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a b s t r a c t 
Caregiver touch plays a vital role in infants’ growth and development, but its role as a communicative signal in 
human parent-infant interactions is surprisingly poorly understood. Here, we assessed whether touch and prox- 
imity in caregiver-infant dyads are related to neural and physiological synchrony. We simultaneously measured 
brain activity and respiratory sinus arrhythmia of 4–6-month-old infants and their mothers (N = 69 dyads) in distal 
and proximal joint watching conditions as well as in an interactive face-to-face condition. Neural synchrony was 
higher during the proximal than during the distal joint watching conditions, and even higher during the face-to- 
face interaction. Physiological synchrony was highest during the face-to-face interaction and lower in both joint 
watching conditions, irrespective of proximity. Maternal affectionate touch during the face-to-face interaction 
was positively related to neural but not physiological synchrony. This is the first evidence that touch mediates 
mutual attunement of brain activities, but not cardio-respiratory rhythms in caregiver-infant dyads during natu- 
ralistic interactions. Our results also suggest that neural synchrony serves as a biological pathway of how social 
touch plays into infant development and how this pathway could be utilized to support infant learning and social 
bonding. 

1. Introduction 
Human development is driven by social interactions. From early 

on, infants begin to actively seek information as embodied agents in 
their social interactions ( De Jaegher et al., 2016 ; Raz and Saxe, 2020 ). 
These exchanges are essential for infants’ developing understanding 
of self and others. In these interactions infant and caregiver typically 
fluctuate between aligned and misaligned states ( Montirosso and Mc- 
Glone, 2020 ). Communicative signals allow the dyad to “repair ” such 
misaligned states ( Tronick and Gianino, 1986 ). This kind of coordina- 
tion is referred to as interpersonal synchrony ( Feldman, 2012 ) or mu- 
tual attunement ( Stern et al., 1985 ), a dynamic process by which be- 
havior and neurophysiological processes are reciprocally adjusted be- 
tween two or more persons. Temporally aligning with another person 
facilitates mutual prediction and allostasis, i.e., the ongoing interper- 
sonal physiological regulation required to meet the changing demands 
of the environment ( Atzil et al., 2018 ). The occurrence of early interper- 
sonal synchrony in various modalities is evidenced at 3-4 months of age, 
when the social capacities of infants begin to emerge ( Beebe et al., 2010 ; 
Feldman, 2012 ). Infants begin to perceive contingent relations, discrim- 
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inate the strength of these relations, and generate predictions based on 
these contingencies (e.g., Beebe et al. 2016 , Harrist and Waugh 2002 ). 
By this age, caregiver and infant have had a sufficient amount of inter- 
action history, so the infant’s predictions of the interactive time course 
with their caregiver become more precise, highlighting the infant’s com- 
municative capacity ( Tronick, 1989 ). Interpersonal synchrony occurs 
on the behavioral, neural and physiological level, yet we know little 
about their relational and developmental dynamics ( Beauchaine, 2015 ; 
Feldman, 2017 ). Here, we simultaneously measured the brain activ- 
ity and physiology of 4–6-month-old infants and their mothers dur- 
ing non-interactive and interactive contexts utilizing a multi-method 
“hyperscanning ” setup to investigate the role of social touch, as a 
communicative signal, on caregiver-infant neural and physiological 
synchrony. 

Recent research with adults using simultaneous recordings of brain 
activities from several persons (hyperscanning) demonstrates that in- 
teractive synchrony also manifests as interpersonal synchronization of 
brain activities ( Dumas et al., 2011 ; Hasson et al., 2012 ). This interper- 
sonal neural synchrony (INS) is thought to facilitate turn-taking inter- 
actions ( Wilson and Wilson, 2005 ) and interpersonal transmission of in- 
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formation through verbal and non-verbal communication ( Dumas et al., 
2011 ; Hasson et al., 2012 ). A facilitative function of touch for INS was 
highlighted by a recent study showing that handholding in adults in- 
creases INS ( Goldstein et al., 2018 ). INS has been mainly identified 
in brain regions associated with socio-cognitive processes ( Gvirts and 
Perlmutter, 2020; Hoehl et al., 2020; Koban et al., 2019; Redcay and 
Schilbach, 2019 ), including mutual attention, prediction (prefrontal cor- 
tex), affect sharing (inferior frontal gyrus), mentalizing and shared in- 
tentions (temporo-parietal junction). 

By contrast, the neural mechanisms of social exchanges in early child 
development are still poorly understood as few developmental hyper- 
scanning studies exist to date. The emerging evidence demonstrates that 
adults and children synchronize their brain activities to a greater degree 
in interactive contexts that require mutual engagement than when solv- 
ing the same tasks individually or when interacting with a third person 
( Nguyen et al., 2020 , 2021 ; Piazza et al., 2020 ). Importantly, behav- 
ioral indicators of high mutual attunement, such as reciprocity and eye 
contact were linked with heightened levels of INS. These studies sug- 
gest that INS could be a sensitive biomarker for successful attunement 
between caregivers and their infants. However, social touch has not yet 
been considered in caregiver-infant neural synchronization. 

Synchronous interactions on the behavioral level have also been 
linked to physiological synchronization (IPS). Respiratory sinus arrhyth- 
mia (RSA) is an index of the functioning of the vagal system. The reg- 
ulation of the vagal system allows us to adapt to our ever-changing so- 
cial environments ( Porges, 2007 ). The attunement of cardio-respiratory 
rhythms between mother and child emerges very early in life and is sug- 
gested to function as a scaffold for infants’ still immature physiological 
systems ( Abney et al., 2021 a; Feldman et al., 2011 ). The coupling of 
physiological states thereby supports the development of infants’ self- 
regulation and various other neurobehavioral and physiological func- 
tions ( Atzil et al., 2018 ). Overall, the importance of infant-parent RSA 
co-regulation for properties and outcomes of social interaction like emo- 
tion regulation and distress provides the basis for why we focus on the 
physiological measure in the current study. 

Research on early IPS underscores that physiological alignment oc- 
curs under conditions of mutual engagement and decreases when in- 
teracting partners disengage ( Feldman et al., 2011 ). More specifically, 
IPS seems to emerge after instances of infants showing high arousal and 
negative affect in daily life ( Wass et al., 2019 ). After a negative affect 
manipulation, 12–14 month-old infants displayed IPS with their moth- 
ers when the infant was seated on the mother’s lap in comparison to a 
no-touch condition ( Waters et al., 2017 ). Though preliminary, findings 
speak to a potential role of touch in affect contagion through physiol- 
ogy. Across development, there is growing evidence pointing towards 
the role of touch in IPS ( Goldstein et al., 2017 ; Van Puyvelde et al., 
2015 ). Yet, a systematic investigation of the role of spontaneous mater- 
nal touch on IPS during a naturalistic interaction with the infant is still 
lacking. 

This study integrates the concurrent assessment of INS and IPS in a 
multi-level hyperscanning paradigm with mother-infant dyads naturally 
interacting with each other. We tested whether attunement through 
proximity and touch between the dyad is associated with INS and IPS. 
INS was assessed in 4- to 6-month-old infants and their primary care- 
givers by using dual-functional near-infrared spectroscopy (dual-fNIRS). 
As aforementioned, social interactions at this age provide a unique op- 
portunity to study infants’ social capacities to synchronize with their 
caregivers ( Beebe et al., 2010 ). Importantly, we limited the age range 
to 6 months of age, as by then the primacy of face-to-face exchanges 
tends to decrease as infants begin to increasingly explore physical ob- 
jects ( Jaffe et al., 2001 ). We focused on prefrontal and inferior frontal 
regions. Synchronization in these regions is suggested to mark mutual 
attention and shared affect, which are critical processes to infants’ in- 
teractions with their caregivers ( Feldman, 2017 ). We further assessed 
IPS through electrocardiography (ECG) and coded the dyad’s behavior 
from video recordings. 

According to our pre-registered hypotheses, we expected caregiver- 
infant dyads to show increased INS and IPS during phases of high, exper- 
imentally manipulated physical proximity between mother and infant. 
We contrasted the dyads’ INS and IPS during a distal joint watching con- 
dition to a proximal joint watching condition while caregiver and infant 
were attending to the same video. Subsequently, we assessed whether 
spontaneous use of maternal touch during a face-to-face interaction was 
related to differences in INS and IPS. We hypothesized that increased 
durations of social touch would be associated with increased INS and 
IPS. Additionally, we studied infants’ affect in relation to INS and IPS 
and examined potential links between INS and IPS in the mother-infant 
dyad. 
2. Material and methods 
2.1. Participants 

Overall, 81 mother-infant dyads participated in the present study 
and were recruited from a database of volunteers. Out of those dyads, 
72 completed the experiment, while the procedure was incomplete for 
9 dyads due to fussiness (infants started to cry during the preparation 
phase or before the end of the experiment), and sleepiness. Due to the 
novel paradigm and lack of effect sizes, we aimed for a final sample 
size of 50 infants and oversampled for expected attrition rates ( ∼30%). 
Infants’ age ranged from 4–6-months-old ( M = 4.7 months; SD = 16 days; 
33 girls). Infants were born healthy and at term, with a gestation pe- 
riod of at least 36 weeks. Mothers’ age averaged 33.97 years ( SD = 4.94) 
and 57% of mothers had a university degree. All dyads were of White 
European origin and came from middle to upper-class families based on 
parental education. All infants and mothers had no neurological prob- 
lems as assessed by maternal reports. The study was approved by the 
local ethics committee. Parents provided written informed consent on 
behalf of their infants and themselves. Participation was remunerated. 
2.2. Experimental procedure 

During the experiment, caregiver and infant were either seated next 
to one another or the infant sat on the caregiver’s lap while watching a 
calm aquarium video on a tablet (distal watching and proximal watch- 
ing conditions; see Fig. 1 ). The videos lasted 90 sec. and depicted fish 
swimming in a tank. The order of the watching conditions was coun- 
terbalanced. Next, mother and infant engaged for 5 min. in free play 
without toys and song while both were seated face-to-face (interactive 
free play condition). Neural activity in the mother-infant dyad was si- 
multaneously measured with fNIRS. We assessed RSA through ECG and 
each dyad was filmed by three cameras (angled towards the dyad, the 
infant, and the mother) throughout the experiment. 
2.3. Data acquisition and processing 
2.3.1. fNIRS recordings 

We used two NIRSport 8-8 (NIRx Medizintechnik GmbH, Germany) 
devices to simultaneously record oxy-hemoglobin (HbO) and deoxy- 
hemoglobin (HbR) concentration changes in mother and infant. The 
8 × 2 probe sets were attached to an EEG cap with a 10-20 configu- 
ration (Fig. S1). The probe sets over the left and right inferior frontal 
gyrus (IFG) surrounded F7 and F8, whereas the probes on the medial 
prefrontal area (mPFC) surrounded FP1 and FP2. These regions of in- 
terest were based on previous work involving adult-child interactions 
( Nguyen et al., 2020 ; Piazza et al., 2020 ; Redcay and Schilbach, 2019 ). 
In each probe set, 8 sources and 8 detectors were positioned, which 
resulted in 22 measurement channels with equal distances of ∼2.3 cm 
between the infants’ optodes and 3 cm between the mothers’ optodes. 
The absorption of near-infrared light was measured at the wavelengths 
of 760 and 850 mm and the sampling frequency was 7.81 Hz. fNIRS 
measurements were processed using MATLAB-based functions derived 
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Fig. 1. An exemplary mother-infant dyad during the joint watching conditions with and without physical contact (90 s) and the free play interaction condition 
(300 s) (from left to right). Throughout the experiment, we simultaneously measured brain activity via functional near-infrared spectroscopy (fNIRS), respiratory 
sinus arrhythmia (RSA) via electrocardiography (ECG) and subsequently coded the dyads behavior through video recordings. The three cameras were facing the 
infant, the mother, and the dyad, respectively. 
from Homer 2 ( Huppert et al., 2009 ). Raw data was converted into op- 
tical density. Next, optical density data were motion-corrected with a 
wavelet-based algorithm with an interquartile range of 0.5. Motion- 
corrected time series were further visually inspected during a quality 
check procedure. Before continuing, 22.87% of the channels from both 
mother and child were removed from further analyses due to bad signal- 
to-noise ratio and motion artifacts. Then slow drifts and physiological 
noise were removed from the signals using a band-pass second-order 
Butterworth filter with cutoffs of 0.01 and 0.5 Hz. The filtered data were 
converted to changes ( 𝜇Mol) in oxygenated (HbO) and deoxygenated 
hemoglobin (HbR) based on the modified Beer-Lambert Law. For later 
analyses, both HbO and HbR synchrony are reported. 
2.3.2. Electrocardiography (ECG) recordings 

We made use of a Brain-Amp system (Brain Products GmbH, Ger- 
many) with two amplifiers to measure two standard single-channel ECG 
registrations (lead II derivation). One electrode was placed on the up- 
per right chest, one on the left side of the abdomen, and the grounding 
electrode was placed on the right side of the abdomen on both infant 
and mother. The ECG signal was recorded with a 500 Hz sampling fre- 
quency. 

Interbeat-intervals (IBIs) were extracted offline using ARTiiFACT 
( Kaufmann et al., 2011 ). The ECG data were visually inspected for 
(in)correct detections and artifacts by trained research assistants. When 
ectopic beats or erroneous detections were found, the data were man- 
ually corrected (removal of erroneous detection/artifact followed by a 
cubic spline interpolation; corrections < 1%). Next, IBIs were down- 
sampled to 5 Hz and a 51-point band-pass local cubic filter was used 
to estimate and remove the slow periodic and aperiodic components of 
the time-series. A FIRtype bandpass filter was applied to further isolate 
the variance in the IBI series to only the frequency range of spontaneous 
breathing for infants (0.3-1.3 Hz) and adults (0.12–1.0 Hz). The range 
for mothers’ respiration was expanded from its typical value of 0.4 to 
1.0 to account for the infrequent occurrence of faster breathing during 
talking or playing segments so that the same filter could be used for all 
mothers in all conditions. The Porges and Bohrer (1990) technique for 
RSA magnitude estimation includes parsing this component signal into 
discrete epochs (lasting 10 to 120 sec), then calculating the natural log 

of the variance in each epoch. RSA is reported in units of ln(ms) 2 . In 
order to collect a more continuous measure of RSA, a sliding window of 
15 s was used to extract a continuous (updated every 200 ms) estimate 
of cardiac vagal tone for both participants. The estimated RSA value 
corresponded to the first value of the sliding window (see Abney et al., 
2021b for detailed information). 
2.3.3. Synchrony estimation 

We used Wavelet Transform Coherence (WTC) and Cross-Recurrence 
Quantification Analyses (CRQA) to estimate INS and IPS, respectively. 
WTC and CRQA are non-linear approaches to estimate synchrony in two 
non-stationary time-series, as we cannot assume stationarity for HbO, 
HbR and RSA time-series. Both methods allow the quantification of dy- 
namical systems and their trajectories. Utilizing these methods, we are 
able to capture many properties of the neural and physiological dynam- 
ics that would otherwise be lost due to averaging with more traditional 
correlation analysis. 

We assessed the relation between the fNIRS time series in each care- 
giver and infant using Morlet WTC as a function of frequency and time 
( Grinsted et al., 2004 ). WTC is more suitable in comparison to correla- 
tional approaches, as it is invariant to interregional differences in the 
hemodynamic response function (HRF) ( Sun et al., 2004 ). Correlations, 
on the other hand, are sensitive to the shape of the HRF, which is as- 
sumed to be different between individuals (especially of different ages) 
as well as different brain areas. Moreover, a high correlation may be 
observed among regions that have no blood flow fluctuations. In pre- 
vious hyperscanning research in both adults and children, the analyses 
have shown that synchronization occurs in different frequency bands 
( Cui et al., 2012; Jiang et al., 2012; Zhao et al., 2021 ). For the current 
study, we knew little about the relevant frequency bands (especially 
in parent-infant interactions), and thus we determined the frequency 
band after we estimated the coherence between mother and infant. Ac- 
cordingly, based on previous studies ( Nguyen et al., 2020 , 2021 ), vi- 
sual inspection, and spectral analyses, the frequency band of 0.012 Hz –
0.312 Hz (corresponding to 8–32 s) was identified as the frequency-band 
of interest. Average coherence (INS) was then calculated for the distal 
watching condition, the joint watching condition, and the interactive 
free play condition in each channel, which resulted in 3 (conditions) x 
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22 (channels) coherence values for each dyad. To ensure that the differ- 
ent durations between the first two and last conditions did not confound 
coherence values, we also estimated WTC in 90 s epochs in the free play 
condition, and subsequently compared the values to the joint watching 
conditions while controlling for duration. The results are described in 
the Supplement S1. 

To examine IPS, we used cross-recurrence quantification analysis 
(CRQA) ( Coco and Dale, 2014 ) to identify coupling between moth- 
ers’ and infants’ RSA time-series. CRQA is a nonlinear method for an- 
alyzing shared dynamics between two different data series and has 
been applied successfully to investigate cardio-respiratory dynamics 
( Konvalinka et al., 2011 ). The method is especially suitable for RSA 
synchrony estimations, as RSA is an estimate derived from a specific 
frequency band in IBIs, this renders RSA synchrony calculations unsuit- 
able for measures of coherence. The metric we used to evaluate the RSA 
time-series is %DETerminism (%DET). %DET quantifies the predictabil- 
ity of the time-series and is calculated as the percentage of recurrent 
points that form diagonal lines in a recurrence plot (i.e., which are par- 
allel to the central diagonal). Higher determinism with the same amount 
of recurrence implies stronger coupling. For this analysis, the recurrence 
rate was fixed at 2% to be able to compare CRQA estimates across con- 
ditions. We used the function optimizeParam to estimate the parame- 
ters for radius, embedding dimension(s) and delay, which resulted in 
radius = 0.02, emb = 1 and delay = 16. 

We also estimated the lag-0 cross-correlation between mothers’ and 
infants’ fNIRS as well as detrended RSA time series. Results for cross- 
correlation of HbO, HbR and RSA time-series are detailed in the supple- 
ments. 
2.4. Behavioral coding 

To assess maternal touch, infants’ affect, and infants’ gaze during the 
watching conditions (adapted from Feldman et al. 2011 ), trained gradu- 
ate students coded video recordings of the free-play sessions using Man- 
gold INTERACT. The experimental sessions were filmed at 25 frames 
per second. Maternal touching behavior, infants’ facial affect, and gaze 
were micro-analyzed frame-by-frame for duration and frequency. For 
social touch coding, we differentiated between periods of touch and 
no-touch (i.e., no physical contact). Within periods of touch, segments 
were coded for active, passive, or functional maternal touch. Segments 
of active touch were subsequently divided into the two categories of 
affectionate and stimulating touch. For infants’ facial affect, we distin- 
guished between positive, negative, and neutral facial expressions. For 
infants’ gaze during watching conditions, gaze directions were differen- 
tiated between gaze to screen, gaze to mother, gaze away (refer to Table 
S1 for a full description of coding categories and S3 for gaze analysis). 
To establish inter-rater reliability, 25% of randomly chosen videos were 
coded by two trained coders. Inter-rater reliability was high to excel- 
lent, namely kappa = .79 for social touch, kappa = .81 for facial affect and 
kappa = .92 for infants’ gaze in watching conditions. 
2.5. Statistical analysis 

All statistical analyses were calculated in RStudio 
( RStudio Team, 2020 ). We used the function glmmTMB from the 
R package glmmTMB ( Brooks et al., 2017 ). WTC values were entered 
as the dependent variable of the first Generalized Linear Mixed Model 
(GLMM) with condition (distal watching vs. proximate watching vs. 
free play) and ROI (IFG vs. lPFC vs. mPFC) as fixed factors with random 
slopes for each ROI and condition and random intercepts of dyads. 
%DET was entered into a second model with condition as a fixed 
factor and random slope as well as random intercepts for dyads. As 
both WTC and %DET values are bound by 0 and 1, we assumed a beta 
distribution in each model. To further examine significant effects, con- 
trasts of factors were conducted by using post-hoc analyses (emmeans) 
with Tukey’s Honest Significant Difference to correct for multiple 

Fig. 2. Plot of the interaction effect of condition (x-Axis) and region (facets) for 
INS. Neural synchrony (y-Axis) during free play (FP) was significantly higher 
than during distal (DW) and proximal joint watching (PW) phases in lateral 
(lPFC) and medial prefrontal areas (mPFC), but not in the inferior frontal gyrus 
(IFG). Neural synchrony during proximate joint watching was higher than dur- 
ing distant joint watching. n.s. = non-significant, ∗ ∗ = p < .010, ∗ ∗ ∗ = p < .001. 
comparisons. All continuous predictor variables were z-standardized, 
and distributions of residuals were visually inspected for each model. 
Models were estimated using Maximum Likelihood. Model fit was 
compared using a Chi-Square Test (likelihood ratio test; Dobson, 2002 ). 

To test for spurious correlations in both neural and physiolog- 
ical synchrony, we conducted bootstrapped random pair analyses 
( Nguyen et al., 2020 ; Piazza et al., 2020 ). Mother’s original data was 
randomly paired with infant data out of the sample for 1,000 permu- 
tations. WTC and %DET were calculated for each random pair. Subse- 
quently, the average of coherence or correlation between random pairs 
was computed and compared against original pairs using GLMM and 
post-hoc contrasts (see S1, S2 for details). 

Next, we used two different statistical approaches to assess the as- 
sociation between touch and INS and IPS. INS necessitated GLMM to 
account for the repeated measures (channels/regions) which are nested 
in each dyad. IPS in the free play condition, on the other hand, was 
one measure per dyad, therefore we used a linear regression to test the 
relation of IPS and touch. 
3. Results 
3.1. Interpersonal neural synchrony 

First, we tested INS (estimated with WTC) in HbO concentration 
changes in the three experimental conditions: the distal joint watching 
condition vs. the proximal joint watching condition and the interactive 
free play condition. WTC was entered as the response variable in the 
GLMM, while condition and region of interest were entered as fixed and 
interaction effects. We assumed a random slope for all fixed and interac- 
tion effects with random intercepts for each dyad (N = 69). Three dyads 
had no fNIRS recordings due to technical problems with the devices. 
The results revealed that the fixed effects for condition, 𝜒2 (2) = 39.91, 
p < .001, and region, 𝜒2 (4) = 33.32, p < .001, as well as their interaction 
were significant, 𝜒2 (8) = 25.15, p = .001. Comparisons (using emmeans) 
across conditions revealed increased INS during free play and proximal 
watching in comparison to distal watching that were detected in bilat- 
eral lPFC and mPFC, t > 3.10, p < .005. The free play condition and prox- 
imal watching condition differed in synchronization in the right lPFC 
and mPFC with higher INS during free play, t > 3.06, p < .006. None of 
the conditions differed in INS in bilateral inferior frontal gyri, p > .071. 
The results are depicted in Fig. 2 . We were able to replicate the main 
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Fig. 3. Graphs depict (A) the positive correlation 
between durations of affectionate touch (x-Axis) 
and (B) the negative correlation between durations 
of stimulating touch (x-Axis) and neural synchrony 
(y-Axis) during the free play condition. Each dot 
represents a dyad. 

Fig. 4. Physiological synchrony (y-Axis) during free play (FP) was significantly 
higher than during distal (DW) and proximal joint watching (PW) phases (x- 
Axis). n.s. = non-significant, ∗ ∗ ∗ = p < .001. 
results we found for INS in HbO with HbR and also when including 
equivalent epochs (90 s) in all three experimental conditions (see S1). 

Next, we tested whether variation in social touch relates to variation 
in INS with a GLMM. WTC values from the free play condition were 
tested as the response variable. Affectionate touch, stimulating touch, 
passive touch, and functional touch durations were included as fixed 
effect variables. The results revealed a significant effect of affectionate 
touch, 𝜒2 (1) = 4.13, p = .042 ( Fig. 3 A), and stimulating touch durations, 
𝜒2 (1) = 6.24, p = .012 ( Fig. 3 B). The model estimates show that longer 
durations of affectionate touch were related to higher INS, estimate = - 
0.079, SE = 0.031, 95% CI = [0.002 0.107], whereas longer durations 
of stimulating touches were related to lower INS, estimate = 0.055, 
SE = 0.026, 95% CI = [-0.140 -0.018]. Fixed effects for passive touch and 
functional touch durations were non-significant, p > .122. 
3.2. Interpersonal physiological synchrony 

IPS between mother and infant were compared in the three experi- 
mental conditions with %DET of detrended RSA values as the response 
variable. Condition was entered as a fixed effect, and random inter- 
cepts for dyads were included (N = 67). Five dyads were excluded due 
to technical problems or noisy data for which R-peaks could not be 
detected. The findings revealed a significant fixed effect of condition, 
𝜒2 (2) = 34.62, p < .001 ( Fig. 4 ). Post-hoc contrasts between the condi- 
tions revealed that IPS in the free play condition was significantly higher 
than in the distal watching condition, t = 5.23, p < .001, and the proximal 

watching condition, t = 4.99, p < .001. IPS in the joint watching conditions 
did not differ from one another, p = .978. 

Next, we tested the association between social touch and IPS with 
a linear regression analysis; %DET (Fisher Z-transformed) was the out- 
come variable. Affectionate touch, stimulating touch, passive touch and 
functional touch durations were included as predictor variables. While 
affectionate, stimulating and passive touch durations were not related to 
IPS, p > .520, functional touch durations were marginally positively as- 
sociated with IPS, 𝛽= 0.571, SE = 0.237, 95% CI = [0.091 1.051], t = 2.48 , 
p = .084. 
3.3. Relation between INS and IPS 

We assessed a potential relation between INS and IPS (both scores 
were averaged over each condition). HbO WTC values were entered as 
the response variable into the GLMM. Condition, %DET and region of 
interest were entered as fixed and interaction effects. We assumed a 
random slope for all fixed and interaction effects with random intercepts 
for each dyad. The results revealed no significant effect of IPS nor its 
interaction with conditions and/or region of interest in the brain on INS 
in HbO, p > .136. 
3.4. Supplementary analyses 

Supplementary analyses of the results showed no difference in in- 
fants’ gaze duration towards the screen between the two joint watching 
conditions. We also examined the role of infants’ affect to shed light on 
the affective context of the interaction. Overall, we find higher IPS in 
mother-infant dyads, but not INS, to be associated with higher infant 
negative affect and lower infant positive affect durations. These results 
are fully reported in the supplement. 
4. Discussion 

We tested the relation between mother-infant proximity and social 
touch and INS and IPS in three naturalistic experimental conditions with 
varying physical proximity and mutual engagement. Dyads displayed 
increased INS in bilateral lPFC and mPFC during proximity with spon- 
taneously occurring affectionate touch. While attending to one another 
mother and infant showed alignment in their prefrontal brain activa- 
tions, most prominently in the face-to-face interaction. Activation in the 
PFC is associated with the detection of communicative signals directed 
toward the self, mentalizing, and reward, all processes which are impli- 
cated in mutually engaged interactions ( Redcay and Schilbach, 2019 ). 
Interestingly, INS in bilateral IFG did not differ between conditions and 
was not related to assessed behavioral correlates. IPS, on the other hand, 
was neither related to proximity nor spontaneous touching behavior of 
the mother during free play. Our findings indicate that INS in the pre- 
frontal cortex and IPS arise in similar contexts, i.e., during mutual en- 
gagement of the mother-infant dyad, but diverge in their functionality, 
as they seem to be driven by different processes. 
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We directly contrasted the same joint watching conditions, while 

the proximity of mother and infant was experimentally manipulated. 
Joint watching of a calm video was associated with higher INS when 
the infant was seated on the mother’s lap instead of next to her. Physi- 
cal contact allows for multi-modal stimulation and enhances caregiver 
responsiveness to infants ( Fairhurst et al., 2014 ). The micro-adjustments 
of bodily contact and the perception of heart rhythms and respiration 
may have been reciprocally related to neural synchronization during 
this condition. Holding the infant could additionally be related to the 
activation of specific sensory nerve fibers through pleasant deep pres- 
sure (Case et al., 2020 ). We controlled for infant’s attention towards the 
visual stimuli (see S3), which was not different between both watch- 
ing conditions. Our finding implies that proximity allows the caregiver 
to co-regulate their infant even when their attention is directed away 
from the infant, potentially preparing them for exploration or learning 
opportunities ( Fairhurst et al., 2014 ). 

In the free play condition, communicative signals are visibly ex- 
changed between caregiver and child ( Wass et al., 2020 ). Here, we 
identified social touch as one of the communicative signals related to 
INS. Specifically, affectionate touch was related to higher INS in mother- 
infant dyads and could serve as a parental ostensive cue (next to gaze 
and infant-directed speech) that entrains the infant to the ongoing pat- 
tern of early social communication ( Wass et al., 2020 ). By eliciting infant 
attention, affectionate touch might help mother and infant to establish 
and maintain engagement with one another ( Della Longa et al., 2019; 
Stack and Muir, 1992 ). The newly revealed link between affectionate 
touch and INS thus supports the notion that INS might be a biomarker 
for interaction quality. Interestingly, we find a negative association be- 
tween stimulating touch and INS. These results tie in with research un- 
derlining diverging functions to different touch qualities ( Mantis et al., 
2019; Moreno et al., 2006 ). They indicate that stimulating touch, as a 
feature of intrusive maternal behavior, might actually be disruptive to 
the interaction and thus be related to lower INS ( Field, 2010 ). Overall, 
the involvement of social touch in INS highlights the importance of af- 
fectionate touch in early interactions, but also the need to investigate 
the different qualities of touch for child development outcomes. 

In addition, we simultaneously examined IPS in mother-infant dyads. 
IPS was, however, not related to proximity during joint watching in 
the current study. Previous studies also showed that mother and infant 
show attenuated IPS in close contact later than 3 months of age due 
to the widening of infants’ social orientation beyond the primary care- 
giver and increasing self-regulatory abilities ( Van Puyvelde et al., 2015 ). 
When further probing IPS for behavioral correlates, maternal touch did 
not correlate with IPS between mother and infant. Instead, we find that 
higher IPS was associated with higher durations of infant negative affect 
and lower IPS was associated with higher durations of infant positive 
affect in the free play condition. As such, our results concur with the 
co-regulatory account of caregiver-infant IPS, namely its potential func- 
tion to maintain allostasis ( Atzil et al., 2018 ). The mother-infant dyads 
show greater physiological synchrony when co-regulation is needed, 
such as during infant distress marked by negative affect ( Abney et al., 
2021 a; Wass et al., 2019 ). Longer durations of infants’ positive affect 
could have indicated that the infant was well regulated by herself. Still, 
more research is needed on the exact behavioral correlates of IPS to 
understand its functionality. For instance, considering leader-follower 
relations might provide further insights into IPS. 

Probing the relation between INS and IPS in interactions between 
infants and their primary caregiver, we find both commonality and dis- 
crepancy. Passively viewing the same visual stimulation was related to 
lower levels of INS and IPS in comparison to a face-to-face interaction. 
Instead of merely reflecting common neural and physiological reactions 
towards the same perceptual stimulation, INS and IPS depend on the 
transmission of interactional signals through the environment, reflect- 
ing mutual engagement and quality of interaction ( Koban et al., 2019 ). 
Though both INS and IPS were higher in the interactive than in the joint 
watching conditions, condition means of INS and IPS were not corre- 

lated. While INS was related to the communicative signals exchanged 
through touch, IPS was related to co-regulatory affective signals. This 
dissociation could stem from (1) the different approaches to calculate 
synchrony, but also suggests (2) the discrepant role of social touch for 
early social communication, as well as (3) a potential functional dis- 
sociation of INS and IPS. Future studies should therefore continue to 
combine neural and physiological assessments to dissociate the func- 
tionality of INS and IPS. Importantly, we know little about the intrain- 
dividual developmental trajectory of brain activation and RSA coupling 
( Beauchaine, 2015 ), which could inform interindividual coupling. 
5. Conclusions and future directions 

The present research is the first multi-level hyperscanning study 
on naturalistic mother-infant interactions with infants as young as 4 
months of age. Caregiver-infant interactions between 4-6 months allow 
us a unique opportunity to examine infants’ developing social capac- 
ities ( Feldman et al., 1996 ; Stern, 1985 ; Tronick, 1989 ). Importantly, 
these interactions robustly predict later social and cognitive develop- 
ment (e.g., Beebe et al. 2010 , Field 1995 , Isabella and Belsky 1991 ). Our 
approach affords a holistic perspective on when and how mother and in- 
fant coordinate their neural, physiological, and behavioral responses. 
The results revealed that 4–6 month-old infants and their caregivers 
show INS associated with proximity and social touch. The link between 
touch and INS provides crucial new insights on the aspects of interaction 
quality that support caregiver-infant neural alignment. These findings 
pave the way for further research into the role of INS in facilitating the 
social bond between caregiver and child as well as the promotion of chil- 
dren’s social learning ( Atzil et al., 2018 ; Feldman, 2017 ). The relation 
between touch and INS has implications for clinical interventions com- 
prising social touch, such as kangaroo care, and could shed light onto a 
potential neural mechanism for why close contact is beneficial for infant 
development ( Hardin et al., 2020 ). Synchronization in close physical 
contact could also promote children’s social learning just as it is sug- 
gested during social interactions ( Piazza et al., 2021; Wass et al., 2020 ). 
It would be important to examine further outcome variables of learn- 
ing during close contact and whether this relation is mediated by INS. 
IPS, on the other hand, was related to dyads’ co-regulation when infants 
expressed negative affect. These first results on the different levels of 
synchrony pave the way toward the future examination of the coupling 
of brain activation and RSA, especially in infancy, to provide a deeper 
understanding of the link between body and brain ( Beauchaine, 2015 ). 
Taken together, the present study highlights the exciting opportunities 
of multi-level hyperscanning to uncover neurobiological pathways of 
early social communication and to provide a deeper understanding of 
the link between body and brain in human development. 
Data and code availability statement 

MATLAB processing and RStudio analysis code are made publicly 
accessible on OSF: https://osf.io/59kds/ . The conditions of our ethics 
approval do not permit public archiving of participant data. Readers 
seeking access to the data should contact the lead author Trinh Nguyen. 
Access will be granted to named individuals in accordance with ethical 
procedures governing the reuse of sensitive data. Specifically, requestors 
must meet the following conditions to obtain the data: completion of a 
formal data sharing agreement. 
Funding 

This work is supported by a professorial starting fund from the Uni- 
versity of Vienna awarded to S.H. and by a stipend from the Studiens- 
tiftung des deutschen Volkes awarded to T. N. 

6 



T. Nguyen, D.H. Abney, D. Salamander et al. NeuroImage 244 (2021) 118599 
Open practices 

The study was formally preregistered on https://aspredicted.org/ 
kw2wf.pdf . The preprint was made available at biorxiv 
( 10.1101/2021.01.21.427664 ) under a CC-BY 4.0 International 
license. 
Declaration of Competing Interest 

The authors declare that there is no conflict of interest. The funders 
had no role in the conceptualization, design, data collection, analysis, 
decision to publish, or preparation of the manuscript. 
Credit authorship contribution statement 

Trinh Nguyen: Conceptualization, Methodology, Software, Formal 
analysis, Investigation, Data curation, Project administration, Writing –
original draft, Visualization. Drew H. Abney: Methodology, Software, 
Writing – review & editing. Dina Salamander: Investigation, Data cura- 
tion, Project administration. Bennett I. Bertenthal: Methodology, Writ- 
ing – review & editing. Stefanie Hoehl: Conceptualization, Methodol- 
ogy, Resources, Writing – original draft, Supervision, Funding acquisi- 
tion. 
Acknowledgments 

We are grateful to Gabriela Markova and Sam Wass for their advice 
as well as Liesbeth Forsthuber and our student assistants Lucie Zimmer, 
Katharina Hager and Marlies Schermann for their assistance in data ac- 
quisition, and video coding. Additionally, we thank all families who par- 
ticipated in the study and the Department of Obstetrics and Gynecology 
of the Vienna General Hospital for supporting our participant recruit- 
ment. 
Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.neuroimage.2021.118599 . 
References 
Abney, D.H. , daSilva, E.B. , Bertenthal, B.I. , 2021a. Associations between infant-mother 

physiological synchrony and 4- to 6-month-old infants’ emotion regulation. Develop- 
mental Psychobiology 63 (6), e22161 . 

Abney, D.H., daSilva, E.B., Lewis, G.F., Bertenthal, B.I., 2021b. A method for measuring 
dynamic respiratory sinus arrhythmia (RSA) in infants and mothers. Infant Behav. 
Dev. 63, 101569. doi: 10.1016/j.infbeh.2021.101569 . 

Atzil, S., Gao, W., Fradkin, I., Barrett, L.F., 2018. Growing a social brain. Nat. Hum. Behav. 
2 (9), 624–636. doi: 10.1038/s41562-018-0384-6 . 

Beauchaine, T.P., 2015. Respiratory sinus arrhythmia: a transdiagnostic biomarker 
of emotion dysregulation and psychopathology. Curr. Opin. Psychol. 3, 43–47. 
doi: 10.1016/j.copsyc.2015.01.017 . 

Beebe, B., Jaffe, J., Markese, S., Buck, K., Chen, H., Cohen, P., Bahrick, L., An- 
drews, H., Feldstein, S., 2010. The origins of 12-month attachment: a micro- 
analysis of 4-month mother-infant interaction. Attach. Hum. Dev. 12 (0), 3–141. 
doi: 10.1080/14616730903338985 . 

Beebe, B., Messinger, D., Bahrick, L.E., Margolis, A., Buck, K.A., Chen, H., 2016. A systems 
view of mother-infant face-to-face communication. Dev. Psychol. 52 (4), 556–571. 
doi: 10.1037/a0040085 . 

Brooks, M.E. , Kristensen, K. , van Benthem, K.J. , Magnusson, A. , Berg, C.W. , Nielsen, A. , 
Skaug, H.J. , Mächler, M. , Bolker, B.M. , 2017. GlmmTMB balances speed and flexibil- 
ity among packages for zero-inflated generalized linear mixed modeling. R J. 9 (2), 
378–400 . 

Case, L.K., Liljencrantz, J., McCall, M.V., Bradson, M., Necaise, A., Tubbs, J., Bush- 
nell, M.C., 2020. Pleasant deep pressure: expanding the social touch hypothesis. Neu- 
roscience doi: 10.1016/j.neuroscience.2020.07.050 . 

Coco, M.I., Dale, R., 2014. Cross-recurrence quantification analysis of categorical and con- 
tinuous time series: An R package. Front. Psychol. 5. doi: 10.3389/fpsyg.2014.00510 . 

Cui, X., Bryant, D.M., Reiss, A.L., 2012. NIRS-based hyperscanning reveals increased in- 
terpersonal coherence in superior frontal cortex during cooperation. NeuroImage 59 
(3), 2430–2437. doi: 10.1016/j.neuroimage.2011.09.003 . 

De Jaegher, H., Di Paolo, E., Adolphs, R., 2016. What does the interactive brain hypothesis 
mean for social neuroscience? A dialogue. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 
(1693) 371. doi: 10.1098/rstb.2015.0379 . 

Della Longa, L., Gliga, T., Farroni, T., 2019. Tune to touch: Affective touch enhances 
learning of face identity in 4-month-old infants. Dev. Cogn. Neurosci. 35, 42–46. 
doi: 10.1016/j.dcn.2017.11.002 . 

Dobson, A.J. , 2002. An Introduction to Generalized Linear Models. Chapman and Hall, 
London . 

Dumas, G., Lachat, F., Martinerie, J., Nadel, J., George, N., 2011. From social behaviour 
to brain synchronization: Review and perspectives in hyperscanning. IRBM 32 (1), 
48–53. doi: 10.1016/j.irbm.2011.01.002 . 

Fairhurst, M.T., Löken, L., Grossmann, T., 2014. Physiological and behavioral responses 
reveal 9-month-old infants’ sensitivity to pleasant touch. Psychol. Sci. 25 (5), 1124–
1131. doi: 10.1177/0956797614527114 . 

Feldman, R., 2012. Parent-infant synchrony: a biobehavioral model of mutual influences 
in the formation of affiliative bonds. Monogr. Soc. Res. Child Dev. 77 (2), 42–51. 
doi: 10.1111/j.1540-5834.2011.00660.x . 

Feldman, R., 2017. The neurobiology of human attachments. Trends Cogn. Sci. 21 (2), 
80–99. doi: 10.1016/j.tics.2016.11.007 . 

Feldman, R., Greenbaum, C.W., Yirmiya, N., Mayes, L.C., 1996. Relations between cyclic- 
ity and regulation in mother–infant interaction at 3 and 9 months and cognition at 2 
years. J. Appl. Dev. Psychol. 17 (3), 347–365. doi: 10.1016/S0193-3973(96)90031-3 . 

Feldman, R., Magori-Cohen, R., Galili, G., Singer, M., Louzoun, Y., 2011. Mother and 
infant coordinate heart rhythms through episodes of interaction synchrony. Infant 
Behav. Dev. 34 (4), 569–577. doi: 10.1016/j.infbeh.2011.06.008 . 

Field, T., 1995. Infants of depressed mothers. Infant Beha. Dev. 18 (1), 1–13.. 
doi: 10.1016/0163-6383(95)90003-9 . 

Field, T., 2010. Touch for socioemotional and physical well-being: a review. Dev. Rev. 30 
(4), 367–383. doi: 10.1016/j.dr.2011.01.001 . 

Goldstein, P., Weissman-Fogel, I., Dumas, G., Shamay-Tsoory, S.G., 2018. Brain-to-brain 
coupling during handholding is associated with pain reduction. Proc. Natl. Acad. Sci. 
115 (11), E2528–E2537. doi: 10.1073/pnas.1703643115 . 

Goldstein, P., Weissman-Fogel, I., Shamay-Tsoory, S.G., 2017. The role of touch in regu- 
lating inter-partner physiological coupling during empathy for pain. Sci. Rep. 7 (1), 
1–12. doi: 10.1038/s41598-017-03627-7 . 

Grinsted, A., Moore, J.C., Jevrejeva, S., 2004. Application of the cross wavelet transform 
and wavelet coherence to geophysical time series. Nonlinear Process. Geophys. 11 
(5/6), 561–566. doi: 10.5194/npg-11-561-2004 . 

Gvirts, H.Z., Perlmutter, R., 2020. What guides us to neurally and behaviorally align with 
anyone specific? A neurobiological model based on fNIRS hyperscanning studies. Neu- 
roscientist 26 (2), 108–116. doi: 10.1177/1073858419861912 . 

Hardin, J.S., Jones, N.A., Mize, K.D., Platt, M., 2020. Parent-training with kangaroo care 
impacts infant neurophysiological development & mother-infant neuroendocrine ac- 
tivity. Infant Behav. Dev. 58, 101416. doi: 10.1016/j.infbeh.2019.101416 . 

Harrist, A.W., Waugh, R.M., 2002. Dyadic synchrony: its structure and 
function in children’s development. Dev. Rev. 22 (4), 555–592. 
doi: 10.1016/S0273-2297(02)00500-2 . 

Hasson, U., Ghazanfar, A.A., Galantucci, B., Garrod, S., Keysers, C., 2012. Brain-to-brain 
coupling: a mechanism for creating and sharing a social world. Trends Cogn. Sci. 16 
(2), 114–121. doi: 10.1016/j.tics.2011.12.007 . 

Hoehl, S., Fairhurst, M., Schirmer, A., 2020. Interactional synchrony: signals, mechanisms, 
and benefits. Soc. Cogn. Affect. Neurosci. nsaa024. doi: 10.1093/scan/nsaa024 . 

Huppert, T.J., Diamond, S.G., Franceschini, M.A., Boas, D.A., 2009. HomER: a review of 
time-series analysis methods for near-infrared spectroscopy of the brain. Appl. Opt. 
48 (10), D280–D298. doi: 10.1364/ao.48.00d280 . 

Jaffe, J. , Beebe, B. , Feldstein, S. , Crown, C.L. , Jasnow, M.D. , Rochat, P. , Stern, D.N. , 2001. 
Rhythms of dialogue in infancy: coordinated timing in development. Monogr. Soc. 
Res. Child Dev. 66 (2), i–149 . 

Isabella, R.A. , Belsky, J. , 1991. Interactional synchrony and the origins of infant-mother 
attachment: a replication study. Child Dev. 62 (2), 373–384 . 

Jiang, J., Dai, B., Peng, D., Zhu, C., Liu, L., Lu, C., 2012. Neural synchronization during 
face-to-face communication. J. Neurosci. 32 (45), 16064–16069. doi: 10.1523/JNEU- 
ROSCI.2926-12.2012 . 

Kaufmann, T., Sütterlin, S., Schulz, S.M., Vögele, C., 2011. ARTiiFACT: a tool for heart 
rate artifact processing and heart rate variability analysis. Behav. Res. Methods 43 
(4), 1161–1170. doi: 10.3758/s13428-011-0107-7 . 

Koban, L., Ramamoorthy, A., Konvalinka, I., 2019. Why do we fall into sync with others? 
Interpersonal synchronization and the brain’s optimization principle. Soc. Neurosci. 
14 (1), 1–9. doi: 10.1080/17470919.2017.1400463 . 

Konvalinka, I., Xygalatas, D., Bulbulia, J., Schjødt, U., Jegindø, E.-M., Wallot, S., 
Roepstorff, A., 2011. Synchronized arousal between performers and related spec- 
tators in a fire-walking ritual. Proc. Natl. Acad. Sci. 108 (20), 8514–8519. 
doi: 10.1073/pnas.1016955108 . 

Mantis, I., Mercuri, M., Stack, D.M., Field, T.M., 2019. Depressed and non-depressed moth- 
ers’ touching during social interactions with their infants. Dev. Cogn. Neurosci. 35, 
57–65. doi: 10.1016/j.dcn.2018.01.005 . 

Montirosso, R., McGlone, F., 2020. The body comes first. Embodied reparation 
and the co-creation of infant bodily-self. Neurosci. Biobehav. Rev. 113, 77–87. 
doi: 10.1016/j.neubiorev.2020.03.003 . 

Moreno, A.J., Posada, G.E., Goldyn, D.T., 2006. Presence and quality of 
touch influence coregulation in mother–infant dyads. Infancy 9 (1), 1–20. 
doi: 10.1207/s15327078in0901_1 . 

Nguyen, T., Schleihauf, H., Kayhan, E., Matthes, D., Vrti čka, P., Hoehl, S., 2020. The ef- 
fects of interaction quality for neural synchrony during mother-child problem solving. 
Cortex 124, 235–249. doi: 10.1016/j.cortex.2019.11.020 . 

Nguyen, T., Schleihauf, H., Kayhan, E., Matthes, D., Vrti čka, P., Höhl, S., 2021. Neural 
synchrony during mother-child conversation. Soc. Cogn. Affect. Neurosci. 16 (1–2), 
93–102. doi: 10.1093/scan/nsaa079 . 

7 



T. Nguyen, D.H. Abney, D. Salamander et al. NeuroImage 244 (2021) 118599 
Piazza, E.A., Cohen, A., Trach, J., Lew-Williams, C., 2021. Neural synchrony 

predicts children’s learning of novel words. Cognition 214, 104752. 
doi: 10.1016/j.cognition.2021.104752 . 

Piazza, E. , Hasenfratz, L. , Hasson, U. , Lew-Williams, C. , 2020. Infant and adult brains are 
coupled to the dynamics of natural communication. Psychol. Sci. 31 (1), 6–17 . 

Porges, S.W., 2007. The polyvagal perspective. Biol. Psychol. 74 (2), 116–143. 
doi: 10.1016/j.biopsycho.2006.06.009 . 

Porges, S.W. , Bohrer, R.E. , 1990. The analysis of periodic processes in psychophysiologi- 
cal research. In: Principles of Psychophysiology: Physical, Social, and Inferential Ele- 
ments. Cambridge University Press, New York, NY, US, pp. 708–753 . 

Raz, G., Saxe, R., 2020. Learning in infancy is active, endogenously motivated, and 
depends on the prefrontal cortices. Annu. Rev. Dev. Psychol. 2 (1), 247–268. 
doi: 10.1146/annurev-devpsych-121318-084841 . 

Redcay, E., Schilbach, L., 2019. Using second-person neuroscience to elucidate 
the mechanisms of social interaction. Nat. Rev. Neurosci. 20 (8), 495–505. 
doi: 10.1038/s41583-019-0179-4 . 

RStudio Team (2020). RStudio: Integrated Development for R. RStudio, PBC, Boston, MA 
URL http://www.rstudio.com/ . 

Stack, D.M., Muir, D.W., 1992. Adult tactile stimulation during face-to-face interac- 
tions modulates five-month-olds’ affect and attention. Child Dev. 63 (6), 1509–1525. 
doi: 10.1111/j.1467-8624.1992.tb01711.x . 

Stern, D.N. , Hofer, L. , Haft, W. , Dore, J. , 1985. Affect attunement: The sharing of feeling 
states between mother and infant by means of inter-modal fluency. Social Percept. 
Infants 249–268 . 

Sun, F.T., Miller, L.M., D’Esposito, M, 2004. Measuring interregional functional connec- 
tivity using coherence and partial coherence analyses of fMRI data. NeuroImage 21 
(2), 647–658. doi: 10.1016/j.neuroimage.2003.09.056 . 

Tronick, E.Z., 1989. Emotions and emotional communication in infants. Am. Psychol. 44 
(2), 112–119. doi: 10.1037/0003-066X.44.2.112 . 

Tronick, E.Z. , Gianino, A. , 1986. Interactive mismatch and repair: challenges to the coping 
infant. Zero to Three 6 (3), 1–6 . 

Van Puyvelde, M., Loots, G., Meys, J., Neyt, X., Mairesse, O., Simcock, D., Pat- 
tyn, N., 2015. Whose clock makes yours tick? How maternal cardiorespiratory phys- 
iology influences newborns’ heart rate variability. Biol. Psychol. 108, 132–141. 
doi: 10.1016/j.biopsycho.2015.04.001 . 

Wass, S.V., Smith, C.G., Clackson, K., Gibb, C., Eitzenberger, J., Mirza, F.U., 2019. Parents 
mimic and influence their infant’s autonomic state through dynamic affective state 
matching. Curr. Biol. 29 (14), 2415–2422. doi: 10.1016/j.cub.2019.06.016 , e4. . 

Wass, S.V., Whitehorn, M., Marriott Haresign, I., Phillips, E., Leong, V., 2020. Inter- 
personal Neural Entrainment during Early Social Interaction. Trends Cogn. Sci. 
doi: 10.1016/j.tics.2020.01.006 . 

Waters, S.F., West, T.V., Karnilowicz, H.R., Mendes, W.B., 2017. Affect contagion between 
mothers and infants: examining valence and touch. J. Exp. Psychol. Gen. 146 (7), 
1043–1051. doi: 10.1037/xge0000322 . 

Wilson, M., Wilson, T.P., 2005. An oscillator model of the timing of turn-taking. Psychon. 
Bull. Rev. 12 (6), 957–968. doi: 10.3758/BF03206432 . 

Zhao, H., Cheng, T., Zhai, Y., Long, Y., Wang, Z., Lu, C., 2021. How mother–child 
interactions are associated with a child’s compliance. Cereb. Cortex bhab094. 
doi: 10.1093/cercor/bhab094 . 

8 

https://doi.org/10.1016/j.cognition.2021.104752
http://refhub.elsevier.com/S1053-8119(21)00872-7/sbref0038
http://refhub.elsevier.com/S1053-8119(21)00872-7/sbref0038
http://refhub.elsevier.com/S1053-8119(21)00872-7/sbref0038
http://refhub.elsevier.com/S1053-8119(21)00872-7/sbref0038
http://refhub.elsevier.com/S1053-8119(21)00872-7/sbref0038
https://doi.org/10.1016/j.biopsycho.2006.06.009
http://refhub.elsevier.com/S1053-8119(21)00872-7/sbref0040
http://refhub.elsevier.com/S1053-8119(21)00872-7/sbref0040
http://refhub.elsevier.com/S1053-8119(21)00872-7/sbref0040
https://doi.org/10.1146/annurev-devpsych-121318-084841
https://doi.org/10.1038/s41583-019-0179-4
http://www.rstudio.com/
https://doi.org/10.1111/j.1467-8624.1992.tb01711.x
http://refhub.elsevier.com/S1053-8119(21)00872-7/sbref0043
http://refhub.elsevier.com/S1053-8119(21)00872-7/sbref0043
http://refhub.elsevier.com/S1053-8119(21)00872-7/sbref0043
http://refhub.elsevier.com/S1053-8119(21)00872-7/sbref0043
http://refhub.elsevier.com/S1053-8119(21)00872-7/sbref0043
https://doi.org/10.1016/j.neuroimage.2003.09.056
https://doi.org/10.1037/0003-066X.44.2.112
http://refhub.elsevier.com/S1053-8119(21)00872-7/sbref0046
http://refhub.elsevier.com/S1053-8119(21)00872-7/sbref0046
http://refhub.elsevier.com/S1053-8119(21)00872-7/sbref0046
https://doi.org/10.1016/j.biopsycho.2015.04.001
https://doi.org/10.1016/j.cub.2019.06.016
https://doi.org/10.1016/j.tics.2020.01.006
https://doi.org/10.1037/xge0000322
https://doi.org/10.3758/BF03206432
https://doi.org/10.1093/cercor/bhab094

