
of intrapersonal synchrony and allowed to explore the construct from different perspectives.
Major findings from this work provide evidence that 1) intrapersonal synchrony systematically
differs between adults with and without ASD, ii) synchronized or time-coordinated behavior
yielded cross-domain associations in TD adults but was rather differentiated in social and non-
social domains in individuals with ASD, and, iii) group-specific expressions of intrapersonal
synchrony affected TD and ASD observers’ decoding and response processes in distinctive

ways.

3.1. Brief discussion of main results

In alignment to considerations from the perspective article (Bloch et al., 2019), Study 1
(Bloch et al., 2022) provided hypothesis-compliant empirical evidence that multimodal
temporal coordination of nonverbal signals in adults with ASD differed systematically from the
mode of production in TD individuals. These results replicate and extend existing findings (de
Marchena & Eigsti, 2010) and suggest that temporal parameters of multimodal communication
in adults with and without ASD should be target of future studies. For example, it would be of
great interest to investigate intrapersonal synchrony in different task contexts (De Jonge-
Hoekstra et al., 2021) and extend the findings to other modes of communication (e.g., gaze and
speech). Here, intrapersonal synchrony provides a framework for quantitatively characterizing
characteristics of nonverbal communication that are, on the one hand, a main diagnostic feature
of ASD, while, on the other hand, a precise description of what is characteristic is still
incomplete (see also section 3.3. Intrapersonal synchrony as an ASD-specific marker?).

In Study 2 (Bloch, Viswanathan, et al., 2023), we were able to show that intrapersonal
synchronization in the social domain was associated with synchronized behavior in the non-
social domain in TD individuals, whereas behavioral features across domains were highly
differentiated in individuals with ASD. This exploratory approach not only provides important

insights into the relationships between behavior in social and non-social domains in ASD, but
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also offers a theoretical underpinning for further research addressing cross-domain factors in
ASD. Moreover, the results suggest that in TD adults, synchronized behavior is subject to
shared principles, whereas individuals with ASD present as a rather heterogeneous group (see
also section 3.6. Optimized behavior in TD). Given the results of this study, it appears that
intrapersonal synchrony in ASD, in contrast to TD, is conditioned by domain-specific and
possibly highly individualized synchronization strategies (see also section 3.4. Heterogeneity
and cross-domain factors in ASD).

In Study 3 (Bloch, Tepest, et al., 2023) the focus was shifted to the perspective of the
observer of group-specific intrapersonal synchrony. In this study, the advantage of virtual
technologies was used to present group-specific expressions of multimodal temporal
coordination of gaze and pointing gestures in a standardized and controlled manner, thus
allowing to mask other influencing factors that occur in real-life interactions. /ntrapersonal
synchrony was shown to affect observers response behavior in terms of decoding time and gaze
behavior, and to do so in distinctive ways for observers with and without ASD. These results
suggest a bidirectional discrepancy of multimodal communication timing between individuals
with and without ASD that could constitute a factor for inferpersonal dys-synchrony (see also
section 3.5. Intrapersonal synchrony as a factor for interpersonal processes).

General discussion points of the broader scope of this line of research are outlined below.
In doing so, the most important results of the studies will be taken up again sporadically and in
some cases put into a common context. For discussions of specific study findings, please refer

to Bloch et al., 2022, Bloch, Viswanathan, et al., 2023, and Bloch, Tepest, et al., 2023.

3.2. No performance disparity between TD and ASD

The investigations of infrapersonal synchrony presented here provide new insights into
the phenomenology of ASD in adulthood. Overall, it should be emphasized that individuals
with and without ASD did not differ in their basic performance on a population-level in the
presented studies. Thus, individuals with ASD did not substantially differ in their ability to
communicate or generally produce adequate behavior, but by measurable differences in the
temporal production of and response to multimodal communication. In this sense, this work is
consistent with the assumption that communication differences in adults with ASD are not
necessarily rooted in amounts or types of communicative elements but in their mode of
expression, here specifically in their intrapersonal temporal coordination (see also Georgescu

et al., 2020; Noel et al., 2018; de Marchena & Eigsti, 2010).
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In alignment to that, there was no indication of reduced motor skills that could have
caused the observed synchrony differences in the presented studies. In Study 1 and Study 2
motor parameters were investigated, namely spatio-temporal aspects of the pointing gestures
(Bloch et al., 2022) and pace and stability during self-paced and externally-paced motor timing
(Bloch, Viswanathan, et al., 2023). In none of these measures did individuals with ASD
significantly differ from TD individuals. These results suggest that the differences in self-
synchronizing gaze and gesture events and in the timed response to non-social stimuli were not

due to observable differences in low-level motor timing skill in the ASD group.

3.3. Intrapersonal synchrony as an ASD-specific marker?

Although adults with ASD were essentially able to perform the communicative task, they
markedly differed from the TD adults in terms of the temporal coupling of gaze and pointing
gestures (Bloch et al., 2022). A subsequent and crucial question is if atypical intrapersonal
synchrony could represent an ASD-specific marker in adulthood. This assumption is supported
by the report of increased intervals between semantic aspects of language and associated co-
speech gestures in adolescents with ASD that align with the enlarged temporal delays between
gaze and pointing events that we report in Study 1 (Bloch et al., 2022; de Marchena & Eigsti,
2010). Thus, it could be assumed that there is a common underlying mechanism in multimodal
signal production in ASD that could be generalized across modalities and that could
behaviorally present as increased temporal coupling windows between communicative signals.
A possible explanation could be that what has been described as multimodal signal-units (see
section 1.1. Synchronized individuals in synchronized interactions) may operate less in an
integrated but rather in a detached fashion in persons with ASD. A weak central coherence in
cognitive processing (Happé, 1999; Happé & Frith, 2006) or a general temporal binding deficit
(Brock et al., 2002), both possibly associated with a functional underconnectivity (Belmonte et
al., 2004; Cherkassky et al., 2006), would be in accordance with the observation of extended
temporal binding windows during the production of multimodal communication in ASD. In the
concrete example, gaze and gesture processes might operate less coupled and more as separate
systems due to such characteristics. A stronger segregation of modalities is further in
accordance with the findings in Study 2 (Bloch, Viswanathan, et al., 2023) that show that 1)
gaze and gesture onsets tended to be triggered by a serial execution mechanism in ASD, rather

than a parallel mechanism that was found in TD, and ii) that the termination of gaze and gesture
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events in the ASD group was rather unstructured and not systematically coordinated as in TD
group.

That multimodal communication behavior in ASD may indeed be based on a general
cross-modality mechanism is further supported by studies of eye-hand coordination in ASD.
These show that group differences between TD and ASD do not occur unimodally, but occur
multimodally in tasks that require a coupling of the two effectors (Crippa et al., 2013;
Glazebrook et al., 2009). This is assumed to be caused by a reduced connectivity between
specific brain regions (here between the ocular system and the manual system) (Belmonte et
al., 2004; Glazebrook et al., 2009). The same principle could be applied to the coupling of
communication modalities in the social domain and could even be related to findings that have
shown a tendency for less complex, more unimodal communication behavior in children with
ASD (Buitelaar et al., 1991; Murillo et al., 2021; Stone et al., 1997).

What should be noted here, however, is that the increased intervals between gaze and
gesture onsets were associated with increased infrapersonal variability in Study 1 (Bloch et al.,
2022). Thus, it is not the case that intrapersonal synchrony in ASD was characterized by a
general temporal shift in the average coupling windows, but rather by an additional and
associated increase in the instability of event coupling. Unfortunately, de Marchena and Eigsti
(2010) do not report on the intrapersonal dispersion of speech-gesture couplings, so there is no
indication if this increased variability of signal coupling could be generalized to other
modalities. Whether there is indeed a generalizable and ASD-specific principle in multimodal
communication in adulthood cannot be answered unequivocally by the research outlined but is
a valuable direction for future studies. If infrapersonal synchrony differences can be generalized
in hypothesis-driven studies and specified by comparison with other diagnostic groups, this
would not only help to better understand and describe the phenotype of ASD in adulthood but

may also provide an objective diagnostic marker.

3.4. Heterogeneity and cross-domain factors in ASD

Finding objective behavioral markers for diagnosis is difficult due to the marked
heterogeneity of the ASD population in adulthood. In addition to the characteristics in the social
domains, there are other features in non-social domains that have been recently incorporated in
the diagnostic spectrum (Rosen et al., 2021). It is not clear if and how these non-social, sensory
differences are related to the core aspects of ASD in the social domain (Hamilton & Pelphrey,

2018; Thye et al., 2018). It would undoubtedly be valuable if there were evidence for common,
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cross-domain factors that could explain behavior in ASD across behavioral domains, reducing
the observed complexity. However, it is still an open debate whether the ASD phenotype can
indeed be explained by generalized, cross-domain factors (e.g., by sensory integration
characteristics (Murat Baldwin et al., 2021) or by deviations in temporal processing (Brock et
al., 2002; Falter & Noreika, 2014; Wimpory et al., 2002)).

Study 2 (Bloch, Viswanathan, et al., 2023) specifically addressed this and examined
whether it is plausible to assume a general cross-domain factor that constitutes associations
between features in social (here, temporal coordination of multimodal communication events)
and non-social (here, temporal coordination of non-social stimuli and responses) domains.
Strikingly, cross-domain associations were present in the TD group whereas there was a clear
differentiation of domains in the ASD group that seemingly contradicts a common factor across
domains. In the discussion of results of Study 2, an explanatory model is outlined that sets a
focus on individual developmental pathways in ASD that could result in individualized
cognitive strategies (in this case synchronization strategies) that enable the performance of
tasks, see Figure 10. Let’s assume, for example, that ASD is characterized by a general
difference in temporal binding (Brock et al., 2002) which comprehensively affects social and
non-social behavior, representing here exemplary a potential cross-domain factor of ASD. With
respect to the social domain and sensitive developmental periods in which multimodal
communication skills are acquired and refined (Feldman, 2007b; Parladé & Iverson, 2015),
passing such periods atypically due to temporal binding differences may entail cascading
effects on social-cognitive processing strategies acquired in these situations. Similarly, in the
non-social domain, temporal binding differences could trigger the development of individual
processing strategies for accomplishing everyday tasks, under the given differences in temporal
processing. However, as these non-social situations pose substantially different demands
compared to social situations, developing domain-distinctive and specialized strategies appear
as a suitable approach. It should be noted here that in many cases ASD is associated with typical
or even increased levels of cognitive functioning, which enable individuals to develop effective
alternative strategies to cope with daily demands (see also camouflaging literature, e.g., Cook
etal.,2021). Indeed, investigating individuals to which the ASD diagnosis was mostly not given
until adulthood, as in the present studies, underlines the idea that those individuals must
somehow have developed their own adaption to the world. As such, even if there was indeed a
common factor across domains (here exemplary a difference in temporal binding), the question
is how it could be verified in adulthood, given individual and assumable domain-specific

developmental pathways.
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Figure 10. A simplistic model of individual strategies and cross-domain relationships. Yellow
and grey squares depict different individuals. Nodes within squares represent cognitive
components that may be engaged in a task. The blue edges connecting the nodes represent
different strategy configurations. If similar cognitive components are engaged in social and
non-social strategies, a cross-domain association is depicted as overlapping circles in the Venn-
diagram, with the overlap area colored by the color of the component that caused the
intersection. For all ASD scenarios (rows 2-5) the orange node represents an ASD-specific
component that may yield shared configurations (rows 2 & 3) or differentiated configurations
of components (rows 4 & 5). The right column depicts which scenarios are supported by our
data (i.e., the TD scenario and the differentiated configurations scenarios for ASD). (From
Bloch, Viswanathan, et al., 2023)
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Recognizing that adults with ASD may have developed certain behavioral repertoire later
in life (e.g., due to missed developmental periods), but may also have developed unique and
domain-specific strategies to accomplish task demands, underscores the need to recognize the
given behavioral heterogeneity in the adult ASD population. This also requires research to
develop methods and approaches that can accommodate and even embrace this heterogeneity.
As Hobson and Petty so aptly put it: “with the frustrations that come with the heterogeneity of
autism, (...) we should not sacrifice validity for the sake of simplicity” (Hobson & Petty, 2021,
p. 2). The suggested model (Figure 10) could help to disentangle latent processes within
individuals that could underlie observed behavior and allows for a differentiated and individual-
focused perspective on cross-domain associations in ASD. Our study arguably relates to a very
specific context of time-coordinated behavior and covers only a small part of the autism
spectrum in adulthood. However, the model is theoretically applicable to other contexts. More
research on cross-domain associations is certainly needed to clarify whether and how social and
non-social aspects are related in individuals with ASD. Our study may help to guide future

endeavors in this direction.

3.5. Intrapersonal synchrony as a factor for interpersonal processes

The systematic reduction of inferpersonal synchrony in interactions with a person with
ASD is a promising marker for diagnosis in adulthood (Georgescu et al., 2019, 2020; Koehler
etal., 2021; Koehler & Falter-Wagner, 2023). Currently there is little information on the factors
that determine this reduction. According to Koban et al. the fact that people synchronize their
behavior could be explained by an optimization principle in the sense of a Bayesian Brain
(Friston, 2012; Parr & Friston, 2019) and accordingly prediction errors (i.e., free energy) are
reduced by a matching of produced and perceived behavior (Koban et al., 2019). Even though
the presented studies do not provide data about gradual dyadic adjustments of intrapersonal
synchrony levels throughout an interaction, deviant entry levels of intrapersonal synchrony (as
presented in Bloch et al., 2022 and Bloch, Viswanathan, et al., 2023) could increase the
probability for mutual prediction errors that potentially irritate inferpersonal synchronization.
In this context Study 3 (Bloch, Tepest, et al., 2023) provides further evidence for a mutual
mismatch of timed behavior during social interactions in the form of timed responses to
multimodal signals. In this sense, similar behaviors in the production of (Study 1 and Study 2)
and responses to (Study 3) multimodal communication behavior, as shown in the TD groups,

could reduce prediction errors and thus ultimately foster the emergence of interpersonal
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synchrony. In contrast, divergence was present between individuals with and without ASD at
both levels of observation (production and perception), which could increase prediction errors
and even disrupt corrective mechanisms (e.g., adjusting one's own multimodal coordination
mode to others). Thus, both parties enter the interaction with different multimodal temporal
baselines and different approaches of decoding and responding to them. The interaction process
in mixed dyads (i.e., consisting of individuals with ASD and TD individuals) should be
considered under the aspect of this potential bidirectional discrepancy of multimodal
communication timing.

In line with the ‘Double Empathy Hypothesis’ (Milton, 2012), one could expect
individuals with ASD to benefit from interactions with other individuals from the spectrum.
While this is certainly the case in different contexts (Crompton et al., 2020; Mitchell et al.,
2021), the results of Study 3 do not suggest that there is an in-group advantage, i.e., that
individuals with ASD interact more beneficial due to fine-tuning the timing of multimodal
communication of a virtual partner to match the group production mode. That there are no
communicative advantages (in this case an increased communication efficiency) due to group-
adjusted multimodal temporal coordination is in line with evidence that there is still a reduction
of interpersonal synchrony in interactions between two individuals with ASD (Georgescu et
al., 2020). In this context, the variability that has been shown both, on the production side (i.e.,
variability of gaze-gesture delays in Study 1, individualized synchronization strategies in Study
2), and on the perception side (i.e., gaze types in ASD group in Study 3) should be considered.
Such a group-inherent heterogeneity in the temporal coordination of multimodal
communication and its perception could provide a possible explanation as to why there is no
improved temporal adjustment within ASD dyads. Here, intrapersonal synchrony as a
predisposing factor for inferpersonal synchrony is a promising direction for further basic

research.

3.6. Optimized behavior in TD

Beyond implications for ASD, this research informs about principles of communication
in non-autistic adults. It is striking how homogeneous the TD group appeared in the results,
especially in contrast to the ASD group. Relatively homogeneous intra-group patterns were
revealed both, in the production of gaze-gesture coordination (Study 1 and Study 2), and in
their decoding (Study 3) in TD individuals. It is plausible to assume that this observed

consistency within the TD group stems from implicit communication automatisms that are
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learned and refined from an early age in a shared social-interactive environment by individuals
capable of similar (social-)cognitive functions. During communicative encounters, TD adults
‘simply do it’, implicitly and intuitively, and they achieve high processing efficiency. This is
probably due to a shared temporal baseline that constitutes a fundamental basis for reciprocity.
There may be an optimization principle here at the behavioral level, which is also supported by
the generalization of gaze and gesture event synchronization to sensorimotor processes (Bloch,
Viswanathan, et al., 2023). This group-inherent consistency contrasts sharply with the
heterogeneity within the ASD group. The tension between homogeneous in-group behavior and
ASD deviations from it could provide an explanation why people with ASD are conspicuous in
their behavior as judged by non-autistic observers (Grossman, 2015; Sasson et al., 2017).
Ascribing attributes such as ‘weird’ or ‘strange’ however presupposes that a deviation from a
subjective and familiar spectrum of expression is recognized. The results presented here provide
examples of behavioral expressions that could shape subjective and familiar spectrums of
expressions in TD individuals.

In Study 3 (Bloch, Tepest, et al., 2023) it was investigated if ASD-specific expressions
of intrapersonal synchrony (in contrast to a probably more familiar TD expression mode) would
yield poorer subjective ratings. Arguably, the type of manipulation in Study 3 was highly
reduced (i.e., important channels for impression judgements thus disengaged) and the avatars
were probably too similar to each other to elicit systematic differences in impression
judgements. However, although we did not find any effects of deviant intrapersonal synchrony
on impression formation in Study 3, it is possible that in naturalistic scenarios the likelihood of
ASD behavior being judged as ‘odd’, i.e., noticeably deviating from the range of TD behavior,
is increased. Here, it is inevitable to consider both sides of a social interaction, as a behavioral
(mis-)match or reduced reciprocity can only arise as a result of the encounter between two
parties. [Intrapersonal synchrony here provides a framework for individual-centered
investigations of both sides of an interaction and thus quantitative constrains for mutual

matching at the implicit behavioral level.
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4. Conclusion and future directions

With apparent ease, people interact with each other, producing and decoding time-
sensitive communication codes that are the basis for interpersonal alignment. In this work, the
focus was set on this fundamental micro-level of multimodal signal coordination within
interacting individuals, i.e., intrapersonal synchrony. Adults with and without ASD were
compared on the basis of informed considerations that intrapersonal synchrony might differ
systematically between these groups.

This line of research aimed to provide a detailed view on how intrapersonal synchrony
manifests in adults with and without ASD in a social interaction scenarios. Importantly, while
focusing on the individual, this line of research still acknowledges the dyad as the fundamental
unit of analysis. Having established a first foundation for the systematic study of intrapersonal
synchrony, this approach leads to important follow-up research questions and suggests a testbed
for investigations in future research. The most essential ones are to establish a link of
intrapersonal synchrony as baseline measures with interpersonal synchrony in naturalistic real-
life interactions. Additionally, from a methodological viewpoint, it would be of great value to
implement the study of intrapersonal synchrony in the context of Human-Computer-
Interactions or Human-Robot-Interactions and possibly apply temporal parameters of
multimodal communication to interactive agents or artificial humans. This would for example
allow to study the effects of multimodal timing incrementally before applying measures in
highly complex naturalistic scenarios. On the other hand, these intrapersonal parameters could
provide information for behavioral computation in artificial behavior algorithms. In addition,
in order to derive potential diagnostic markers, it is essential to replicate results in further
samples and investigate the specificity of the demonstrated effects in comparison with other
psychiatric and neurodevelopmental diagnoses. Testing whether the effects generalize to other
communication modalities, other diagnostic groups (e.g., schizophrenia), different cultural
contexts, and to the broader autism spectrum would be of great interest. Furthermore, in order
to better understand the underlying mechanisms of self-synchronization during communicative
encounters, more studies are needed that target the relation with non-social characteristics in
ASD. In this context, longitudinal studies are essential in order to investigate the potentially

dynamic relationship of social and non-social behavior over ontogeny.
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