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Abstract
Background: One of the main diagnostic features of individuals with autism spectrum disorders is nonverbal
behaviour difficulties during naturalistic social interactions. The ‘Interactional Heterogeneity Hypothesis’ of ASD
proposes that the degree to which individuals share a common ground substantially influences their ability to
achieve smooth social interactions.
Methods: To test this hypothesis, we filmed 29 autistic and 29 matched typically developed adults engaged in
several conversational tasks. Windowed cross-lagged correlations were computed using the time series of motion
energy of both individuals in a dyad. These coefficients were then compared across the three dyad types that were
homo- or heterogenous with respect to diagnosis: pairs of two autistic individuals, two typically developed individuals
or pairs of one autistic and one typically developed person.
Results: We found that all dyad types achieved above-chance interpersonal synchrony, but that synchrony was more
expressed in typical dyads compared to both autistic and mixed dyads.
Limitations: The method presented here provides only one, albeit objective and robust, approach to explore synchrony.
The methodological choices as well as the lack of consideration for other communication modalities may limit our
interpretation of the findings. Moreover, the sample size is small with respect to exploring associations between synchrony
and various outcome and social skill measures.
Conclusions: The present results do not provide support for the Interactional Heterogeneity Hypothesis given that autistic
individuals do not coordinate better when interacting with another autistic individual, compared to when interacting with a
typical individual.
Keywords: Interpersonal synchrony, Interactional heterogeneity, Interpersonal coordination, Autism spectrum disorder, Social
interaction, Motion energy analysis, Autism spectrum disorders, Interpersonal coordination, Interpersonal synchrony, Motion
energy, Social interaction, Dyadic interactions, Conversation, Nonverbal behaviour
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Background
Individuals with autism spectrum disorder (ASD) are
characterised by life-long difficulties in communication
and reciprocal social interaction [1]. In particular, ASD
has been associated with atypical social contingencies
which include difficulties in coordinating attention [2] and
interactive turn-taking [3, 4]. However, it has been proposed that such difficulties may be attributable to an
‘Interactional Heterogeneity’ across persons, rather than
solely to individual failure [5–8]. This suggests that a
breakdown in social interaction and mutual understanding
can happen between people with very differing ways of
processing and experiencing the world (ibid.). To date, it
is still unclear whether an ‘interactional heterogeneity’ underlies these difficulties in social interaction in ASD.
One important characteristic of most social interactions is the unintentional coordination of various behaviours, such as heart rate, affect or vocal output [9]. In
fact, one of the most investigated phenomena is that of
the spontaneous and unintentional coordination of people’s moving bodies [10–16]. In this article, we will use
the term interpersonal synchrony (IPS) to denote this
type of coordination. It can include a broad range of
nonverbal behaviours and ranges from simultaneous occurrence of behaviours to behaviours involving a short
delay [17, 18]. IPS may underlie interaction success because it can promote effective turn-taking, as well as
connectedness, trust and prosocial behaviour [11, 19],
and it can even predict the success of a problem-solving
exercise, negotiation or meeting [20, 21]. It has also been
associated with various psychopathological conditions
like schizophrenia [22, 23], social anxiety disorder [24]
and borderline personality disorder [25]. We therefore
argue for an in-depth investigation of IPS in ASD, in
order to understand its contribution to the social interaction problems characteristic of the condition.
So far, the ability to coordinate movements with another person has been mostly studied in persons with
ASD using paradigms that are highly rhythmic and
therefore not directly related to naturalistic interactions
[26, 27]. Reduced and more variable IPS between children or adolescents with ASD and an experimenter has
mostly been observed with intentional coordination
tasks, like a synchronous interpersonal hand-clapping
task [28, 29], intentional synchronisation of a swinging
pendulum [27], synchronised object tapping [29] or in a
social motor coordination battery [28].
However, while such rhythmic or temporally stable behaviours do play an important role in IPS, there are
many other potential sources of unintentional coordination that need to be taken into account if it comes to
naturalistic interactions [30]. Real-world social interactions are seldom perfectly rhythmic but rather highly
complex and unpredictable. The ability to coordinate
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with another person in a naturalistic setting seems to be
impaired early on in ASD development [3, 31, 32]. In a
recent investigation, Romero and colleagues [33] looked
at whole-body IPS between children with ASD and a
clinician during a conversational exchange. Interestingly,
the study found that children with ASD achieved IPS
with a clinician, that these movements were complex
and that the complexity of the children’s movements
matched that of the clinician. Importantly, however, the
degree of bodily coordination was related to higher social cognitive ability. A similar study on children performing a test battery (including breaks) with an
experimenter showed differences for head and hand
movement IPS [34]. Like Romero and colleagues [33],
this study was done in children, but it additionally included control dyads of typical children interacting with
a clinician. Taken together, these studies show that individuals with ASD do achieve IPS, but they tend to do so
to a lesser extent compared to typical participants.
It is important to understand what underlies such IPS
difficulties in ASD. The understanding of psychopathology in an interpersonal context has long been present
in psychiatry [35–38]. Several recent theoretical
accounts have suggested that the difficulties with social
interactions that are symptomatic of ASD are interactional problems instead of individual ones. Hanne De
Jaegher [7, 39] suggests that, given that ASD individuals
have a different embodiment (including intra-personal
coordination and different sensory and perceptuo-motor
skills, see also Gallagher [40]), this may lead to problems
in interpersonal coordination. This can also make it difficult to find common ground with another, given that
social meaning is negotiated by the interplay of the
interaction process and the individuals engaged in it
(“participatory sense-making”) [7, 39]. What Damien
Milton [8] calls the “double-empathy problem” refers to
the idea that individuals who have different ways of processing and experiencing the world will also have differing norms and expectations and would therefore find it
difficult to empathise with each other (see also [41]). It
is a “double” problem because both social actors involved in a social interaction experience it. Annika Hellendoorn highlights the importance of dissimilarity of
ASD in terms of perceiving and sharing affordances in
the (social) environment which may disrupt smooth social interactions [42]. The “cross-neurological theory of
mind” account of Luke Beardon [43] suggests that perspective taking is relative to neurological states and that
there is not one universally correct way to represent
other people’s thoughts. Thus, social interaction difficulties often arise due to a lack of accommodation and acceptance of this neurodiversity. The “dialectical
misattunement hypothesis” [5] understands ASD as a
cumulation of wrongly attuned experiences between
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persons. These are understood as disturbances of the dynamic and reciprocal unfolding of an interaction across
multiple time scales and can result in individuals developing divergent interactional styles. We further refer to
the ‘Interactional Heterogeneity Hypothesis’ (IHH) of
ASD to summarise these accounts that share a similar
way of understanding social interaction difficulties in
ASD. Importantly, however, on the flipside, this IHH
would also suggest that those with similar experiences
are more likely to achieve a smooth and successful interaction [8]. This suggests that social interactions between
individuals with ASD might show an advantage over social interactions between individuals with and without
ASD. To date, only two other studies have investigated
the IHH to explain autistic social interaction difficulties
[44, 45]; however, both of these studies investigate different aspects of social interaction difficulties and reach different conclusions. Wadge and colleagues [44] used a
cleverly designed computerised task of a strategic interactive partner game and Crompton and colleagues [45]
used diffusion chains of verbal information transfer in
groups of eight participants.
In sum, research has rarely investigated IPS in naturalistic situations due to methodological challenges of capturing its complexities. A few studies mainly explored
children or adolescent populations using highly rhythmic
actions [26, 46] or interactions in a controlled and formal clinical setting [33, 34]. Furthermore, the IHH has
received a lot of theoretical attention and very little empirical investigations. To this end, we will quantify IPS
in natural interactions with individuals with ASD, and
we will compare hetero- and homogeneous dyads. There
were 9 heterogenous ‘mixed’ dyads, 10 homogenous
ASD dyads and 10 homogenous ‘typical’ dyads interacting in five different scenarios, resulting in 144 videos. In
line with the IHH we predict that the homogeneity of a
dyad is conducive to a higher amount of IPS as an index
of interaction quality and that ASD dyads will achieve
similar levels of IPS to typical dyads. We further predict
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that homogenous dyads will achieve more favourable
evaluations of the interaction and their partner. This
would lend support to the IHH of social interaction difficulties in ASD.

Methods
Sample

A group of 29 individuals with ASD and a group of 29
matched typically developed control persons participated in
this study (see Tables 1 and 2). Fluency in German was an
inclusion criterion. The 29 ASD participants (17 males) were
between 23 and 56 years of age (M = 42.76, SD = 9.79, see
Table 1) and were diagnosed and recruited in the Autism
Outpatient Clinic at the Department of Psychiatry of the
University Hospital of Cologne in Germany. As part of a systematic assessment, the diagnoses were confirmed by clinical
interviews according to ICD-10 criteria by two specialised
clinical experts and were supplemented by extensive neuropsychological assessment. The sample included patients with
the diagnoses Asperger syndrome/high-functioning autism
with an at least average Full Scale IQ (FSIQ > 85, measured
using Wechsler Adult Intelligence Scale, WAIS). Six of the
ASD participants were taking psychotropic medications (1x
Lamotrigin and Olanzapin, 1x Fluoxetin, 1x Clomipramin,
1x Escitalopram, 1x Venlafaxin and Methylphenidat, 1x
Valproic Acid). It is important to note that medication and
depression can affect the quantity of nonverbal behaviour
produced and therefore also IPS [47, 48]. As depression is a
common co-morbidity in ASD [49, 50], and because we did
not find significant differences of motion energy between
ASD participants with and without medication (t(13,133) =
− 1.527, p = 0.150) or with and without BDI scores higher
than 20 (i.e. moderate depression, t(15,037) = − 1343; p =
0.199), they were not excluded from the sample. The 29 typically developed participants (17 males) were between 25 and
56 years of age (M = 41.31, SD = 9.10, see Table 1) and were
recruited online from the student and staff population at the
University of Cologne and the University Hospital of Cologne, Germany. They reported no history of psychiatric or

Table 1 Demographics and questionnaires table
Test

ASD (n = 29)

typical (n = 29)

Gender (m/f)

17/12

17/12

Group comparison (p value)

Age

42.76 ± 9.79

41.31 ± 9.10

.562

AQ

42.45 ± 4.24

14.69 ± 4.64

.000

EQ

15.38 ± 7.89

50.37 ± 10.08

.000

SQ

42.62 ± 14.72

25.52 ± 10.31

.000

TAS20

64.66 ± 10

44.34 ± 11.34

.000

BDI

12.24 ± 10

5.52 ± 4.46

.002

WST

113.17 ± 11.05

111.54 ± 8.60

.536

Note: Mean values and the respective standard deviations are displayed
ASD autism spectrum disorder, n sample size, AQ Autism Spectrum Quotient, EQ Empathy Questionnaire, SQ Systemizing Questionnaire, TAS20 20-item Toronto
Alexithymia Scale, BDI Beck Depression Inventory, WST German verbal IQ test
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Table 2 Dyad composition and matching
Test

ASD (n = 10)

TYPICAL (n = 10)

MIXED (n = 9)

Gender (m/f)

6/4

6/4

5/4

Age avg

43.45 ± 9.65

41.80 ± 8.86

40.72 ± 10.45

Group comparison (p value)
.825

Age diff

2.70 ± 1.57

2.60 ± 1.58

2.11 ± 1.54

.688

AQ avg

43.05 ± 2.01

14.90 ± 3.93

27.67 ± 3.60

.000

AQ diff

3.70 ± 2.91

4.20 ± 3.82

26.89 ± 8.08

.000

EQ avg

15.85 ± 6.99

51.55 ± 7.81

31.06 ± 3.89

.000

EQ diff

7.30 ± 6.40

14.70 ± 10.71

33.44 ± 7.33

.000

SQ avg

44.15 ± 9.73

25.75 ± 8.16

32.11 ± 10.88

.001

SQ diff

18.30 ± 11.36

12.30 ± 10.90

16.67 ± 7.16

.403

TAS20 avg

66.30 ± 7.23

44.60 ± 10.32

52.39 ± 7.38

.000

TAS20 diff

10.40 ± 8.50

11.00 ± 12.14

17.22 ± 9.50

.295

BDI avg

12.55 ± 6.04

5.15 ± 3.54

8.94 ± 4.94

.010

BDI diff

14.10 ± 11.55

4.10 ± 3.03

7.89 ± 6.97

.032

WST avg

113.55 ± 6.34

111.17 ± 6.74

111.33 ± 6.91

.684

WST diff

15.90 ± 8.71

11.00 ± 6.18

10.22 ± 5.26

.173

Note: Mean values and the respective standard deviations are displayed
ASD autism spectrum disorder dyads, TYPICAL typical dyads, MIXED mixed dyads, n sample size, avg average dyad value, calculated from the average score of
both individuals of a dyad; diff difference dyad value, calculated from the average score of both individuals of a dyad; AQ Autism Spectrum Quotient, EQ Empathy
Questionnaire, SQ Systemizing Questionnaire, TAS20 20-item Toronto Alexithymia Scale, BDI Beck Depression Inventory, WST German verbal IQ

neurologic disorders, and no current use of any psychotropic
medications. In order to avoid clinically significant autistic
traits in the control sample, control participants were included only if scoring less than 26 on the autism quotient
(AQ) [51, 52].
For matching purposes, intelligence in both diagnostic
groups was assessed using the German multiple-choice verbal IQ test (“Wortschatztest”, WST [53];. Known to provide
a valid and time-effective estimate of intelligence [53–55].
Furthermore, a series of questionnaires were filled out, in
order to better describe the samples: The autism questionnaire (AQ, [51]), the Empathising Quotient (EQ, [56]), the
Systemizing Quotient (SQ, [57]). Each participant also completed questionnaires assessing comorbidities, namely, the
Becks Depression Inventory (BDI, [58, 59]) and the 20-ItemToronto Alexithymia Scale [60, 61]. Table 1 describes the
ASD and typical samples and shows, consistent with the clinical diagnoses, significant differences between the two groups
in the scores of the AQ, EQ and SQ. Consistent with the
two common ASD comorbidities [49, 50, 62, 63], significant
differences between the two groups were also found in the
BDI and the TAS20 scores (see Table 1).
Participants were assigned to one of three types of dyads,
made up of either two ASD individuals (ASD), two typically
developed individuals (typical) or mixed dyads of an ASD
and a typical individual (mixed, see Table 2). There were 10
ASD dyads, 10 TYPICAL dyads and 9 MIXED dyads. To
achieve optimal matching, dyad assignment rules were that
interacting partners would have the same sex, be not more
than +/− 5 years apart in age and +/− 2 SD in IQ. Table 2

shows average and difference dyad scores on all the questionnaires and tests to better describe the three dyad types.
Participants were naïve with respect to the purpose of the
study or the diagnostic status of their partner. Instead, participants were informed that the experiment sought to analyse
processes taking place in verbal conversations between unacquainted persons. The video and audio recording of interactions was explained as being a prerequisite for subsequent
evaluation of discussion performance. The audio-visual recording of interactions was openly declared in the recruitment description. Written informed consent was obtained
from all participants in accordance with the Declaration of
Helsinki (2013). All participants received a monetary compensation for their participation of 40 Euro and were
debriefed at the end. The study was conducted with approval
of the local ethics committee of the Medical Faculty of the
University of Cologne.
Video setup and interaction scenarios

The project consisted of dyadic interactions between previously unacquainted persons of the same sex. When participants arrived at the lab, the experimenter welcomed them
and briefly introduced them to each other and explained
the sequence of events. Each person individually completed
the battery of neuropsychological measures and questionnaires prior to the interaction sequences. The interactions
were conducted in a room with standardised and stable
artificial lighting and seating arrangements. All conversations were recorded using a high-definition video camera
(Panasonic DV C Pro HD P2), mounted on a tripod 320
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cm away from the chairs which were 60 cm apart from
each other (floor markings ensured standard placement).
All interactions lasted for 5 min, and the order of the interaction scenarios was as follows: An ice-breaker task (desert
island), a cooperative and a competitive debate, two fun tasks
(meal planning and knock-knock jokes) and a role play.
First, there was an ice-breaker task, where participants
were asked to engage in a 5-min-long unstructured conversation with respect to which five items they would take
with them to a desert island. This was followed by two
verbal debates, one cooperative and one competitive on
randomly assigned social and political topics of general
interest drawn form an urn of eight topics [64, 65]. Participants of a dyad were provided with one of two different
written lists of specific arguments fitting these topics,
which they could read in a preparation period of 2 min
prior to the interaction. One instruction encouraged cooperation and one encouraged competition. The cooperation instruction was to develop a shared position with
the strongest arguments from the lists and imagine that
they would have to persuade a third party. The competition instruction was to argue against the position of the
interaction partner; whereby one participant received a
longer list of five strong arguments, and the other a list of
two weaker arguments. The sequence of instructions was
randomised and balanced, with 50% of dyads receiving cooperation first and competition after and 50% receiving
them the other way around. The next interaction was a
‘fun task’ adapted from [66]. The instruction was to design
a five-course meal composed of dishes and drinks that
both participants dislike. This was followed by a German
knock-knock joke telling task [67, 68]. Each participant
was asked to memorise three previously given jokes. Finally, a 5-min role play took place where one participant
was randomly assigned the role of the boss and the other
of the employee of a big insurance company. Participants
had 2 min time, prior to the interaction, to read the context of the story. They were told to enact a meeting, where
a boss and an employee negotiate a situation [69].
Evaluation measures

After each interaction task, participants were required to fill
out a post-test questionnaire, where they appraised the “positiveness” of each of their interactions on three items on a 6point scale. These items were as follows: (1) How easy was
the task? (2) How pleasant was the interaction? and (3) How
likeable was their interaction partner? Higher scores reflected
a more positive evaluation of the partner and the interaction.
Data analyses
Video analysis and frame differencing approach

Video selection and pre-processing The entire knockknock joke video category was excluded from analyses
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because no dyad was able to complete the task and
memorise the jokes to the standard required. We therefore proceeded to analyse all the other videos from five
different interactions: ice-breaker, cooperative and competitive debates, meal-planning and role play. This resulted in 144 videos: 50 for the ASD group, 50 for the
TYPICAL group and 44 for the MIXED group. One further video was excluded since participants did not
understand the instruction: the ice-breaker task in one
of the MIXED dyads. Here, we used an imputation
method, whereby we replaced the data of this one dyad
with the average motion energy and IPS values of that
task across all dyad types.
Time-series extraction using Motion Energy Analysis
Motion energy analysis is an objective frame-differencing
method to determine changes in movement from videos [14,
70]. It is automated to continuously monitor the number of
pixels changing in pre-defined regions of interest (see www.
psync.ch for details). We selected two regions of interest
(ROI) for each participant, covering (1) the head and (2) the
rest of the body including the legs (Fig. 1). These were drawn
individually for each video using the tools provided by the
motion energy analysis software user interface. Absolute
changes in grayscale values in these ROIs were detected and
separately recorded as numerical streams of data, thus generating two continuous time series measuring the amount of
movement in the head and the body region of each interactant. Because the ROIs are mutually exclusive and additive,
we also computed a sum of the two ROIs to achieve total
full-body motion energy data from each participant.
Synchrony and pseudo-synchrony computation using
windowed cross-lagged correlation of time series The
quantification of synchrony was achieved by using windowed cross-lagged correlations of the motion energy
time series of both participants in each dyad in every 5min interaction [70–73]. This correlation approach [72]
yields a measure of the similarity of two time-series, as a
function of the displacement ('lag') of one relative to the
other. Time-lags of up to +/− 5 s (i.e. in both directions)
are applied in steps of 0.1 s, i.e. the time series are
shifted by 0.1 s and then correlated. This procedure is
repeated until all 101 time lags are covered (50 lags up
to the maximum lag of 5 s in each direction, plus 1
correlation at lag zero). The cross-correlations were
performed separately in all segments of 30 s duration of
a 5-min interaction, in order to take into account the
non-stationary nature of movement behaviours [65].
Cross-correlations were then transformed (Fisher’s Z),
and their absolute values were aggregated over the entire
interaction, yielding one global value of synchrony for
each of the five interactions of each dyad. The use of absolute values means that both positive and negative
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Fig. 1 Motion energy analysis. a Top row, still frame of video showing a dyad with the ROIs as boxes of different colours. b Time series of individual
motion energies (y-axis: motion energy values; x-axis: time in frames (rate: 25 frames per second)

cross-correlations contributed positively to the 5-min
synchrony measure, so that anti-phase correlations also
contributed to IPS. These values were used as dependent
variables for the main analysis. In order to evaluate the
significance of synchrony values, a control for coincidental synchrony is needed. To control for coincidental synchrony (e.g. [65]), we computed 90 surrogate
interactions for each genuine one and then compared
these to each other. To compute surrogate interactions,
we shuffled the time series of each genuine dyad
segment-wise. Hence, in a surrogate time series, movement segments of person A are aligned with movement
segments of person B that never actually occurred at the
same time. This procedure kept the time structure of
the real data intact but only permuted the temporal location of the 30 s segments. Synchrony in all surrogate
interactions (i.e. pseudo-IPS) was finally calculated identically to the synchrony of the original data as described
above. This process yielded a distribution of pseudo-IPS
values for each original dyad.

For statistical analysis, we used JASP Version 0.10.1 [74].
To investigate motion quantity differences, the dependent
variables were the averages of the motion energy time series
of each person in each dyad for each task. To investigate IPS,
the dependent variables were the average standardised crosscorrelation coefficients for each dyad in each task. To demonstrate that IPS was significantly present at an abovechance level in all groups, irrespective of manipulation, we
checked if the genuine IPS value of each original dyad came
from the same distribution of pseudo-IPS values derived
from the shuffled surrogate dataset by means of a Z-test.
Analyses of variance (ANOVA) were performed to test for
differences between dyad types in terms of IPS and the evaluation ratings, please see results section for details). If
Mauchly’s test indicated that the assumption of sphericity
was not fulfilled, degrees of freedom were corrected using
the Greenhouse–Geisser estimates of sphericity. Holmcorrected post hoc tests were performed to better characterise the nature of the significant main effects. All effects are
reported as significant at p < .05. Bayes factors were added
using JASP, to aid the interpretation of results. We used the
guidelines proposed by Jeffreys [75] for interpreting BF10.

Statistical analyses

All analyses were done for the head, the body and total ROI.
Because of (1) several instances of region-crossing (e.g. face
touching, where the movement from the body ROI enters
the head ROI), (2) non-standardisation of motion energy
values to account for different sizes of the manually drawn
head and body ROIs and (3) because the head and body
ROIs are mutually exclusive and additive, we consider the
total ROI to be the most robust dependent variable. Importantly, we did not find a significant interaction between our
effects of interest and ROI (see Additional file 1), we therefore only report here the results from the total ROI. We report the separate head and body ROI results, for the sake of
completeness, in Additional file 1.

Results
Evaluation measures

We investigated whether individual ratings of (1) how
easy the task was, (2) how pleasant the interaction was
and (3) how likeable the partner was differed significantly depending on the dyad type that the individual
was part of. For each of these dependent variables, we
ran a two-way repeated measures ANOVA with TASK
as a within-subject factor (island, cooperative debate,
competitive debate, meal planning, role play) and
GROUP (ASD, MIXED, TYPICAL) as a between subject
factor. We found significant main effects of TASK in all
dependent variables (detailed results can be found in
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Additional file 1—evaluation), and for the pleasantness
of the interaction rating, we found a significant main effect of group (F(2,55) = 3.336, p < .05, ηp2 = 0.108) and a
significant interaction effect for TASK x GROUP
(F(5.827,160.248) = 2.683, p < .05, ηp2 = 0.089). This suggests that overall, the rating of the interactions with respect to pleasantness was similar across groups but that
individuals from the TYPICAL dyads rated the island
and cooperative interactions as significantly more pleasant compared to individuals from the other two dyad
types. Exploratory correlation analyses showed no significant relationships and are reported for reasons of
completeness in Additional file 1.

effect of TASK, F(3.121,171.669) = 3.926, p < .05, ηp2 =
0.067. Post hoc tests revealed that the meal planning
task resulted in significantly more average dyad motion
energy compared to the island task (mean difference =
65.196, t = 3.816, pHolm < .05, d = 0.501). There were no
significant differences between dyad types (F(2,55) =
2.477, p = .093, BF10 = 0.867, equivalent to anecdotal
evidence for no effect see Fig. 2a). This suggests that the
different dyad categories moved on average to a similar
degree. There was also no significant interaction between TASK and DYAD TYPE (F(6.242,171.669) =
0.934, p = .475).

Movement quantity

IPS versus pseudo-synchrony

We examined whether dyads differed with respect to
motion energy. This was important because any differences between groups that we would have found here,
would have cautioned our interpretation of the findings
on IPS. We performed a two-way 5 × 3 ANOVA, defining TASK (island, cooperative debate, competitive debate, meal planning, role play) as within-subject factor
and DYAD TYPE (ASD, TYPICAL, MIXED) as
between-subject variable and the average motion energy
dyad score as dependent variable. We found a main

The genuine IPS value of each dyad was computed as the
absolute Fischer’s Z transformed cross-correlation values
that were aggregated over the entire length of each interaction. Because the interaction between task and dyad type
was not significant, we also averaged these values over all
tasks for each dyad to attain the following mean z values
for genuine synchrony: 0.49 (ASD), 0.74 (TYPICAL), and
0.8 (MIXED). These mean z values are identical to effect
sizes (Cohen’s d), i.e., they demonstrate moderate to strong
effects for synchrony against surrogate controls.

Fig. 2 a Differences in average motion energy in three different dyad types (10 ASD dyads, 10 TYPICAL dyads, 9 MIXED dyads). Error bars are 95%
confidence intervals, created with 1000 bootstrap samples; b–d Motion energy contribution of each partner across dyad types. L sitting on the
left, R sitting on the right
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IPS across dyad types

To investigate IPS differences across groups, we performed a
two-way ANOVA, defining TASK (island, cooperative debate,
competitive debate, meal planning, role play) and DYAD
TYPE (ASD, TYPICAL, MIXED) as a between-subject variable and IPS score as the dependent variable. There was a significant main effect of TASK on IPS, F(4,104) = 4.086, p <
.05, ηp2 = 0.136. Post hoc tests revealed that the meal planning task resulted in significantly more IPS than the cooperative debate (mean difference = 0.017, t = 3.338, pHolm < .05, d
= 0.620) and the island task (mean difference = 0.016, t =
3.098, p < .05, d = 0.575). There was a main effect of DYAD
TYPE on IPS, F(2,26) = 4.955, p < .05, ηp2 = .276, BF10 =
4.119 (see Fig. 3a). The Bayes factor for this test indicates that
the data are 4.119 times more likely to be observed under the
alternative hypothesis, in other words, it indicates substantial
evidence in favour of the effect. Post hoc tests revealed that
TYPICAL significantly differ from MIXED (mean difference
= 0.022, t = 2.889, pHolm < .05, d = 0.537, BF10 = 1327.480,
equivalent to decisive evidence for the effect) and ASD (mean
difference = 0.019, t = 2.498 pHolm < .005, d = 0.464, BF10 =
72.315, equivalent to very strong evidence for the effect), but
ASD did not differ significantly from MIXED (mean difference = 0.004, t = 0.458, pHolm = .651, d = 0.085, BF10 = 0.286,
equivalent to substantial evidence for no effect). Importantly,
there was no interaction between TASK and DYAD TYPE,
F(8,104) = 0.599, p = .777 (see Fig. 3b).

Discussion
The present study shows whole-body IPS differences between typical dyads and dyads under participation of at
least one (or two) individuals with ASD in a conversational setting. It extends previous findings on reduced
IPS in ASD by looking at an adult population in an informal and naturalistic setting. Importantly, the study is
not consistent with the IHH of autism, as results show
no IPS advantage to a person with ASD having an
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interaction partner with the same diagnosis and no differences in evaluations between groups. In the following,
we first discuss the overall motion energy findings and
finally, the IPS findings and some limitations of the
present study.

Similar movement quantity for ASD and TYPICAL and
across dyad types

Before interpreting the results regarding how much
people can synchronise, we have to investigate the results with respect to the amount of motion energy that
is produced. If there are systematic differences between
groups in terms of how much dyads move in general,
then this could also lead to systematic differences in IPS
and ultimately affect how we interpret the IPS findings.
Indeed, scoring criteria for various diagnostic measures suggest that individuals with ASD produce less
nonverbal behaviours than their typically developing
peers (for a review, see [76]). If individual differences
exist, one would expect also dyad type differences. Importantly, however, most empirical research findings
have failed to find group differences between ASD and
typical individuals in movement quantity as measured by
amount of gestures [76–78]. Following that, in the
present study, we did not find a significant difference in
average dyad motion energy across dyad types (see Fig.
2). This may suggest that, on average, participants
moved to a similar extent, irrespective of their own or
their partner’s diagnostic condition. Nevertheless, Bayes
factors suggest anecdotal evidence for the null effect.
Given the small sample size and the study being underpowered, this needs to be interpreted with caution.
Taken together, we conclude that the differences in IPS
discussed below cannot be attributed to mere differences
in terms of movement quantity and have plotted individual movement quantity for each dyad in Fig. 2b–d.

Fig. 3 Interpersonal synchrony. a Main effect of dyad type. Average IPS aggregated over task type. Points represent individual dyads. b
Differences in IPS between dyad types across tasks. Error bars represent 95% confidence intervals, created with 1000 bootstrap samples
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Dyads with autistic participants show reduced IPS

Our finding that TYPICAL dyads achieved more IPS
compared to MIXED dyads is in concert with the idea
that social interaction should be more challenging and
less well coordinated when there is a mismatch of interactional styles between two partners [5, 8, 39]. Such
interactional styles may emerge due to differing processing styles and experiences of the world. Importantly,
however, the IHH would also imply that ASD dyads may
be able to achieve just as much IPS as TYPICAL dyads.
This would be since they are homogenous with respect
to the two partners’ diagnostic condition and hence
more similar in interactional style. Thus, the present results do not support this hypothesis, because we find
that all dyads with ASD individuals in their composition
(MIXED and ASD) achieve less IPS compared to TYPICAL dyads. This is in line with recent research that
shows greater conceptual misalignment when ASD and
MIXED dyads are faced with ambiguous problems in a
more explicit and strategic computerised game task [44].
Although the current study was not specifically designed
to disentangle between them, in the following, we consider four lines of research that may explain why individuals with ASD achieve less IPS in social interactions.
One possible explanation for the present findings is
related to the motor difficulties that ASD individuals
experience. A prominent motor atypicality included in
the diagnostic criteria for ASD is the presence of repetitive behaviours or stereotypies [1]. Moreover, research has found that individuals with ASD have
delays in their motor development and that they
move differently compared to typically developing individuals, with an atypical gait, postural control and
upper limb movements as well as an impaired fine
motor control [28, 79–86]. Fournier and colleagues
[81] have reviewed 41 studies on motor abilities in
ASD, in both infant as well as adult samples. They
conclude that ASD individuals are characterised by
weaker motor performance compared to typical controls, irrespective of symptom severity. This may be
linked to differing cerebellar functions [83, 87]. Importantly, ASD individuals are also more variable in
motor performance (e.g. [25, 85, 87]) and planning
[88, 89]. Following Dowd and colleagues [90], we
argue that motor function is important because interpersonal interactions and communication rely on it
for execution. For the present findings, we could
argue that atypical movements and movement variability make it difficult for coordination between individuals to occur. Unfortunately, we did not directly
assess motor abilities in the present sample. However,
Fitzpatrick and colleagues [46] have found that, while
IPS was associated with ASD severity, it was not fully
explained by motor problems. In particular, only the

Page 9 of 14

more rhythmic types of IPS were related to motor
ability. Such rhythmic interactions involve a very predictable structure, but this is unlike the conversations
used in the present study. In a similar line, Noel and
colleagues [34] highlight that motor ability is not sufficient to account for the differences they found in
IPS between ASD and typical individuals and that the
difference in achieved IPS between ASD and typical
individuals was uncoupled from differences in movement complexity.
An alternative explanation may be related to the perception side rather than the production side of nonverbal behaviour. Research has shown that individuals with
ASD have atypical perception and attention [91–94], as
well as more specifically difficulties interpreting nonverbal cues (for a review, see [95]). Also, the degree to
which nonverbal information contributes to social processing in ASD is significantly lower than in control participants [96, 97]. For example, Georgescu and
colleagues [96] showed that persons with ASD do not
use subtle aspects of gaze duration to form impressions
of others in an ambiguous context. Kuzmanovic and colleagues [97] found that, although ASD participants could
evaluate nonverbal behaviours in isolation (e.g. an observed person leans forward with a smile), they showed a
reduced sensitivity to nonverbal cues when this information conflicted with verbal information. It is then possible that individuals with ASD rely more strongly on
explicit information. It is impossible to test this with the
current design, yet future research should investigate
whether interpersonal coordination may be achieved in
ASD dyads using a different channel or modality (e.g. via
the more explicit verbal channel).
ASD has also been associated with atypical time processing. Interviews have shown that individuals with
ASD tend to rely on routines and repetitive behaviours
to help the structuring of their subjective time experience [98, 99]. Moreover, empirical findings found that
individuals with ASD tend to perceive time atypically
ranging from impaired interval timing to intact or increased temporal event structure coding and that this
correlates with nonverbal communication difficulty (e.g.
[100–103]). Given the heterogeneity of the autistic
phenotype and assuming a more variable temporal processing style in ASD individuals, it may be that in both
ASD and MIXED dyads neither partner’s temporal style
can reach close enough to the other in order to coordinate. This is similar to the idea of coupled oscillators in
physics, whose frequency ranges need to be similar for
them to entrain and synchronise [39, 104]).
The predictive coding account of ASD suggests that expectations about the precision of sensory inputs, relative
to the precision of prior experiences may be essential in
coordinating the interplay between perception, action, and
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social behaviour [5, 105, 106]. Noel and colleagues [34]
find recent evidence that the association between multisensory perceptual ability (i.e. acuity of the temporal binding window) and IPS is missing in ASD children, but not
in typically developing children. This would suggest that
ASD children do not make use of sensory evidence in
achieving coordination with another person.
To put our findings in the context of research investigating the IHH, our findings are in concert with findings
from Wadge and colleagues [44] who find that ASD
dyads have difficulties in a nonverbal task just as MIXED
dyads have (not involving bodily movements but a computerised strategic interactive partner game). On the
other hand, they contradict findings by Crompton and
colleagues [45]. These authors find that, on an explicit
verbal task of recounting a story in a diffusion chain of 8
individuals, ASD and typical groups were equally good
at retaining the details of the story, whereas the MIXED
group showed a steeper decline in detail retention. It is
therefore important to highlight, given the difficulties of
individuals with ASD with implicit but not explicit processing [107] that there may be differences in terms of
coordination ability in ASD, depending on the domain
of investigation.

Limitations
Sample limitations

A common problem in dyadic research is a small sample
size [73]. A study’s sample size is halved given that all
participants are studied in pairs and the unit of analysis
is the dyad rather than the individual. While the sample
size in the current study may seem small, it is comparable to or even higher than other sample sizes in both
autism research [107, 108] and IPS research [34, 71,
109–111]. Nevertheless, it is important to note that, in
order to compare between groups with sufficient power
and to investigate associations with other variables more
extensively, the present results would need to be replicated with a larger sample.
Further, it is important to note that the present ASD
sample included adult individuals with the diagnoses
Asperger syndrome/high-functioning autism with an at
least average Full Scale IQ. The tasks in this study required the ability to use words to communicate and engage in conversations on a variety of topics. Even though
our sample was restricted to a subgroup of autistic individuals, our findings support previous research which involved work on children on the broader spectrum,
showing that individuals with autism can synchronise
with others but they do so to a lesser extent, compared
to typical individuals. Nevertheless, further research is
needed to replicate the results of the present design and
dyad type differences across the entire autistic spectrum
and across development.
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Furthermore, ASD individuals often score high on social anxiety measures and report higher sensibility to
stress and performance anxiety [112]. The participation
in the current study was advertised to involve several interactions between strangers. Therefore, we need to consider that the ASD individuals who volunteered might
have either been already quite good at social interactions
or at least not intimidated by them. Alternatively, they
might have found social interactions particularly challenging and by volunteering, they would have been actively
searching for opportunities to practise their social skills.
In either case, the present sample might have suffered
from a selection bias in the ASD group.
Finally, whereas in the TYPICAL dyads, we can assume that the nonverbal behaviour rules are shared between interaction partners, and in the MIXED dyads,
this is clearly not the case, the ASD dyads represent a
special case. While in the present study, ASD dyads are
matched with respect to diagnosis, given the inherent
phenotypic heterogeneity of ASD, it is more likely that
atypicalities in ASD behaviour are idiosyncratic rather
than shared. Some examples mentioned before in the
manuscript relate to the variability within the ASD clinical presentation in terms of motor performance and
temporal processing style. This would render what we
considered homogenous dyads, in effect, heterogenous.
This has important implications for the IHH in autism
research. If we are to assume that the basis for the IHH
is the ability to establish a common ground between
interaction partners, and that this may influence the
level of IPS achieved, it is then important to consider
that ASD dyads may need to be more closely matched
on relevant factors.
Methodological limitations

The approach we use to quantify movement in dyads involves a frame differencing method called motion energy
analysis and windowed cross-lagged correlations. Although very useful and easy to use, there are several limitations related to these methods.
Compared to other methods of movement tracking
(e.g. motion capture equipment), motion energy quantification cannot track moving ROIs and it loses detail
(e.g. movement direction and velocity) [73]. As opposed
to motion energy analysis, more sophisticated motion
capture can track single joints, and thus, the need for
moving ROI tracking in video material is eliminated. On
the other hand, just like motion energy analysis, motion
capture does not take into account qualitative features
such as the valence, type and/or meaning of participants’
nonverbal behaviour (e.g., approaching vs. disengaging
postures). The use of traditional video annotation or
state-of-the-art computer vision tools that can extract
and categorise poses and expressions can be used as
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complementary tools in such investigations to help shed
more light on the association of these qualitative features
of nonverbal behaviour and their relation to IPS and its
social outcomes. For example, once movement has been
labelled using classic annotation and a coding scheme,
this information can then be entered into a multivariate
approach for the detection of the temporal structure of
behaviour [113].
The result of the motion energy analysis can also depend on factors such as contrast or colours of the
clothes, because these can affect greyscales and it is indicated to standardise this MEA investigations. In the
present study, only a minority of participants did not
wear dark clothing but the proportion of dark, bright or
mixed clothed individuals did not differ between our experimental groups of interest (χ2 (4) = 4.94, p = .29).
Moreover, our approach is only one of many existing
methods used to measure IPS. Schoenherr and colleagues [18] have recently reviewed several linear
methods of time series analysis that can be used to
quantify IPS and find that they address different aspects
of coordination. In addition, nonlinear methods have
been used to quantify how and the extent to which
streams of information come to exhibit similar patterns
in time [15, 114–116].
Further, synchrony may be computed on the basis
of local trends rather than cross-correlations [117,
118]. Finally, IPS is a type of interpersonal coordination that can emerge not just in the time domain
but also in the frequency domain [119]. In the frequency domain, IPS is represented as the amount of
similarity between the spectral powers at which both
partners move, at each frequency component (i.e.
cross-spectral coherence). It would be important that
future research considers all of these different aspects
of IPS when investigating it.
In addition, IPS may emerge within and across different sensory modalities and timescales [12, 67, 115]. For
example, the intensity of an infant’s movement matches
the intensity of the mother’s speech [120]. Moreover, it
has been shown that individuals may achieve synchrony
and hence have positive interaction outcomes in lexical
and nonverbal aspects of spoken language [121]. Paxton
& Dale [73] highlight the importance of the relation between body movement, eye gaze and verbal behaviour
and suggest that future research would gain a deeper understanding of the within- and cross-channel mechanisms of interpersonal coordination.
Finally, it is essential to relate IPS findings to a social outcome. Previous findings showed that IPS embodied both outcome and interpersonal variables of dyads [104]. Given the
sample size (n = 29), the study is underpowered to interpret
correlations between IPS and evaluation measures. For completeness, they are reported in Additional file 1. We have
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compared the dyad types with respect to the impressions
that people get of the interaction and their partner after each
task. We find no significant differences between individuals
of the three different dyad types. However, this may also be
due to the type of measures we employed: We used explicit
ratings and it is very likely that more implicit measures are
needed to investigate impressions that happen implicitly and
outside of interactors’ awareness. In addition, process measures that can be administered pre- and post-interaction
could be used in future studies [65].

Conclusions
The current study helps gain a more complete picture of
IPS in ASD in two ways: First, we show that there are IPS
differences in informal, naturalistic interactions with
adults with ASD without cognitive disabilities. Second,
these IPS differences are unlikely to be the result of ASD
and typical people being less able to coordinate with each
other. Rather it is also equally reduced in homogenous
ASD dyads. Thus, we find no support for the IHH using
IPS as an index of interaction smoothness. This research
opens up new questions with respect to further developing
the IHH and the need to run more studies that help integrate the idea of the phenotypical heterogeneity of autism.
This means that we may be able to understand Interactional Heterogeneity between (atypical vs typical development) and within (due to phenotypical heterogeneity)
diagnostic conditions.
Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13229-019-0305-1.
Additional file 1. Supplementary Materials – Synchrony (IPS). Supplementary
Materials – Motion Energy. Supplementary Materials – Evaluation measures
Abbreviations
AQ: Autism quotient; ASD: Autism spectrum disorder; BDI: Beck’s Depression
Inventory; EQ: Empathy Questionnaire; IHH: Interactional Heterogeneity
Hypothesis; IPS: Interpersonal synchrony; IQ: Intelligence quotient;
ROI: Regions of interest; SQ: Systemizing Questionnaire; WST: “Wortschatztest”
(German verbal intelligence test)
Acknowledgements
We would like to thank the participants for volunteering their time. Marius
Kuschefski and Helen Fischer deserve much appreciation for their assistance
with some of the data collection. We also thank the Media Team of the
University Hospital of Cologne for their help and support with the video and
audio recordings using professional equipment, as well as with data
archiving. Finally, we are grateful to Philipp Ludersdorfer for advice on the
analysis strategy.
Authors’ contributions
AG designed the study, supervised data collection, analysed data and wrote
the paper. SK collected data. WT conceived and designed the IPS analysis,
analysed data and critically revised the manuscript. CF supervised data
collection and wrote the paper. KV and AH critically revised the manuscript.
CF and WT contributed equally as senior authors. All authors read and
approved the final manuscript.

Georgescu et al. Molecular Autism

(2020) 11:11

Funding
This work was funded under the Institutional Strategy of the University of
Cologne within the German Excellence Initiative by a postdoctoral project
grant awarded to Alexandra Georgescu.
Availability of data and materials
The datasets generated and/or analysed during the current study are not
publicly available due to this being data from a sample that did not consent
to their data being shared in any form, the raw data are not available to be
shared. The data are available from the corresponding author on reasonable
request.
Ethics approval and consent to participate
The study was conducted with approval of the local ethics committee of the
Medical Faculty of the University of Cologne.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Department of Psychology, Institute of Psychiatry, Psychology and
Neuroscience, King’s College London, Guy’s Campus, Addison House,
London SE1 1UL, UK. 2Institute of Cognitive Neuroscience, University College
London, 17 Queen Square, London WC1N 3AR, UK. 3Department of
Psychiatry and Psychotherapy, University Hospital of Cologne, Cologne,
Germany. 4Institute of Neurosciences and Medicine – Cognitive
Neuroscience (INM-3), Research Center Jülich, Jülich 52425, Germany.
5
Department of Psychiatry, Medical Faculty, LMU Munich, 80336 Munich,
Germany. 6University Hospital of Psychiatry and Psychotherapy, University of
Bern, Bern, Switzerland.
Received: 29 August 2019 Accepted: 13 December 2019

References
1. WHO, Organization WH. The ICD-10 classification of mental and behavioural
disorders: diagnostic criteria for research: World Health Organization; 1993.
p. 263.
2. Mundy P, Sigman M, Kasari C. Joint attention, developmental level, and
symptom presentation in autism. Dev Psychopathol. 1994;6(3):389–401.
3. Trevarthen C, Daniel S. Disorganized rhythm and synchrony: early signs of
autism and Rett syndrome. Brain Dev. 2005.
4. Wimpory DC, Hobson RP, Williams JMG, Nash S. Are infants with autism
socially engaged? A study of recent retrospective parental reports. J Autism
Dev Disord. 2000;30(6):525–36.
5. Bolis D, Balsters J, Wenderoth N, Becchio C, Schilbach L. Beyond autism:
introducing the dialectical misattunement hypothesis and a Bayesian
account of intersubjectivity. Psychopathology. 2017;50(6):355–72.
6. Leong V, Schilbach L. The promise of two-person neuroscience for
developmental psychiatry: using interaction-based sociometrics to identify
disorders of social interaction. Br J Psychiatry. 2019:1–3.
7. De Jaegher H. Embodiment and sense-making in autism. Front Integr
Neurosci [Internet]. 2013 [cited 2019 May 3];7. Available from: https://www.
frontiersin.org/articles/10.3389/fnint.2013.00015/full
8. Milton D. On the ontological status of autism: the ‘double empathy
problem.’ Disabil Soc. 2012;27:883–887.
9. Feldman R, Magori-Cohen R, Galili G, Singer M, Louzoun Y. Mother and
infant coordinate heart rhythms through episodes of interaction synchrony.
Infant Behav Dev. 2011;34(4):569–77.
10. Bernieri FJ, Rosenthal R. Interpersonal coordination: behavior matching and
interactional synchrony. In: de la Maison des Sciences de l’Homme; 1991. p.
401–32. (Studies in emotion & social interaction).
11. Chartrand TL, Bargh JA. The chameleon effect: the perception–behavior link
and social interaction. J Pers Soc Psychol. 1999;76(6):893–910.
12. Condon WS, Ogston WD. Sound film analysis of normal and pathological
behavior patterns. J Nerv Ment Dis. 1966;143(4):338–47.
13. Kendon A. Movement coordination in social interaction: some examples
described. Acta Psychol (Amst). 1970;32:101–25.

Page 12 of 14

14. Ramseyer F, Tschacher W. Nonverbal synchrony in psychotherapy:
coordinated body movement reflects relationship quality and outcome. J
Consult Clin Psychol. 2011;79(3):284–95.
15. Richardson DC, Dale R. Looking to understand: the coupling between
speakers’ and listeners’ eye movements and its relationship to discourse
comprehension. Cogn Sci. 2005;29(6):1045–60.
16. Richardson DC, Dale R, Kirkham NZ. The art of conversation is coordination.
Psychol Sci. 2007;18(5):407–13.
17. Burgoon JK, Dillman L, Stem LA. Adaptation in dyadic interaction: defining
and operationalizing patterns of reciprocity and compensation. Commun
Theory. 1993;3(4):295–316.
18. Schoenherr D, Paulick J, Worrack S, Strauss BM, Rubel JA, Schwartz B, et al.
Quantification of nonverbal synchrony using linear time series analysis
methods: lack of convergent validity and evidence for facets of synchrony.
Behav Res Methods. 2019;51(1):361–83.
19. Bernieri FJ, Davis JM, Rosenthal R, Knee CR. Interactional synchrony and
rapport: measuring synchrony in displays devoid of sound and facial affect.
Pers Soc Psychol Bull. 1994;20(3):303–11.
20. Pentland A. Honest signals: how they shape our world [Internet]. The MIT
Press; 2008 [cited 2019 May 3]. Available from: https://direct.mit.edu/books/
book/2037/honest-signalshow-they-shape-our-world
21. Miles LK, Lumsden J, Flannigan N, Allsop JS, Marie D. Coordination matters:
interpersonal synchrony influences collaborative problem-solving.
Psychology. 2017;08(11):1857–78.
22. Varlet M, Marin L, Raffard S, Schmidt RC, Capdevielle D, Boulenger J-P, et al.
Impairments of social motor coordination in schizophrenia. PLOS ONE.
2012;7(1):e29772.
23. Kupper Z, Ramseyer F, Hoffmann H, Tschacher W. Nonverbal synchrony in
social interactions of patients with schizophrenia indicates sociocommunicative deficits. PLOS ONE. 2015;10(12):e0145882.
24. Varlet M, Marin L, Capdevielle D, Del-Monte J, Schmidt R, Salesse R, et al.
Difficulty leading interpersonal coordination: towards an embodied
signature of social anxiety disorder. Front Behav Neurosci [Internet]. 2014
[cited 2019 Jul 5];8. Available from: https://www.frontiersin.org/articles/10.33
89/fnbeh.2014.00029/full
25. Gratier M, Apter-Danon G. The musicality of belonging: repetition and variation
in mother-infant vocal interaction, in communicative musicality: narratives of
expressive gesture and being human. In: Malloch S, Trevarthen C, editors.
Communicative Musicality: Exploring the Basis of Human Companionship.
Oxford: Oxford University Press; 2008. p. 301–27.
26. Marsh KL, Isenhower RW, Richardson MJ, Helt M, Verbalis AD, Schmidt RC,
et al. Autism and social disconnection in interpersonal rocking. Front Integr
Neurosci [Internet]. 2013 [cited 2019 May 3];7. Available from: https://www.
frontiersin.org/articles/10.3389/fnint.2013.00004/full
27. Fitzpatrick P, Frazier JA, Cochran DM, Mitchell T, Coleman C, Schmidt RC.
Impairments of social motor synchrony evident in autism spectrum
disorder. Front Psychol [Internet]. 2016 [cited 2019 May 3];7. Available from:
https://www.frontiersin.org/articles/10.3389/fpsyg.2016.01323/full
28. Fitzpatrick P, Romero V, Amaral JL, Duncan A, Barnard H, Richardson MJ,
et al. Evaluating the importance of social motor synchronization and motor
skill for understanding autism. Autism Res. 2017;10(10):1687–99.
29. Romero V, Fitzpatrick P, Schmidt RC, Richardson MJ. Using cross-recurrence
quantification analysis to understand social motor coordination motor
coordination in children with autism spectrum disorder autism spectrum
disorder. In: Webber Jr Charles L, Ioana C, Marwan N, editors. Recurrence
Plots and Their Quantifications: Expanding Horizons: Springer International
Publishing; 2016. p. 227–40. Springer Proceedings in Physics.
30. Latif N, Barbosa AV, Vatiokiotis-Bateson E, Castelhano MS, Munhall KG.
Movement coordination during conversation. PLOS ONE. 2014;9(8):e105036.
31. Hobson RP, Lee A. Hello and goodbye: a study of social engagement in
autism. J Autism Dev Disord. 1998;28(2):117–27.
32. Yirmiya N, Gamliel I, Pilowsky T, Feldman R, Baron-Cohen S, Sigman M. The
development of siblings of children with autism at 4 and 14 months: social
engagement, communication, and cognition. J Child Psychol Psychiatry.
2006;47(5):511–23.
33. Romero V, Fitzpatrick P, Roulier S, Duncan A, Richardson MJ, Schmidt RC. Evidence
of embodied social competence during conversation in high functioning children
with autism spectrum disorder. PLOS ONE. 2018;13(3):e0193906.
34. Noel J, Niear MAD, Lazzara NS, Wallace MT. Uncoupling between
multisensory temporal function and nonverbal turn-taking in autism
spectrum disorder. IEEE Trans Cogn Dev Syst. 2018;10(4):973–82.

Georgescu et al. Molecular Autism

(2020) 11:11

35. Sullivan HS. The interpersonal theory of psychiatry: Routledge; 2013.
36. Schilbach L. Towards a second-person neuropsychiatry. Philos Trans R Soc B
Biol Sci [Internet]. 2016[cited 2019 Jul 5];371(1686). Available from: https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC4685526/
37. Das psychisch Abnorme: krit. Ansätze zu e. Psychopathologie. von Glatzel,
Johann:: Urban und Schwarzenberg Verlag; 9783541079513 Broschiert Petra Gros [Internet]. [cited 2019 Jul 23]. Available from: https://www.zvab.
com/9783541079513/psychisch-Abnorme-krit-Ans%C3%A4tzePsychopathologie-3541079517/plp
38. Ruesch J, Prestwood AR. Interaction processes and personal codification. J
Pers. 1950;18(4):391–430.
39. Jaegher HD. Social interaction rhythm and participatory sense-making: 215.
40. Gallagher S. Understanding interpersonal problems in autism: interaction
theory as an alternative to theory of mind. Philos Psychiatry Psychol. 2004;
11(3):199–217.
41. Chown N. More on the ontological status of autism and double empathy.
Disabil Soc. 2014;29(10):1672–6.
42. Hellendoorn A. Understanding social engagement in autism: being different
in perceiving and sharing affordances. Front Psychol [Internet]. 2014 [cited
2019 Jul 23];5. Available from: https://www.frontiersin.org/articles/10.3389/
fpsyg.2014.00850/full
43. Beardon L. Autism and Asperger syndrome in adults. Hachette UK; 2017.
44. Wadge H, Brewer R, Bird G, Toni I, Stolk A. Communicative misalignment in
autism spectrum disorder. Cortex. 2019;115:15–26.
45. Crompton CJ, Fletcher-Watson S, Ropar D. Autistic peer to peer information
transfer is highly effective. [Internet]. Open Science Framework; 2019 [cited
2019 Nov 14]. Available from: https://osf.io/j4knx
46. Fitzpatrick P, Romero V, Amaral JL, Duncan A, Barnard H, Richardson MJ,
et al. Social motor synchronization: insights for understanding social
behavior in autism. J Autism Dev Disord. 2017;47(7):2092–107.
47. Girard JM, Cohn JF, Mahoor MH, Mavadati SM, Hammal Z, Rosenwald DP.
Nonverbal social withdrawal in depression: evidence from manual and
automatic analysis. Image Vis Comput. 2014;32(10):641–7.
48. Fisch HU, Frey S, Hirsbrunner HP. Analyzing nonverbal behavior in
depression. J Abnorm Psychol. 1983;92(3):307–18.
49. Lehnhardt FG, Gawronski A, Volpert K, Schilbach L, Tepest R, Huff W, et al.
Autism spectrum disorders in adulthood: clinical and neuropsychological
findings of Aspergers syndrome diagnosed late in life. Fortschr Neurol
Psychiatr. 2011;79(5):290–7.
50. Stewart ME, Barnard L, Pearson J, Hasan R, O’Brien G. Presentation of
depression in autism and Asperger syndrome: a review. Autism. 2006;10(1):
103–16.
51. Baron-Cohen S, Wheelwright S, Skinner R, Martin J, Clubley E. The autismspectrum quotient (AQ): evidence from Asperger syndrome/highfunctioning autism, males and females, scientists and mathematicians. J
Autism Dev Disord. 2001;31(1):5–17.
52. Woodbury-Smith MR, Robinson J, Wheelwright S, Baron-Cohen S. Screening
adults for Asperger syndrome using the AQ: a preliminary study of its
diagnostic validity in clinical practice. J Autism Dev Disord. 2005;35(3):331–5.
53. Schmidt KH, Metzler P. WST-Wortschatztest. Gött Beltz Test. 1992;
54. Lehrl S, Triebig G, Fischer B. Multiple choice vocabulary test MWT as a valid
and short test to estimate premorbid intelligence. Acta Neurol Scand. 1995;
91(5):335–45.
55. Satzger W, Fessmann H, Engel RR. Liefern HAWIE-R, WST und MWT-B
vergleichbare IQ-Werte? [The equivalence of three German vocabulary tests
and the German version of the Wechsler Adult Intelligence Scale-Revised
(HAWIE-R).]. Z Für Differ Diagn Psychol. 2002;23(2):159–70.
56. Baron-Cohen S, Wheelwright S. The Empathy Quotient: an investigation of
adults with Asperger syndrome or high functioning autism, and normal sex
differences. J Autism Dev Disord. 2004;34(2):163–75.
57. Simon B-C, Jennifer R, Dheraj B, Nhishanth G, Sally W. The systemizing
quotient: an investigation of adults with Asperger syndrome or high–
functioning autism, and normal sex differences. Philos Trans R Soc Lond B
Biol Sci. 2003;358(1430):361–74.
58. Beck AT, Steer RA, Brown GK. Beck depression inventory manual. San
Antonio TX: The Psychological Corporation; 1987.
59. Hautzinger: Beck-depressions-inventar (BDI) - Google Scholar [Internet].
[cited 2019 Jul 6]. Available from: https://scholar.google.com/scholar_
lookup?title=Beck-Depressions-Inventar&publication_year=1995&author=
M.%20Hautzinger&author=M.%20Bailer&author=H.%20Worall&author=F.%2
0Keller

Page 13 of 14

60. Bagby RM, Parker JDA, Taylor GJ. The twenty-item Toronto Alexithymia
scale—I. Item selection and cross-validation of the factor structure. J
Psychosom Res. 1994;38(1):23–32.
61. Bach M, Bach D, De MZ, Serim M, Böhmer F. Validation of the German
version of the 20-item Toronto Alexithymia Scale in normal persons
and psychiatric patients. Psychother Psychosom Med Psychol. 1996;
46(1):23–8.
62. Bird G, Cook R. Mixed emotions: the contribution of alexithymia to the
emotional symptoms of autism. Transl Psychiatry. 2013;3(7):e285.
63. Cook R, Brewer R, Shah P, Bird G. Alexithymia, not autism, predicts poor
recognition of emotional facial expressions. Psychol Sci. 2013;24(5):723–32.
64. Paxton A, Dale R. Argument disrupts interpersonal synchrony. Q J Exp
Psychol. 2013;66(11):2092–102.
65. Tschacher W, Rees GM, Ramseyer F. Nonverbal synchrony and affect in
dyadic interactions. Front Psychol [Internet]. 2014 [cited 2019 May 7];5.
Available from: https://www.frontiersin.org/articles/10.3389/fpsyg.2014.
01323/full
66. Chovil N. Discourse-oriented facial displays in conversation. Res Lang Soc
Interact. 1991;25(1–4):163–94.
67. Schmidt RC, Nie L, Franco A, Richardson MJ. Bodily synchronization
underlying joke telling. Front Hum Neurosci [Internet]. 2014 [cited 2019 May
10];8. Available from: https://www.frontiersin.org/articles/10.3389/fnhum.2
014.00633/full
68. Schmidt RC, Fitzpatrick P, Caron R, Mergeche J. Understanding social motor
coordination. Hum Mov Sci. 2011;30(5):834–45.
69. Bente G, Petersen A, Krämer NC, de Ruiter JP. Transcript-based computer
animation of movement: evaluating a new tool for nonverbal behavior
research. Behav Res Methods Instrum Comput. 2001;33(3):303–10.
70. Ramseyer F, Tschacher W. Synchrony in dyadic psychotherapy sessions. In:
Simultaneity [Internet]. WORLD SCIENTIFIC; 2008 [cited 2019 May 7]. p. 329–
47. Available from: https://www.worldscientific.com/doi/abs/10.1142/
9789812792426_0020
71. Boker SM, Rotondo JL, Xu M, King K. Windowed cross-correlation and peak
picking for the analysis of variability in the association between behavioral
time series. Psychol Methods. 2002;7(3):338–55.
72. Derrick T, Thomas J. Time series analysis: the cross-correlation function.
Innov Anal Hum Mov. 2004;1:189–205.
73. Paxton A, Dale R. Frame-differencing methods for measuring bodily
synchrony in conversation. Behav Res Methods. 2013;45(2):329–43.
74. Team J. JASP (Version 0.9)[Computer software]. Google Scholar; 2018.
75. Jeffreys: The theory of probability - Google Scholar [Internet]. [cited 2019 Jul
17]. Available from: https://scholar.google.com/scholar_lookup?title=
Theory%20of%20probability&publication_year=1961&author=H.%20Jeffreys
76. Conversational abilities among children with autism and children with
developmental delays - Lisa Capps, Jennifer Kehres, Marian Sigman, 1998
[Internet]. [cited 2019 Jul 6]. Available from: https://journals.sagepub.com/
doi/abs/10.1177/1362361398024002
77. Attwood A, Frith U, Hermelin B. The understanding and use of interpersonal
gestures by autistic and Down’s syndrome children. J Autism Dev Disord.
1988;18(2):241–57.
78. Conversational gestures in autism spectrum disorders: asynchrony but not
decreased frequency - de Marchena - 2010 - Autism Research - Wiley
Online Library [Internet]. [cited 2019 Jul 6]. Available from: https://
onlinelibrary.wiley.com/doi/full/10.1002/aur.159
79. Barbeau EB, Meilleur A-AS, Zeffiro TA, Mottron L. Comparing motor skills in
autism spectrum individuals with and without speech delay. Autism Res.
2015;8(6):682–93.
80. Cook J. From movement kinematics to social cognition: the case of autism.
Philos Trans R Soc B Biol Sci. 2016;371(1693):20150372.
81. Fournier KA, Hass CJ, Naik SK, Lodha N, Cauraugh JH. Motor coordination in
autism spectrum disorders: a synthesis and meta-analysis. J Autism Dev
Disord. 2010;40(10):1227–40.
82. Glazebrook CM, Elliott D, Lyons J. A kinematic analysis of how young adults
with and without autism plan and control goal-directed movements. Motor
Control. 2006;10(3):244–64.
83. Gowen E, Miall RC. Behavioural aspects of cerebellar function in adults with
Asperger syndrome. The Cerebellum. 2005;4(4):279–89.
84. Rinehart NJ, Tonge BJ, Iansek R, McGinley J, Brereton AV, Enticott PG,
et al. Gait function in newly diagnosed children with autism: cerebellar
and basal ganglia related motor disorder. Dev Med Child Neurol. 2006;
48(10):819–24.

Georgescu et al. Molecular Autism

(2020) 11:11

85. Vilensky JA, Damasio AR, Maurer RG. Gait disturbances in patients with
autistic behavior: a preliminary study. Arch Neurol. 1981;38(10):646–9.
86. Downey R, Rapport MJK. Motor activity in children with autism: a review of
current literature. Pediatr Phys Ther. 2012;24(1):2–20.
87. Mostofsky SH, Powell SK, Simmonds DJ, Goldberg MC, Caffo B, Pekar JJ.
Decreased connectivity and cerebellar activity in autism during motor task
performance. Brain. 2009;132(9):2413–25.
88. Gonzalez DA, Glazebrook CM, Studenka B, Lyons J. Motor interactions with
another person: do individuals with autism spectrum disorder plan ahead?
Front Integr Neurosci [Internet]. 2013 [cited 2019 May 9];7. Available from:
https://www.frontiersin.org/articles/10.3389/fnint.2013.00023/full
89. Gowen E, Hamilton A. Motor abilities in autism: a review using a
computational context. J Autism Dev Disord. 2013;43(2):323–44.
90. Motor function in children with autism: why is this relevant to
psychologists? - Dowd - 2010 - Clinical Psychologist - Wiley Online Library
[Internet]. [cited 2019 Jul 6]. Available from: https://onlinelibrary.wiley.com/
doi/abs/10.1080/13284207.2010.525532
91. Happé F, Frith U. The weak coherence account: detail-focused cognitive
style in autism spectrum disorders. J Autism Dev Disord. 2006;36(1):5–25.
92. Hill EL. Executive dysfunction in autism. Trends Cogn Sci. 2004;8(1):26–32.
93. Dakin S, Frith U. Vagaries of visual perception in autism. Neuron. 2005;48(3):
497–507.
94. Muth A, Hönekopp J, Falter CM. Visuo-spatial performance in autism: a
meta-analysis. J Autism Dev Disord. 2014;44(12):3245–63.
95. Uljarevic M, Hamilton A. Recognition of emotions in autism: a formal metaanalysis. J Autism Dev Disord. 2013;43(7):1517–26.
96. Georgescu AL, Kuzmanovic B, Schilbach L, Tepest R, Kulbida R, Bente G,
et al. Neural correlates of “social gaze” processing in high-functioning
autism under systematic variation of gaze duration. NeuroImage Clin. 2013;
3:340–51.
97. Kuzmanovic B, Schilbach L, Lehnhardt F-G, Bente G, Vogeley K. A matter of
words: impact of verbal and nonverbal information on impression formation in
high-functioning autism. Res Autism Spectr Disord. 2011;5(1):604–13.
98. Wimpory D, Nicholas B, Nash S. Social timing, clock genes and autism: a
new hypothesis. J Intellect Disabil Res. 2002;46(4):352–8.
99. Vogel D, Falter-Wagner CM, Schoofs T, Krämer K, Kupke C, Vogeley K.
Interrupted time experience in autism spectrum disorder: empirical
evidence from content analysis. J Autism Dev Disord. 2019;49(1):22–33.
100. Allman MJ, DeLeon IG, Wearden JH. Psychophysical assessment of timing in
individuals with autism. Am J Intellect Dev Disabil. 2011;116(2):165–78.
101. Falter CM, Elliott MA, Bailey AJ. Enhanced visual temporal resolution in
autism spectrum disorders. PLOS ONE. 2012;7(3):e32774.
102. Falter CM, Noreika V, Wearden JH, Bailey AJ. More consistent, yet less
sensitive: interval timing in autism spectrum disorders. Q J Exp Psychol.
2012;65(11):2093–107.
103. Szelag E, Kowalska J, Galkowski T, Pöppel E. Temporal processing deficits in
high-functioning children with autism. Br J Psychol. 2004;95(3):269–82.
104. Chapple ED. Culture and biological man: explorations in behavioral
anthropology. Holt, Rinehart and Winston New York; 1970.
105. Van de Cruys S, Evers K, Van der Hallen R, Van Eylen L, Boets B, de-Wit L,
et al. Precise minds in uncertain worlds: predictive coding in autism.
Psychol Rev. 2014;121(4):649–75.
106. Lawson RP, Rees G, Friston KJ. An aberrant precision account of autism.
Front Hum Neurosci [Internet]. 2014 [cited 2019 Jul 23];8. Available from:
https://www.frontiersin.org/articles/10.3389/fnhum.2014.00302/full
107. Kuschefski M, Falter-Wagner CM, Bente G, Vogeley K, Georgescu AL.
Inferring power and dominance from dyadic nonverbal interactions in
autism spectrum disorder. Autism Res. 2019;12(3):505–16.
108. Caruana N, Stieglitz Ham H, Brock J, Woolgar A, Kloth N, Palermo R, et al.
Joint attention difficulties in autistic adults: an interactive eye-tracking study.
Autism. 2018;22(4):502–12.
109. Dale R, Kirkham NZ, Richardson DC. The dynamics of reference and shared
visual attention. Front Psychol [Internet]. 2011 [cited 2019 May 10];2. Available
from: https://www.frontiersin.org/articles/10.3389/fpsyg.2011.00355/full
110. Nagaoka C, Komori M. Body movement synchrony in psychotherapeutic
counseling: a study using the video-based quantification method. IEICE
Trans Inf Syst. 2008;E91.D(6):1634–40.
111. Schmidt RC, Morr S, Fitzpatrick P, Richardson MJ. Measuring the dynamics of
interactional synchrony. J Nonverbal Behav. 2012;36(4):263–79.
112. Bellini S. Social skill deficits and anxiety in high-functioning adolescents with
autism spectrum disorders. Focus Autism Dev Disabil. 2004;19(2):78–86.

Page 14 of 14

113. Casarrubea M, Jonsson GK, Faulisi F, Sorbera F, Di Giovanni G, Beningo A,
et al. T-pattern analysis for the study of temporal structure of animal and
human behavior: a comprehensive review. J Neurosci Methods. 2015;239:
34–46.
114. Tschacher W, Haken H. The process of psychotherapy: Springer; 2019.
115. Louwerse MM, Dale R, Bard EG, Jeuniaux P. Behavior Matching in
multimodal communication is synchronized. Cogn Sci. 2012;36(8):1404–26.
116. Coco MI, Dale R. Cross-recurrence quantification analysis of categorical and
continuous time series: an R package. Front Psychol. 2014;5:510.
117. Marci CD, Orr SP. The effect of emotional distance on psychophysiologic
concordance and perceived empathy between patient and interviewer.
Appl Psychophysiol Biofeedback. 2006;31(2):115–28.
118. Tschacher W, Meier D. Physiological synchrony in psychotherapy sessions.
Psychother Res. 2019;6:1–16.
119. Fujiwara K, Daibo I. Evaluating interpersonal synchrony: wavelet transform
toward an unstructured conversation. Front Psychol [Internet]. 2016 [cited
2019 May 3];7. Available from: https://www.frontiersin.org/articles/10.3389/
fpsyg.2016.00516/full
120. Condon WS, Sander LW. Synchrony demonstrated between movements of
the neonate and adult speech. Child Dev. 1974;45(2):456–62.
121. Fusaroli R, Tylén K. Investigating conversational dynamics: interactive
alignment, interpersonal synergy, and collective task performance. Cogn Sci.
2016;40(1):145–71.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

