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The biological mechanisms involved in fear transmission within families have been scarcely
investigated in humans. Here we studied (1) how children acquired conditioned fear from observing
their parent, or a stranger, being exposed to a fear conditioning paradigm, and (2) the subsequent fear
extinction process in these children. Eighty-three child-parent dyads were recruited. The parent was
filmed while undergoing a conditioning procedure where one cue was paired with a shock (CS + Parent)
and one was not (CS -). Children (8 to 12 years old) watched this video and a video of an adult stranger
who underwent conditioning with a different cue reinforced (CS + Stranger). Children were then
exposed to all cues (no shocks were delivered) while skin conductance responses (SCR) were recorded.
Children exhibited higher SCR to the CS +Parent and CS +Stranger relative to the CS -. Physiological
synchronization between the child’s SCR during observational learning and the parent’s SCR during
the actual process of fear conditioning predicted higher SCR for the child to the CS + Parent. Our data
suggest that children acquire fear vicariously and this can be measured physiologically. These data lay
the foundation to examine observational fear learning mechanisms that might contribute to fear and
anxiety disorders transmission in clinically affected families.

How do children learn to fear? While there have been some interesting studies to suggest that some fears are bio-
logically inherited, other fears are most likely acquired through observation. Using sophisticated methods, recent
animal studies have provided evidence for neurobiological mechanisms underlying both types of transmission.
For example, animal experiments have demonstrated that a parent’s experience (e.g., odor fear conditioning) prior
to conception could influence the offspring’s responses and neuroanatomy in a cue-specific manner, highlight-
ing the biological inheritance of fears, most likely through epigenetic mechanisms'. Debiec and Sullivan® have
elegantly demonstrated that a conditioned fear to an odor expressed by a mother in the presence of the pups can
be passed on to them. The authors have also shown that this phenomenon is mediated by the amygdala, a brain
region essential for fear learning and expression, and that pharmacologically inactivating the pups’ amygdala
prevents this fear transmission® These findings illustrate how emotional trauma could be transmitted across
generations and highlight the various mechanisms through which this transmission of fear occurs.

Humans are no exception to this phenomenon of intergenerational transmission of fear. More often than
not, children acquire conditioned fear responses without being directly exposed to the aversive stimulation. This
phenomenon is known as observational fear learning®. Parents transmit a lot of information to their children
through their body language and their reactions to environmental stimuli. In the specific case of fear, there is
some support that transmission can occur vicariously, notably through interactions between the child and the
parent. Research protocols have been designed to reproduce this phenomenon in the laboratory. In these pro-
tocols, the demonstrator’s unconditioned response (e.g., frowning) serves as the unconditioned stimulus for the
observer*. Vicarious learning has been documented across species® and is particularly relevant in parent-child
dyads. A recent study tested whether self-reported fear levels of children could be modulated by pairing a novel
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animal with an image of a facial expression (happy vs. fearful) exhibited by their mother (or an unfamiliar adult,
i.e., stranger condition)®. Results showed that children were more afraid of the animals that were paired with the
fearful faces. Fear levels were similar when the child was learning from the mother or from the unfamiliar adult®.

The biological correlates of observational fear learning in children remain understudied despite the fact that
dysregulated biological responses to fear have been demonstrated in children’. It was not until recently that
physiological measures were used to study vicarious fear learning in children®’. However, to the best of our
knowledge, fear transmission from parents to children has never been studied with physiological measures in
humans. Moreover, it remains to be determined whether a fear memory that has been acquired vicariously under-
goes extinction learning and whether this extinction process persists over time. Such processes are important to
study, given that they reflect some key components of emotion regulation abilities™.

The study of vicarious fear acquisition in children is highly relevant clinically. Childhood is a key develop-
mental period where the emergence of anxiety disorders is pronounced, with a median age of onset of 11 years
old". Childhood is also a time when various conditioned fears are acquired'>'*. Since fear is at the core of anxiety
disorders, it is important to examine fear development in children. The familial environment is a modulator for
children’s expression and regulation of emotions, especially fear. In fact, parents’ emotional reactions can amplify
or attenuate their own child’s fear responses'>'¢. It has been suggested that the parent—child dyad, rather than the
child alone, should be considered as a key unit of analysis when studying emotion development'”'¥. Given that
risk for anxiety and fear-based disorders is transmitted within families'*-??, it is essential to study how children
form fearful associations when learning from their parent’s experience.

Despite the importance of observational fear learning during childhood, most studies on fear learning expose
children to direct fear conditioning protocols, i.e., when the individual is directly experiencing the unconditioned
stimulus. To begin to fill a knowledge gap in the literature within this domain, in the present study, we developed
an observational fear learning paradigm. In this paradigm, the child observed his/her parent and an adult stranger
undergoing a direct fear conditioning paradigm. Following the observation phase, the child was directly exposed
to the conditioned stimuli for which the parent and the stranger were conditioned to assess whether the fear
memory has been acquired (direct expression test). Given that no shocks were delivered to the child, we were also
able to assess whether the fear memory would undergo extinction learning. We then tested retention of fear on
the following day (Fig. 1). Finally, in order to better understand the mechanism underlying such learning and the
inter-dyadic differences, we tested whether the parent-child physiological synchrony during the observational
learning phase predicted the child’s physiological reaction when later exposed to the conditioned stimuli (direct
expression test). We hypothesized that children would exhibit higher fear levels, as assessed by skin conductance
responses (SCR), to the cues for which the parent and the stranger received shocks (CS + Parent, CS + Stranger)
relative to the safety cue (CS—). We did not have specific hypotheses for extinction learning and recall, as these
have not been tested in children in the context of an observational fear learning protocol.

Results

Socio-demographics are presented in Table 1. Among the 83 dyads included in the study, three were removed
from analyses because of poor data quality. Also, one child dropped out of the experiment prior to the direct
expression test. Therefore, observational fear learning was tested on 80 children, whereas direct expression, fear
extinction learning, and direct retention (Day 2) were tested on 79 children. Fear conditioning analyses were
conducted on 72 parents, since one parent’s electrodermal activity data was unusable.

Parents. Fear conditioning. During the direct fear conditioning phase, parents’ SCRs were larger for the
conditioned stimulus paired to a shock (CS+) than the one that was not (CS-) [F(1,71)=45.37, p<0.001,
d=0.53], which confirmed successful fear conditioning. There was no main effect or interaction involving Par-
ent’s sex. Importantly, the level of shock chosen by the parent was not associated with his/her SCR during the fear
conditioning phase [r(72) =—0.155, p=0.192].

Children. Observational fear learning. During the observational fear learning session, children’s SCRs were
significantly larger for CS+than CS- [F(1,76)=11.71, p=0.001, d=0.33]. There were no other main effect or
interaction (all F’s < 2.6, all p values>0.1).

Direct expression test, extinction learning, and direct retention test. During testing phases, the ANOVA revealed
a significant Phase by Stimulus by Trial interaction [F(9.64,723.26) =2.48, p=0.007, np*=0.032]. No interac-
tion involving parents’ or children’s sex were found [all F’s <2.03, all p values>0.09]. The Phase by Stimulus by
Trial interaction was decomposed for each phase. There were a Stimulus by Trial interaction for both the direct
expression test [F(6,450) =4.79, p <0.001, np*=0.060] and the direct retention test (Day 2) [F(4.88,366.11) =6.15,
P<0.001, np?=0.076] phases, but not during the fear extinction learning phase [F(4.79,359.19) =1.31, p 0.262,
np*>=0.017] (Fig. 2). The latter result suggests that the three stimuli elicited similar physiological reactions dur-
ing that phase. During the direct expression test, significant differentiation between stimuli was found for the
first [F(2,156)=10.84, p<0.001, np*=0.122] and the second [F(2,156) = 6.50, p =0.002, np*=0.077] trials. For the
first trial, both the CS+Parent [p=0.007, d=0.40] and the CS + Stranger [p <0.001, d=0.57] differed from the
CS -. For the second trial, only the CS + Stranger significantly differed from the CS - [p=0.004, d=0.45]. On Day
2 (direct retention test), significant differentiation between stimuli was found for the first trial [F(2,156) = 16.85,
p<0.001, np?=0.178]. Post-hoc Bonferroni tests revealed that both the CS+ Parent [p<0.001, d=0.71] and the
CS + Stranger [p<0.001, d=0.73] differed from the CS - on this trial.
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Figure 1. Summary of the protocol. (a) Parent & Stranger: Direct fear learning protocol. On Day 1, parents
were exposed to a direct fear conditioning protocol where two colored lamps were presented, one was paired
with a shock 5 times out of 8 presentations (CS + Parent; red or blue) while the other was never paired with a
shock (CS —; yellow). A stranger adult was exposed to a similar procedure except that a different color (e.g.,
red) was used for the CS +. The same color that was used for the CS — of the parent was used for the stranger
(yellow, CS-). Both the stranger and the adult were filmed during this procedure. Note that the stranger
video was matched to the sex of the participating parent. All children participating with their mother saw the
same stranger video (stranger woman) and all children participating with their father saw the same stranger
video (stranger men). (b) Child - Observational learning stage. The child was presented with both videos
(observational fear learning phase). After that, the shock electrodes were attached to the child’s hand and he/
she was instructed that shocks could be delivered (no shock was delivered to the child). The child was directly
exposed to all three colored lights (CS + Parent, CS + Stranger, and CS —) (direct expression test and extinction
learning). On Day 2, the child was once again presented with all three stimuli (CS + Parent, CS + Stranger, and
CS-) and no shock was delivered (direct retention test).
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Children Parents

(n=83) (n=73)

Mean | SD Mean | SD
Age 9.7 1.4 41.1 4.8
Sex (M:F) 40:43 | N/A | 32:41 N/A
Education (years) 4.7 14 15.7 2.7
Shock intensity level (mA) N/A N/A |22 1.4

Table 1. Socio-demographic characteristics. F, female; M, male; mA, milliamperes; SD, Standard deviation.
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Figure 2. Skin conductance responses for the direct expression test, extinction learning, and direct retention
test in children. (a) After seeing their parent as well as a stranger receiving shock for the CS +, children
presented higher SCRs for both CS +s, in comparison to the CS — (direct expression test). (b) At the end

of that phase, the fear responses to all three CSs have extinguished (extinction learning). (c) The day after
(direct retention test), children exhibited higher SCRs for both CS +s than the CS—. In each panel, black lines
represent CS + Parent, dashed dark grey lines represent CS + Stranger, and dashed light grey lines represent CS —.
Error bars are standard error of the mean. The dashed horizontal line indicates the highest level of fear (SCR)
expressed during the direct expression test. CS + P = CS + Parent; CS + S = CS + Stranger; uS = microsiemens.

Physiological synchrony. In child-parent dyads, the first factor of the principal component analysis (PCA)
(PC1-Parent) conducted on determinism (DET), laminarity (LAM), length of the longest diagonal (MaxL), and
relative entropy (rENTR) measures obtained while children watched the video of their parent explained 65%
of the variance. We first tested whether this factor (PC1-Parent) correlated with the shock level chosen by the
participant. This correlation did not reach significance [r(76) =—0.195, p=0.092], but the detected trend sug-
gested a potential relationship between the shock intensity and the parent-child synchrony. The PC1-Parent
factor predicted the conditioned response to the first CS+ Parent presentation during the direct expression
test [r(76)=0.228, p=0.047]. It did not predict the conditioned response to the first CS + Stranger presentation
[r(76)=-0.017, p=0.881], nor the first CS— presentation [r(76) =0.056, p=0.632] (see Fig. 3), suggesting that
greater physiological synchrony within the dyad predicts greater fear responses specifically to the danger-related
cue specific to the parent. There was a significant difference between the strength of the correlation between the
PCl1-Parent and SCRs to the first CS + Parent presentation (r=0.228) and the strength of the correlation between
the PC1-Parent and SCRs to the first CS + Stranger presentation (r=-0.017) [z=2.00, p=0.045]. There was no
other significant difference between these correlation coefficients [all z-values <1.4, all p values>0.1].

We also calculated the synchrony between strangers’ electrodermal activity while undergoing fear condition-
ing and children’s electrodermal activity while watching the video of the stranger. Here also, we conducted a PCA
on DET, LAM, MaxL, and rENTR. The first factor of this PCA (PC1-Stranger) explained 63% of the variance,
and only predicted the conditioned response to the first CS + Parent presentation [r(71) =0.281, p=0.018]. It did
not predict the conditioned response to the first CS + Stranger presentation [r(71) =0.090, p=0.456], but tended
to predict the first CS — presentation [r(71)=0.205, p=0.086] (see Fig. 4). These three correlation coefficients
did not differ from one another [all z-values <1.5, all p values>0.1]. Also, there was no significant difference
between the strength of the correlation between the PC1-Parent and SCRs to the first CS + Parent presentation
(r=0.228) and the strength of the correlation between the PC1-Stranger and SCRs to the first CS + Stranger
presentation (r=0.090) [z=0.89, p=0.37].

Subjective reports of contingency learning. We tested whether children learned the contingency between the
conditioned stimulus (CS) and the unconditioned stimulus (US) (CS-US contingency). This was done by ask-
ing children to correctly identify which color was associated with the shock for the parent and which color was
associated with the shock for the stranger. From the 83 children included in the study, 64 explicitly learned the
CS-US contingency whereas 19 children failed to acquire the CS-US contingency. We assessed whether those
two groups differed in terms of age and sex distribution. Children among the group who learned the CS-US
contingency tended to be older than those who did not [t(81)=—1.79, p=0.077, d=1.13]. There was, however,
no difference in sex distribution between groups [x*(1, n=83)=1.27, p=0.259].
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Figure 3. Parent-child’s physiological synchrony predicts fear learning in children, only for the parent cue. (a)
Example of the z-scored phasic skin conductance for a parent and his/her child during the whole observational
learning stage. (b) Cross-recurrence plot obtained from the same parent—child dyad. (c) Physiological synchrony
between children and parents during the observational learning stage successfully predicted the fear response

in children for the first CS + Parent presentation during direct expression test. Physiological synchrony between
children and parents did not predict the fear response for neither the CS + Stranger (d), nor the CS - (e).
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Figure 4. Stranger-child’s physiological synchrony predicts fear learning in children, only for the parent cue.
(a) Physiological synchrony between children and strangers during the observational learning stage successfully
predicted the fear response in children for the first CS + Parent presentation during the direct expression test.
Physiological synchrony between children and strangers did not predict the fear response for neither the

CS + Stranger (b), nor the CS— (c).
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All the previous analyses were repeated for children who learned the CS-US contingency and for those who
did not learn the CS-US contingency. Overall, the effects reported above remained in the group who learned
the contingency. However, children who did not learn the contingency exhibited similar levels of fear to all CSs
(CS + Parent, CS + Stranger, and CS —). For statistical details, see Supplementary information.

Discussion

This study aimed to assess the physiological correlates of observational fear learning among parent-child dyads.
Children watched two videos: one of their parent receiving shocks for a given cue (CS + Parent) and no shock for
another cue (CS-), and one of a stranger receiving shocks for another cue (CS + Stranger) and where the CS — was
the same. Children were then exposed to these cues without receiving any shocks. We showed for the first time
that children acquire differential fear conditioning vicariously as indexed by SCR, and that familiarity with the
demonstrator (parent or a stranger) does not impact their conditioned fear responses. Lastly, our results suggest
that the more physiologically synchronized the parent-child dyad is, the higher the fear responses expressed by
the child when later exposed to the CS + Parent.

Our results support prior studies that had shown that children’s self-reported fear levels could be modulated
by pairing a given animal with a fearful facial expression of their mother or a stranger or by instructions received
from an adult®**?*, Our study provides psychophysiological measures that go beyond the subject’s self-report
and demonstrates that the discrimination between fearful and safety signals is not only measurable by self-report
measures, but also through physiological measures. The fact that children in our study exhibited similar SCR to
the CS + Parent and the CS + Stranger suggests that, on average, children can learn fear equivalently from a parent
and a stranger. This suggests that in our sample, some children learned more from the stranger than they did from
their parent and vice-versa. Although this finding is aligned with previous studies on observational fear learning
in children that have used subjective fear levels, it nonetheless underscores the importance of assessing vari-
ables that could explain better learning from a familiar adult (in this case, the parent) or a stranger. Our sample
was composed of healthy children learning from healthy adults. It will be interesting in the future to assess how
children learn from a parent or from a stranger exhibiting exaggerated fear levels. Moreover, other factors that
are specific to the individuals or the dyads should be further studied, such as the attachment relationship or the
observer’s level of empathy. As an example, Callaghan and colleagues® found that the presentation of parent-
related visual cues induced lower amygdala reactivity in children, but that effect was not observed in children
who previously experienced institutional care?. This result highlights the importance of further considering the
role of interindividual and inter-dyadic factors that could modulate fear learning.

One of the novel and most exciting findings of our study is that the synchrony between the parent’s SCR
during conditioning and their child during the observational learning phase was predictive of the child’s physi-
ological reactivity when directly presented with the CS + Parent (direct expression test). These data are consist-
ent with a prior study?® that demonstrated a similar association among adults performing an observational
fear learning. As argued by Pdarnamets and colleagues, synchrony might reflect the observer mirroring the
demonstrator’s autonomic activity, which would in turn facilitate fear learning for the observer. In our sample,
synchrony between the parent and the child was correlated with the child’s SCR to the CS + Parent, but not for
the CS + Stranger and the CS —, suggesting specificity to the fear-related stimulus for the parent. Further support
for this argument comes from the fact that the synchrony between the stranger and the child did not predict the
child’s SCR to the CS + Stranger. This finding however needs to be interpreted cautiously for two main reasons.
First, although not significant, this correlation did not differ statistically from the significant association found
between parent—child synchrony and the child’s SCR to the CS + Parent. Second, the fact that all children who
came with their father saw the same stranger man and all children who came with their mother saw the same
stranger woman could also bias some of the stranger-child synchrony findings, as all variability comes from the
child and the demonstrator does not contribute any variability. This might also explain the fact that we have
found a significant association between the stranger—child synchrony and the child’s SCR to the CS + Parent.
Taken together, these findings suggest that the propension of a child to synchronize his/her physiological state
with the demonstrator might hold across contexts and render some children more receptive to observational
learning. Nonetheless, our data highlight the importance of further considering physiological synchrony, as this
may be a mechanism contributing to observational fear learning within families. Higher synchrony between
a parent and a child could serve as an adaptive function. For example, by promoting more efficient learning,
a stronger synchrony could help in adapting to the environment by having a better understanding of what is
dangerous and what is safe. This being said, whether such synchrony always serves as an advantage remains to
be tested. For example, if a child learns from a parent suffering from a fear or anxiety-related disorder, a higher
synchrony could promote transmission of this maladaptive fear. In other words, risk for anxiety disorders may
be preferentially transmitted from parent to child only in cases with high physiological synchrony. It is therefore
important to examine individual and dyadic related factors that could modulate the strength of the synchrony.

Apart from tracking observational fear learning, our study allowed to examine whether the fear memory
would undergo extinction and to test for delayed retention of fear on the next day. At the end of Day 1, children
exhibited low SCR levels for all three CSs, suggesting successful extinction learning for both the CS + Parent and
the CS + Stranger. On the following day, when children were tested for direct retention, there was some sponta-
neous recovery of fear for both CS +s relative to the CS —. Although some savings of extinction from session 1
could be observed, elevated SCR to the CS + compared to the CS — suggest a significant return of fear, which is
distinct from prior studies in adult populations using direct fear conditioning paradigms®”?%. We speculate that
the significant spontaneous recovery we observed might be related to distinct neural mechanisms mediating fear
extinction learning and recall within this age group compared to adults. It has been shown that extinction learn-
ing might be more dependent on the amygdala in early development and might recruit more the hippocampus
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and the medial prefrontal cortex (mPFC) during later stages of development®’. Human studies have also reported
that the functional and the structural connectivity between the amygdala and the prefrontal cortex is not mature
yet in childhood®-*2. Given the inhibitory role of the prefrontal cortex on the amygdala and its implication in
extinction learning and retention, the young age of our sample could account for the important return of fear to
the CS + during extinction recall. Adding a neuroimaging component to this protocol would allow testing this
hypothesis. Importantly, a recent observational fear learning study performed in adults also reported elevated
SCR to the CS +after a delay®. It is therefore possible that the nature of the protocol (vicarious learning vs. direct
learning) might contribute to a stronger return of fear after a delay. Future studies should therefore test whether
fear learning that occurs through observation is more resistant to extinction.

In the same vein, previous studies using direct fear conditioning protocols have shown that brain structures
involved in fear learning and regulation, such as the amygdala, the hippocampus and the ventromedial prefrontal
cortex, change throughout development®***. Our study and its design could set the stage for future important
mechanistic and clinical studies in this domain. For example, implementing this protocol in an fMRI scanner
would provide valuable information on how fears are learned in children when observing their parent. Neural
correlates of observational fear learning could also inform us about individual differences promoting risk and
resilience, for example in families where parents suffer from pathologies characterized by dysregulated fear levels.

While novel and original, our study has some limitations. For example, it would have been interesting to
complement the physiological recordings with subjective fear measures. This would have allowed assessing
whether subjective and physiological fear levels correlate and under which conditions the two are related (or
not). While our sample size was similar to other fear conditioning studies**”*>%7, a larger sample would allow
investigating sex differences in children as well as sex congruence within dyads. Given the important sex differ-
ences in anxiety and fear-related disorders®®-*, it is crucial to study both girls and boys and to assess effects of
sex congruence with their parents. Moreover, trait empathy has been shown to contribute to observational fear
learning®. Having such measure in our study could have helped understanding differences individual differences
with regards to observational fear leaning in children.

In sum, our novel protocol and experimental design enabled us to gather physiological data to study not
only fear acquisition but also fear regulation, through the addition of extinction learning and retention test.
Moreover, through the acquisition of physiological data from both the parent and the child, the protocol allowed
us to examine synchronization within the dyad to better disentangle the mechanisms underlying observational
fear learning in children. Future studies will allow investigating the individual and environmental factors that
modulate on€’s vulnerability to observational fear learning in the context of the familial environment, especially
in at-risk families where the parent suffers from anxiety or fear-related psychopathologies.

Methods

Participants. Eighty-three healthy parent-child dyads were recruited through announcements on social
media and posters in the surroundings of the research center. These dyads consisted of 73 parents and 83 chil-
dren (10 parents participated with two of their children). There were 19 father-son dyads, 17 father-daughter
dyads, 21 mother-son dyads, and 26 mother-daughter dyads. Inclusion criteria for participation in this study
were (i) that the child was aged between 8 and 12 years old and accompanied by one of his/her parents; (ii) that
the child and the parent understood and spoke French; (iii) and that both had normal or corrected vision. Exclu-
sion criteria for children were (i) history of mental illness, brain damage, or significant developmental delay;
(ii) an unstable or severe medical condition; and (iii) current or past use of psychiatric medication. Exclusion
criteria for the parents were (i) history of bipolar, psychotic, or substance use disorder; (ii) an unstable or severe
medical condition; and (iii) pregnancy for the mother. This project was approved by the institutional review
board of the CIUSSS-de-I'Est-de-I'Ile-de-Montréal and was conducted in conformity with the Declaration of Hel-
sinki. Informed consent was obtained from all subjects, where parents gave informed consent for themselves and
their child. Written consent was obtained from all parents and written assent was obtained from all children.

Procedures. Parent-child dyads took part in a 2-day fear conditioning and extinction paradigm (see Fig. 1).
Of note, informed consent from people depicted in Fig. 1 was obtained to publish the images, and the stranger
man was not a study participant.

Direct fear conditioning protocol for the parent. On Day 1, we attached two Ag/AgCl electrodes to the palm of
the parent’s left hand. Electrical shocks were delivered through two electrodes placed on the index and middle
fingers of the parent’s right hand. Parents were then instructed to choose a level of shock that was annoying but
not painful. Parents underwent the habituation phase, where two stimuli (colored lamps) were presented with-
out any shock. This was followed by the direct fear conditioning phase, with 8 presentations of the conditioned
stimulus (CS + Parent; blue or red lamp) and 4 presentations of the CS— (yellow lamp). Shocks (500 ms) were
delivered for 5 of the 8 CS + presentations. We recorded a video of the parent during the conditioning phase that
captured the stimuli being presented and the parent’s facial and bodily reactions. Another video was recorded
prior to the start of the project. That video consisted of a stranger adult going through the fear conditioning pro-
tocol. The stranger adult was exposed to the same protocol than the parent except that a different colored lamp
was used for the CS+ (e.g., blue or red lamp, CS + Stranger). The CS - for the parent and the stranger was the
same colored lamp. The video of the stranger was standardized across all participants according to the parent’s
sex (children participating with their mother saw the same video of a stranger woman and children participating
with their father saw the same video of a stranger man). Both stranger adults were Caucasians.
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Observational fear learning for the child. On Day 1, we attached two Ag/AgCl electrodes to the palm of the
child’s left hand. Children were then exposed to a habituation phase during which they saw all three stimuli
(i.e., colored lamps), none of which were paired with a shock. Afterwards, the child was presented with both
videos without audio (observational learning stage). The order of the video presentations was counterbalanced
across participants. After each video, we asked the child which colors were presented, whether shocks were
delivered or not, and if so, to which color(s) shocks were associated. This was used to assess contingency learn-
ing. Then, shock electrodes were placed on the index and middle finger of the child’s dominant hand. The child
was told that he/she would be presented with the colored lamps directly and that he/she might receive a shock.
We instructed the child that if a shock was delivered, it would be at a level considered by same-age children to
be annoying but not painful. No shocks were delivered to the child at any point during the study. The child was
then presented with all three cues (CS + Parent, CS + Stranger, and CS —), 8 times each. The first four trials of that
session served to examine whether fear was learned (direct expression test) and the last four trials of that session
served to examine fear extinction learning (given that no shocks were delivered, extinction learning eventually
took place).

The next day, skin conductance electrodes and shock electrodes were once again placed on the child (see pro-
cedure of Day 1). Direct retention was tested by presenting directly all three CSs, 8 times each. At the end of the
experiment, there was a debriefing session with the child and the parent. They were explained why deception was
used and why maintaining uncertainty about shock delivery was necessary to induce conditioned fear responses.

Psychophysiological recordings and data processing. Skin conductance recordings. ~Skin conduct-
ance levels (SCL) were recorded continuously during all phases of the paradigm (MP160 recording system,
Biopac Systems Inc., Goleta, CA). Skin conductance responses (SCRs) were obtained by subtracting the mean
SCL during the 2-s interval prior to CS onset from the maximum SCL (peak) obtained during the 6-s interval
following CS onset. SCR data were then square-root transformed.

Physiological synchrony. Physiological synchrony analyses were performed for the conditioning session (when
parents and strangers underwent direct conditioning and when the children viewed both videos, i.e., obser-
vational learning stage). The raw electrodermal activity signal recorded during this session was filtered with a
0.05-1 Hz passband and downsampled to 8 Hz. This signal was z-scored to ensure comparability between par-
ents and children as well as between strangers and children.

Here, we used cross-recurrence quantification analyses (CRQA) as a proxy for physiological synchrony. These
analyses were performed in R with the crqa package*. Basically, CRQA is used to quantify the time-dependent
coupling of two signals*. This analysis yields a cross-recurrence plot (see Fig. 3b for an example), where blue
dots represent states of recurrence between two-time series. To be considered as recurrent, points must be within
a given radius.

Using the optimizeParam function, parameters (radius, delay, embed dimension) were set individually for
each pair to provide a mean recurrence rate between 2 and 4%2. The recurrence rate corresponds to the percent-
age of points in a cross-recurrence plot forming recurrence. A cross-recurrence plot was therefore obtained for
each pair (parent—child, stranger-child). Synchrony metrics were extracted from each of these cross-recurrence
plots. We used the same CRQA metrics as Pirnamets and colleagues® for our analyses: determinism (DET),
laminarity (LAM), length of the longest diagonal (MaxL), and relative entropy (rENTR). DET and LAM represent
the percentage of recurrence points forming diagonal and vertical lines, respectively. MaxL represents the length
of the longest diagonal in the cross-recurrence plot. rENTR represents the Shannon entropy of the diagonal lines
in the cross-recurrence plot, normalized by the number of lines*.

From the 79 parent-child dyads included in previous analyses, two were excluded from synchrony analyses,
since it was not possible to optimize their parameters to obtain a recurrence rate between 2 and 4%. Another
parent—child dyad was excluded because of poor data quality for the parent. Physiological synchrony analyses
were therefore performed on 76 parent-child dyads. Eight children were excluded from stranger-child syn-
chrony analyses, because of data acquisition problems during the viewing of the stranger’s video. Physiological
synchrony between strangers’ and children’s electrodermal activity was therefore computed for 71 children.
For both parent-child and stranger-child analyses, we performed a principal component analysis (PCA) using
varimax-rotation on these four metrics to reduce the number of analyses?**®, We used the resulting first factors
(PC1 Parent-child, PC1 Stranger-child) of this analysis to predict children’s CS + and CS — responses during the
direct expression test.

Data analysis. To assess fear conditioning in parents, SCRs were analyzed with a mixed ANOVA with the
within-subjects factor Stimulus (CS+, CS—) and the between-subjects factor Parents sex (male, female). In
children, SCRs during the observational learning phase were analyzed with a mixed ANOVA, with the within-
subjects factors Stimulus (CS+, CS—) and Demonstrator (parent, stranger), and the between-subjects factors
Demonstrator’s sex and Child’s sex (male, female). In order to test the direct expression of fear, fear extinction
learning, and the direct retention of fear within the same statistical model, we only included the first four trials
of the direct retention test, so that all phases have four trials. Data from these three phases were assessed with
a mixed ANOVA, with the within-subjects factors Phase (direct expression test, fear extinction learning, direct
retention test), Stimulus (CS + Parent, CS + Stranger, CS —) and Trials (4 trials), and the between-subjects factors
Parent’s sex and Child’s sex (male, female). Significant interactions were decomposed with subsequent ANO-
VAs and post-hoc Bonferroni tests. Greenhouse-Geisser corrections were applied when sphericity assumption
was not met. To assess the role of physiological synchrony in fear learning, we conducted Pearson correlations
between both the Parents’ and Strangers’ PC1 and children’s SCRs for the first trial of each stimulus type dur-
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ing the direct expression test. To compare correlations coefficients between conditions, we used the proce-
dure of Hittner et al.”’, which is a modification of Dunn and Clark*® using a backtransformed average Fisher Z
procedure®. This test is implemented in the cocor (https://comparingcorrelations.org) online software™.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on
reasonable request.
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