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ABSTRACT
BACKGROUND: Socioecological factors such as family environment and parenting behaviors contribute to the
development of substance use. While biobehavioral synchrony has been suggested as the foundation for resilience
that can modulate environmental effects on development, the role of brain similarity that attenuates deleterious ef-
fects of environmental contexts has not been clearly understood. We tested whether parent-adolescent neural
similarity—the level of pattern similarity between parent-adolescent functional brain connectivity representing the
level of attunement within each dyad—moderates the longitudinal pathways in which household chaos (a stressor)
predicts adolescent substance use directly and indirectly via parental monitoring.
METHODS: In a sample of 70 parent-adolescent dyads, similarity in resting-state brain activity was identified using
multipattern connectivity similarity estimation. Adolescents and parents reported on household chaos and parental
monitoring, and adolescent substance use was assessed at a 1-year follow-up.
RESULTS: The moderated mediation model indicated that for adolescents with low neural similarity, but not high
neural similarity, greater household chaos predicted higher substance use over time directly and indirectly via lower
parental monitoring. Our data also indicated differential susceptibility in the overall association between household
chaos and substance use: Adolescents with low neural similarity exhibited high substance use under high household
chaos but low substance use under low household chaos.
CONCLUSIONS: Neural similarity acts as a protective factor such that the detrimental effects of suboptimal family
environment and parenting behaviors on the development of adolescent health risk behaviors may be attenuated by
neural similarity within parent-adolescent bonds.

https://doi.org/10.1016/j.bpsc.2023.04.008
Adolescent substance use behaviors represent a pernicious—
and potentially preventable—risk to mortality, health, and
functioning that has long-term consequences of addiction and
physical and mental health problems during adulthood (1–3).
At present, however, little is known about neurobiological
processes that may intervene in the development of substance
use. Following the literature suggesting that biobehavioral
synchrony, seen in humans’ integration of physiology and
behavior during social contact, serves as the foundation for
resilience that modulates environmental effects on develop-
ment (4,5), the present study investigated the buffering role of
parent-adolescent neural dyadic similarity against stressful
environments. Specifically, we examined whether parent-
adolescent resting-state network connectome similarity
moderated the detrimental effects of household chaos on
adolescent health risk behaviors that operate directly as well
as indirectly through parental monitoring.

Research indicates that socioecological factors such as
family environment and parenting behaviors contribute to the
development of substance use (6). There is an increasing body
ª 2023 Society of Biological Psychiatry. Pu
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of evidence spanning childhood and adolescence document-
ing the detrimental effects of household chaos on parenting
and adolescent adjustment, including risk taking. Specifically,
household chaos is related to poorly regulated parenting be-
haviors, which is known to be a prominent predictor of delin-
quent behaviors (7–11). In the current study, we tested a
developmental pathway through which household chaos as a
stressful ecological context is associated with impaired
parental monitoring, which in turn predicts greater adolescent
substance use over time.

Social connections are critical for healthy development.
Early in life, connectedness between a child and their parent
lays the foundation for children to adapt to increasingly com-
plex environments (12). Furthermore, throughout childhood
and adolescence, parents provide psychological and social
references upon which children can base and test their ac-
tions, thoughts, and feelings in ways that are more likely to be
socially acceptable (13). Accordingly, parent-child behavioral
dyadic similarity can promote social-emotional adjustment
(14,15) and diminish psychopathology (16,17). Research also
blished by Elsevier Inc. This is an open access article under the
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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suggests that parent-child physiological synchrony indicates
bonding between the parent and child and has long-term ef-
fects on developmental outcomes (e.g., self-regulation,
behavioral problems) across childhood and up to adoles-
cence (16). We note that these prior studies focused on parent-
child synchrony, which is generally defined as the coordination
of the temporal structure of physiological or behavioral pro-
cesses (e.g., feelings, heart rates, hormonal levels) between
interactive partners. The dyadic synchrony or concordance
concept has been extended to neuroimaging research and
suggests that the behavioral level of dyadic concordance in
parent-adolescent dyads is based on their intrinsically attuned
brain systems. Specifically, functional connectivity pattern
similarity (as opposed to temporal structure similarity) has
been found to predict not only parent-adolescent daily syn-
chrony (e.g., one’s emotion score predicting the other’s
emotion score) but also positive outcomes (e.g., higher
emotional competence) in adolescents (18).

Parent-adolescent neural similarity may be beneficial to
adolescent well-being because of adolescents’ attunement to
(i.e., being aware of and responsive to) parenting behaviors.
Feldman (4) argued for the importance of attunement, or bio-
behavioral synchrony between parent and child, in providing a
foundation for healthy behavioral, socioemotional, and cogni-
tive development. Prior research suggests a link between
greater mother-infant synchrony in affect states and more
optimal attachment behavior in early life (16). In childhood, the
role of parent-child synchrony seems to become more com-
plex: Greater parent-child physiological synchrony is related to
better parent-child interactions (19), but high parent-child
physiological synchrony is not adaptive for children with par-
ents who lack appropriate socialization skills (20). In adoles-
cence, greater parent-adolescent neural similarity may serve
as a foundation for fine-tuning the adolescent’s brain to be
better attuned to parents’ actions and intentions so that
positive effects of effective parental socialization would be
facilitated. However, it is also possible that greater parent-
adolescent neural similarity may amplify negative effects of
ineffective parental socialization.

For effective socialization, parents must monitor their ado-
lescents’ behaviors, recognize risky behaviors when they
occur, and prevent such behaviors (21). Adequate parental
monitoring is critical for helping adolescents to avoid risky
behaviors because it makes them more conscious of possible
consequences of their actions. Indeed, adolescents with par-
ents who are aware of and attempt to guide their behaviors are
less likely to engage in health risk behaviors such as substance
use (22,23), and higher parental monitoring is related to lower
adolescent substance use through the promotion of self-
regulation abilities (24). This important socialization process
of parental monitoring may work best at minimizing adolescent
maladjustment within dyads with greater parent-adolescent
neural similarity because this similarity provides a foundation
on which parental monitoring more effectively delays or
otherwise reduces the development of adolescent risk-taking
behaviors.

In the current longitudinal study, we investigated functional
connectome similarity in the intrinsic neural signal based on
resting-state functional magnetic resonance imaging (fMRI) as
an index of neural similarity. There are clear advantages of this
2 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging - 2
approach. First, dyadic neural similarity was estimated based
on multidimensional neural pattern similarity across networks.
In response to the environment, the brain coordinates various
operations simultaneously within and across different regions.
Therefore, the brain’s neural networks function as an orchestra
instead of employing a single region (25). Using a network
approach provides a more comprehensive description of
dyadic neural similarity across the brain as compared with
using overall signal magnitude for each region. Second, the
intrinsic functional connectome built on the resting-state fMRI
data provides an index of the individual’s unique brain finger-
print that reflects the native neural configurations of the brain’s
system leading to individual differences in psychology and
behavior (26,27). Further, the intrinsic connectome is modified
and tuned gradually by accumulating socioemotional experi-
ences (28). Therefore, the resting-state network connectome
similarity can be seen as the indicator of the harmonized brain
architecture between the parent and the adolescent, which is
shaped by their shared lived experience over the life course. As
such, higher neural pattern similarity observed in resting-state
functional connectivity represents a more intrinsically attuned
brain system within the dyad. We clarify that we examined
resting-state network pattern configuration similarity, whereas
most prior research on behavioral and physiological dyadic
synchrony examined temporal structure similarity.

Based on theoretical work suggesting beneficial effects of
parent-child similarity (4,12,14), we hypothesized that neural
similarity between a parent and their adolescent would operate
as a bioregulatory protective factor against the negative impact
of stressful environments on adolescent outcomes. Specif-
ically, neural similarity as a moderator was expected to
attenuate the effects of a chaotic family environment (e.g., lack
of structure and unpredictability in everyday activities) on
adolescent substance use. We also hypothesized that neural
similarity would buffer against adverse substance use out-
comes in homes with greater levels of chaos by influencing
parental monitoring. Specifically, we anticipated that higher
household chaos would predict higher adolescent substance
use directly and also indirectly via lower parental monitoring
but that these effects would be reduced by higher levels of
parent-adolescent neural similarity. Additionally, we tested the
possibility that neural similarity would operate as a differential
susceptibility factor (29,30) such that adolescents with high
versus low neural similarity would be differentially affected by
household contextual influences in both the positive and the
negative conditions, i.e., low and high levels of chaos,
respectively.

METHODS AND MATERIALS

Participants

The current study used a subset of a larger longitudinal study,
including 70 parent-adolescent dyads whose resting-state
fMRI data were available for analyses. Adolescents (43% fe-
male) were 13 to 17 years of age (mean = 15.07, SD = 1.28) at
time 1 when fMRI data from both adolescents and their parents
were collected along with household chaos and parental
monitoring data from adolescents. Adolescent substance use
data were collected at time 2, approximately 1 year later.
Approximately 14% of adolescents identified as Black, 78% as
023; -:-–- www.sobp.org/BPCNNI
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White, and 8% as other. Mean annual family income was in the
range of $35,000 to $49,999, with varying levels of family
economic status (ranging from "less than $1000" to "$200,000
or more"). The primary caregivers (referred to as parents
hereafter: 58 mothers, 11 fathers, 1 grandmother) were 34 to
60 years of age (mean = 43.70, SD = 6.75). Inclusion criteria for
adolescents included vision corrected to be able to see the
computer display clearly, and exclusion criteria included
claustrophobia, history of head injury resulting in loss of con-
sciousness for .10 minutes, orthodontia impairing image
acquisition, and other contraindications to MRI (e.g., pace-
maker, aneurysm clips, neurostimulators, cochlear implants,
metal in eyes, steel worker, or other implants). There were 74
parent-adolescent dyads whose resting-state fMRI data were
collected together, but 4 dyads had to be excluded from the
data analysis if any counterparts’ data (either parent or
adolescent) showed excessive head motion (mean framewise
displacement . 0.25-mm movement).
Procedures

Adolescent participants and their parents were recruited from
a southeastern state in the United States via email an-
nouncements, flyers, and snowball sampling (word-of-mouth).
Data collection was administered at university offices where
participants completed self-report questionnaires and behav-
ioral and neuroimaging tasks and were interviewed by trained
research assistants. Parent participants were scanned by the
same scanner after the adolescent completed scanning on the
same day. The study duration was 5 hours on average, and
participants were compensated monetarily for their time. All
procedures were approved by the institutional review board of
the university, and written informed consent or assent was
received from all participants.

Household Chaos (Time 1). Adolescents and parents re-
ported on the level of household chaos (i.e., level of confusion
and disorganization in the home) using the 6-item Confusion,
Hubbub, and Order Scale (31). An example item is “You can’t
hear yourself think in our home.” Response options range from
“1 = Definitely untrue” to “5 = Definitely true.” Mean scores
were calculated, with higher scores indicating higher levels of
household chaos (a = 0.62). The reliability was consistent with
Biological Psychiatry: Cognitive Neuroscien
prior research, which has demonstrated robust predictive and
construct validity of this scale (32).

Parental Monitoring (Time 1). Adolescents and parents
reported on different aspects of parental monitoring, including
parental knowledge, child disclosure, parent solicitation, and
parental control, using the 25-item Parental Monitoring Scale
(23) along a 5-point scale (1–5) that varied from question to
question (e.g., “Do your parents normally know where you go
and what you do after school?”). Higher scores indicated
greater parental monitoring (a = 0.91).

Adolescent Substance Use (Time 2). Adolescents re-
ported typical frequency of cigarette, alcohol, and marijuana
use 1 year after the neural similarity assessment, using a
substance use index adapted from Wills et al. (33,34). This
index consists of 3 items (e.g., “Which is the most true for you
about using alcohol?”), using a 6-point scale ranging from 1
(never used) to 6 (usually use every day). A polysubstance use
composite score was computed using an average of all 3
items, with higher scores indicating greater use (a = 0.60).

MRI Acquisition and Preprocessing

MRI data acquisition and preprocessing are described in the
Supplement.

Connectome Similarity Analysis

To estimate the dyadic neural similarity in functional connec-
tivity between parents and their adolescents (Figure 1), we
followed the previous approach of multipattern connectivity
similarity estimation [e.g., (18)]. To this end, we used 18 inde-
pendent component networks (ICNs) that a previous meta-
analysis identified (27): ICN 1 (limbic), ICN 2 (medial-temporal
areas), ICN 3 (bilateral basal ganglia and thalamus), ICN 4
(bilateral anterior insula/frontal opercula and the anterior
aspect of the body of the cingulate gyrus), ICN 5 (midbrain),
ICN 6 (superior and middle frontal gyri), ICN 7 (middle frontal
gyri and superior parietal lobules), ICN 8 (ventral precentral
gyri, central sulci, postcentral gyri, superior and inferior cere-
bellum), ICN 9 (superior parietal lobule), ICN 10 (middle and
inferior temporal gyri), ICNs 11 and 12 (lateral and medial
posterior occipital cortices), ICN 13 (medial prefrontal and
posterior cingulate/precuneus areas), ICN 14 (cerebellum), ICN
Figure 1. Functional connectome similarity
calculation. (A) Functional connectome estimation
using all possible pairs of 18 intrinsic network maps
(27) for each adolescent-parent dyad. (B) Charac-
terize individual-specific connectivity patterns and
vectorization. Note that only the bottom half of the
connectome matrix, excluding the diagonal, is shown
in the figure. (C) Fisher’s z–transformed connectome
vectors were correlated between each pair of parent-
adolescent dyads to calculate the connectome
similarity.

ce and Neuroimaging - 2023; -:-–- www.sobp.org/BPCNNI 3

http://www.sobp.org/BPCNNI


-.24*

Parental
Monitoring

Adolescent
Substance Use
(1 year later)

Parent-Adolescent
Neural

Similarity

Household
Chaos

-.33*

.02

-.24*

.09

Similarity
X Chaos

(InteracƟon)

-.38*

.26*

-.30*
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15 (right-lateralized frontoparietal regions), ICN 16 (transverse
temporal gyri), ICN 17 (dorsal precentral gyri, central sulci,
postcentral gyri, superior and inferior cerebellum), and ICN 18
(left-lateralized frontoparietal regions). The extracted individual
time courses for each ICN were then used to create a functional
network connectivity matrix (i.e., connectome) by correlating
(Pearson r) all possible pairs of time courses from 18 networks.
Finally, the connectome similarity (i.e., connectivity pattern
similarity) was calculated by vectorizing each individual’s
Fisher’s z–transformed connectivity matrix and correlating be-
tween each pair of parent-adolescent dyads (Figure 1). This
within-dyad Pearson r was used as the neural similarity matrix
[e.g., (18,35)]. In addition to this grand level of connectivity
pattern similarity across 18 ICNs, we also calculated the con-
nectivity similarity within each intrinsic system. According to
Laird et al. (27), those 18 ICNs can be clustered by 4 intrinsic
systems: emotion (ICNs 1–5), motor/sensory (ICNs 6–9), visual
(ICNs 10–12), and cognitive systems (ICNs 13–18). The con-
nectivity similarity across subsets of ICNs within each intrinsic
system allowed us to examine which intrinsic cluster drove the
neural similarity effects (i.e., specificity of our findings).

Data Analytic Plan

For current study aims, we conducted a moderated mediation
analysis using structural equation modeling following recom-
mendations by Hayes (36). We used full information maximum
likelihood estimation with robust standard errors (MLR) to es-
timate the parameters using all available observations rather
than imputing missing scores (3 scores of substance use were
missing) and to account for non-normal distributions better
than maximum likelihood estimation, available in Mplus version
8.6 (37). To test indirect effects, we calculated bias-corrected
bootstrap confidence intervals (CIs) with maximum likelihood
estimation (bootstrapping is not available for MLR) using
10,000 bootstrapping samples (38). Model fit was assessed by
c2 value, degrees of freedom, corresponding p value, root-
mean-square error of approximation (RMSEA), and confirma-
tory fit index (CFI). RMSEA values,0.08 and CFI values. 0.90
were taken to reflect acceptable fits (39). General linear
modeling analyses including adolescent gender as a covariate
indicated that adolescent gender was not a significant pre-
dictor of adolescent substance use (p = .678); thus, gender
was not included in the model.

In the hypothesized moderated mediation model, we esti-
mated the direct effect of household chaos on subsequent
adolescent substance use 1 year later, as well as the indirect
effect mediated through parental monitoring. We further tested
whether the direct and indirect effects varied by the level of
neural similarity (Figure 2).

RESULTS

Descriptive statistics and correlations for all study variables are
provided in Table 1. We tested the moderating effects of neural
similarity on the direct and indirect effects of household chaos
by estimating the interaction effects (i.e., multiplication of
centered variables): the direct effect of the household chaos by
neural similarity interaction on adolescent substance use and
the indirect effect—the household chaos by neural similarity
interaction on parental monitoring and the parental monitoring
4 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging - 2
by neural similarity interaction on adolescent substance
use (Figure 2). This full moderation model showed poor fit (c2 =
12.43, df = 6, p = .053, CFI = 0.84, RMSEA = 0.12) and indi-
cated that the interaction effect between neural similarity and
parental monitoring on substance use was not significant
(B = 20.63, SE = 0.53, p = .234). Therefore, we eliminated the
neural similarity by parental monitoring interaction term, and
this trimmed model showed an acceptable fit with significant
improvement of the fit (c2 = 0.16, df = 2, p = .923, CFI = 1.00,
RMSEA = 0.00; Dc2 = 12.27, Ddf = 4, p = .015). Furthermore,
we tested our model with possible covariates, including parent
age, parent substance use, and whether or not the dyads’
gender matched, and these covariates were not significant and
thus not kept. As reported in Table 2, in the final model, the
interaction effect between household chaos and neural simi-
larity was significant for adolescent substance use (p , .001).
Additionally, there was an indication that the effect of house-
hold chaos on parental monitoring may vary depending on
neural similarity (p = .051), and higher parental monitoring, in
turn, was significantly predictive of lower adolescent sub-
stance use 1 year later (p, .001). The model explained 18% of
variances in parental monitoring (mediator) and 34% of vari-
ances in adolescent substance use (outcome). Given the low
power for detecting interaction effects in quasi-experimental
designs, it has been recommended to use p , .10 as statis-
tically significant for interaction terms (40,41); we probed the
interaction effect between household chaos and neural simi-
larity by inspecting simple effects.

The finding suggested that neural similarity moderated the
direct path between household chaos and adolescent sub-
stance use as well as the first part of the indirect path between
household chaos and parental monitoring. To interpret the
moderating effects of neural similarity, we conducted simple
slope analyses at low (1 SD below the mean) and high (1 SD
above the mean) levels of neural similarity. First, as for the
chaos effect on parenting (see Figure 3 for simple slopes and
the Supplement for regions of significance), the effect of
household chaos on parental monitoring was significant at low
levels of neural similarity (B = 20.41, SE = 0.13, p = .002) but
not at high levels of neural similarity (B = 20.01, SE = 0.16, p =
.966). Second, as for the chaos effect on adolescent substance
023; -:-–- www.sobp.org/BPCNNI
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Table 1. Descriptive Statistics and Bivariate Correlations of Household Chaos, Parental Monitoring, Neural Similarity, and
Adolescent Substance Use

1 2 3 Mean SD Minimum Maximum

Household Chaos, Time 1 – – – 2.40 0.65 1.17 4.33

Parental Monitoring, Time 1 20.35a – – 4.01 0.56 2.04 5.00

Neural Similarity, Time 1 20.07 0.11 – 0.40 0.15 0.01 0.71

Substance Use, Time 2 0.29a 20.45a 20.25a 1.56 0.71 1.00 3.67
ap , .05.
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use, the direct effect of household chaos on adolescent sub-
stance use was significant at low levels of neural similarity
(B = 0.31, SE = 0.09, p = .001) but not at high levels of neural
similarity (B =20.27, SE = 0.18, p = .126). Similarly, the indirect
effect of household chaos on adolescent substance use via
parental monitoring was significant at lower levels of neural
similarity (95% CI, 0.052–0.407) but not at higher levels of
neural similarity (95% CI, 20.135 to 0.160).

Overall, higher household chaos at time 1 predicted higher
adolescent substance use at time 2 directly and also indirectly
via lower parental monitoring, but only among dyads with low
parent-adolescent neural similarity. After probing the simple
slopes in Figure 4 and regions of significance (see the
Supplement), the pattern of interaction effects between chaos
and neural similarity, considering both direct and indirect ef-
fects, on substance use was found to be consistent with dif-
ferential susceptibility. The region of significance covered both
low and high ends of the predictor, and a proportion affected
index (i.e., the proportion that is differentially affected by the
moderator) was greater than the recommended 16% (42). Our
data revealed 26% proportion affected, indicating that 26% of
adolescents reported household chaos lower than the cross-
over point (20.59) of the interaction effect on substance use.

Sensitivity analyses using parent-reported household chaos
and parent-reported monitoring clarified that the interaction
effects were specific to adolescent-reported household chaos
and adolescent-reported monitoring (see the Supplement).
Testing specificity by comparing the results using the whole
brain involving all intrinsic networks (18 ICNs) together with the
results using each local intrinsic cluster (4 systems) in isolation
revealed that the moderating effects of neural similarity for the
chaos–substance use link emerged within each local intrinsic
cluster (4 systems) in isolation, whereas the moderating role
effects of neural similarity on the chaos-monitoring link
emerged only when considering the overall patterns of the
Table 2. Parameter Estimates for Testing Moderation Effects o
Household Chaos to Adolescent Substance Use via Parental Mo

Main Effects

Household chaos (T1) / parental monitoring (T1)

Neural similarity (T1) / parental monitoring (T1)

Household chaos (T1) / substance use (T2)

Neural similarity (T1) / substance use (T2)

Parental monitoring (T1) / substance use (T2)

Interaction Effects

Household chaos (T1) 3 neural similarity (T1) / parental monitoring (T1)

Household chaos (T1) 3 neural similarity (T1) / substance use (T2)

T, time.

Biological Psychiatry: Cognitive Neuroscien
whole brain involving all intrinsic networks (18 ICNs) together
(see the Supplement).
DISCUSSION

Despite past research illustrating the importance of parent-
offspring behavioral and physiological synchrony in fostering
resilience and well-being (4,5), the role of parent-offspring
neural-level similarity is not clearly understood. Most
research on dyadic concordance has used physiological and
behavioral data representing the synchrony in moment-to-
moment states. By comparison, it is not known whether
neural configuration pattern similarity is a neurobiological
modulator that attenuates negative environmental effects on
developmental outcomes over longer periods. The present
study tested whether parent-adolescent dyadic similarity of
neural activity protects adolescents against harmful effects of
stressful home environments (i.e., chaos) by facilitating
parental socialization processes (i.e., parental monitoring) and
deterring adolescent risk taking (i.e., substance use). Specif-
ically, we measured intrinsic neural pattern similarity between
adolescents and their parents as an indicator of dyadic
concordance. The brain connectome that is built upon
resting-state fMRI data allows us to examine mind-to-mind
attunement by providing insight into an individual’s unique
brain fingerprints that are expected to be modified as in-
dividuals interact with people (28). The results of the hy-
pothesized moderated mediation model revealed that only
for the parent-adolescent dyads with lower levels of neural
similarity, higher household chaos predicted higher adoles-
cent substance use directly and also mediated through lower
levels of parental monitoring. Specifically, adolescents and
parents with well-attuned brains were buffered against the
potentially harmful outcomes (i.e., reduced parental moni-
toring and greater adolescent substance use) of a chaotic
f Neural Similarity on the Direct and Indirect Effects From
nitoring

B SE p Beta

20.21 0.10 .048 20.24

0.34 0.47 .461 0.10

0.02 0.11 .856 0.02

21.12 0.46 .014 20.24

20.42 0.11 .000 20.33

1.31 0.67 .051 0.26

21.90 0.60 .001 20.30
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Figure 3. Simple slope analyses comparing as-
sociations between household chaos and parental
monitoring for adolescents with high neural similarity
(.1 SD above mean) and adolescents with low
neural similarity (,1 SD below mean). Chaos is
presented on a scale of 2 SD above (high chaos) and
below (low chaos) the mean.
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home environment, such that household chaos did not have
significant influences on their substance use. In contrast, in
dyads with low levels of brain attunement, living in a disor-
ganized and unpredictable household predicted more sub-
stance use not only directly but also indirectly via lower levels
of parental monitoring.

The protective effects of neural similarity were found in
preserving beneficial parenting behaviors as well as preventing
harmful risky behaviors by adolescents in the stressful context
of a chaotic household. These beneficial effects of parent-
adolescent neural similarity support the theoretical work that
views neural synchrony as an adaptive neural mechanism.
More in-tune neural states between 2 individuals make their
mental connection more effortless and enjoyable, thus pro-
moting positive social bonds (43), which can confer resilience
to stress (44). Supporting this perspective, an empirical study
demonstrated the link between higher interbrain synchrony
6 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging - 2
(measured by electroencephalography) and more efficient
interpersonal interactions (45).

When considering the overall effects of household chaos on
adolescent substance use, our data suggested differential
susceptibility of neural similarity in that adolescents with low
levels of dyadic neural similarity showed high levels of sub-
stance use 1 year later in the context of high household chaos
while also showing low levels of substance use in the context
of low household chaos (30,46). This finding is in line with
previous research suggesting physiological synchrony in res-
piratory sinus arrhythmia between parents and children as a
differential susceptibility factor (47). In the previous study of
respiratory sinus arrhythmia, children with higher dyadic syn-
chrony were more susceptible to parenting, such that both
positive and negative parenting behaviors had stronger effects
on their behavioral problems compared with children with
lower dyadic synchrony (47). In contrast, we did not find
Figure 4. Simple slope analyses depicting total
(direct and indirect) effects of household chaos on
substance use for adolescents with high neural
similarity (.1 SD above the mean) and adolescents
with low neural similarity (,1 SD below the mean).
Chaos is presented on a scale of 2 SD above (high
chaos) and below (low chaos) the mean.
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evidence of such amplifying effects of neural similarity with
respect to parenting, as indicated by nonsignificant modera-
tion effects of neural similarity on the link between parental
monitoring and adolescent substance use. In our study, ado-
lescents with low neural similarity were more susceptible to the
effects of a contextual risk factor (i.e., household chaos). Our
findings point to the importance of considering the environ-
mental contexts in which parent-offspring interactions are
embedded as parenting-offspring biological similarity in-
terfaces with those contextual factors to contribute to adjust-
ment outcomes. Future research may investigate whether high
parent-offspring similarity amplifies susceptibility to variations
of parenting behaviors due to the source of risk residing in
parenting, whereas low parent-offspring similarity amplifies
susceptibility to variations of contextual factors (other than
parenting per se).

Our findings revealed that parent-adolescent attunement
shown by neural similarity exerts protective effects on
adolescent substance use in part by attenuating potential
detrimental effects of household chaos on parental monitoring.
The significant link between greater household chaos and
lower parental monitoring extends past research demon-
strating the association between household chaos and
adolescent behavioral maladjustment mediated by impaired
parenting behaviors such as maternal hostility (8). While pre-
vious studies primarily focused on parental warmth or hostility
to explain the effects of household chaos on adjustment out-
comes, our prospective analysis presents preliminary yet novel
evidence clarifying that parent-adolescent dyads with higher
neural similarity may be better connected, as shown by
perceived parental monitoring differing across levels of chaotic
household environments depending on the levels of neural
similarity.

Our sensitivity tests revealed that moderating effects of
parent-adolescent neural similarity between household chaos
and adolescent substance use did not hold when using par-
ents’ reports of household chaos and monitoring behaviors.
This finding demonstrates that adolescents’ perception of
household and parenting environments plays an important role
in the development of risky behaviors. We found that differ-
ences between adolescents’ and parents’ perceptions are
consistent with past research indicating a significant discrep-
ancy between parents’ and adolescents’ reports of family and
parenting environments and adolescent adjustment (48,49)
and that adolescents’ perceptions of their parental monitoring
are more predictive of adolescents’ risky behaviors (50,51).

Findings from the present study need to be interpreted in
light of its limitations. First, although we used a longitudinal
design, our correlational data do not allow us to infer causality
in the identified associations. Second, given the low numbers
of father-adolescent dyads, we were unable to test whether the
hypothesized model would hold similarly between the mother-
adolescent dyads and the father-adolescent dyads. Further-
more, the majority (94%) of parents were biologically related to
the adolescent, and there is a possibility that genetics may
influence neural similarity. Future work investigating whether
brain similarity effects vary between mothers and fathers and
between biologically related versus unrelated parents would be
beneficial. Finally, we focused on household chaos, parental
monitoring, and neural similarity in predicting adolescent
Biological Psychiatry: Cognitive Neuroscien
substance use but acknowledge that there are other important
biological and socioecological factors (e.g., genetic factors,
peer influences) that have been shown to contribute to
adolescent substance use behaviors. For instance, the psy-
chobiological model of intergenerational transmission of self-
regulation, which plays an important role in substance use
development, suggests that individual differences in
self-regulation are transmitted across generations within
parent-child relationships through biosocial processes (52).
Importantly, future work should consider how these predictors
of substance use as well as substance use per se may influ-
ence parent-child neural similarity across development.

Despite the theoretical importance of neurobiological pro-
cesses involved in promoting health and well-being (5,53,54),
empirical research on these brain processes is lacking. We
believe that parent-child neural similarity may provide a win-
dow into understanding of the shared life experiences that
parents and children have established through their close ties
to each other, i.e., linked lives (55). Our longitudinal moderated
mediation model results suggest high neural similarity as a
protective factor, such that the expected detrimental effects of
stressful environments on the development of health risk be-
haviors may be attenuated by resilience-promoting brain-to-
brain similarity within affiliative bonds.
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