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Abstract

We investigated whether parasympathetic and sympathetic nervous system responses to social-
evaluative threat at age 14 were related to the number of substances used between ages 14

and 16 among Mexican-origin adolescents (AV=243; 70.4% had never used substances by 14).
Participants completed the Trier Social Stress Test, while cardiac measures of parasympathetic
and sympathetic nervous system activity were measured continuously using respiratory sinus
arrhythmia (RSA) and pre-ejection period (PEP), respectively. Participants reported whether they
had ever used alcohol, marijuana, and cigarettes, and had ever vaped nicotine in their lifetime

at ages 14 and 16. Multilevel models were used to test associations between RSA and PEP
responses at age 14 and substance use at 16. Among youth who had not used substances by 14,
dampened RSA and PEP responses, and profiles of greater coinhibition and lower reciprocal SNS
activation between RSA and PEP, at age 14 were associated with using substances by 16. Among
youth who used by 14, exaggerated PEP responses were associated with using more substances
by age 16. Taken together, dampened autonomic responses to social-evaluative threat predicted
initiation of substance use over two years, and difficulties with coordination of physiological
responses may confer risk for substance use in adolescence. Keywords. sympathetic nervous
system, parasympathetic nervous system, substance use, adolescent, stress

Substance use greatly increases across adolescence. Hispanic youth are at heightened risk
for substance use in the 8t grade relative to White youth and youth with other ethnicities
in the United States (Johnston et al., 2019), and risk may be particularly high for Mexican-
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origin youth (Delva et al., 2005; Kann et al., 2018). Both early use and poly-substance

use have been related to heightened risk of substance use-related problems and disorders

in adulthood (Latimer & Zur, 2010; Zapert et al., 2002). Studies have shown that Mexican-
origin adolescents with both internalizing and externalizing problems are more likely to
initiate and escalate substance use (Gonzales et al., 2017), and dampened autonomic
responses to stress have been related to greater internalizing and externalizing problems

in children (Graziano & Derefinko, 2013). Yet, limited research has examined whether stress
physiology may also relate to adolescent substance use.

Dampened cardiovascular reactivity to stress has been consistently related to poorer mental
health and greater substance use (e.g., Bibbey et al., 2016; Chaplin et al., 2018; Evans et al.,
2016). These dampened responses may suggest conscious and unconscious disengagement
with stress (Carroll et al., 2017), heightened risk for depressive symptoms over time
(Gentzler et al., 2009), and difficulties with emotion regulation (Phillips et al., 2013), all

of which are risk factors for elevated substance use (Wills et al., 1999). Autonomic nervous
system (ANS) responses can alert the body to threat, including social threats such as risky
circumstances and peer pressure. Dampened ANS responses may decrease youths’ abilities
to self-regulate and increase their inclination to engage with deviant peers and to use
substances as a means of coping with stressors. Yet, few studies have tested associations
during adolescence, when substance use emerges, especially among youth at heightened
risk.

The two branches of the ANS—the sympathetic nervous system (SNS) and parasympathetic
nervous system (PNS)—are physiological stress-response systems that may be particularly
tied to adolescents’ substance use (e.g., Hinnant et al., 2015, 2021). Dampened PNS and
SNS responses to stress may indicate impaired ability to regulate one’s emotions following
stress and consequently may signal risk for use of more substances. According to the
neurovisceral integration model (Thayer & Lane, 2009), higher PNS activity has been
related to greater activation of prefrontal cortical regions involved in emotion regulation.
Resting PNS activity has therefore been considered a marker of greater emotion regulatory
capacity (Beauchaine, 2015). Indeed, higher resting PNS activity has been related to fewer
difficulties with emation regulation (Visted et al., 2017; Williams et al., 2015), more
effective use of emation regulation strategies in the laboratory (Gillie et al., 2013) and
greater engagement in daily emotion regulation processes (Geisler et al., 2010).

These effects are likely because higher resting PNS activity suggests greater cardiac control
(i.e., ability to modulate PNS activity in response to stimuli, such as showing vagal
withdrawal with stress onset), such that individuals can elicit activation of prefrontal cortical
regions in response to environmental stimuli. Another index of cardiac control is the degree
to which people show vagal withdrawal to a stressor, such that individuals who show greater
reactivity may more adaptively modulate neural and physiological resources to respond to

a stressor (Porges, 2007). Both resting PNS activity and PNS reactivity to stress have been
assessed as potential measures of emotion regulatory ability (Beauchaine, 2015; Hinnant

et al., 2018). Greater PNS reactivity to stress, specifically, has been found to consistently
buffer the effects of environmental and family stress on youths’ mental health (EI-Sheikh

& Erath, 2011; Hinnant et al., 2015), whereas dampened PNS reactivity to a sad film was
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related to greater depressive symptoms in adolescents (Yaroslavsky et al., 2016). In turn,
dampened parasympathetic responses are associated with poorer mental health, including
internalizing and externalizing problems (Graziano & Derefinko, 2013). SNS reactivity has
been related to amygdala reactivity as well as poorer executive function during stress, such
that blunted SNS responses may hamper adolescents’ ability to deal with peer pressure
regarding substance use (Alexander et al., 2007; Hurlemann et al., 2010; Ramos & Arnsten,
2007; van Stegeren et al., 2005). Similar to findings for PNS reactivity, blunted SNS
reactivity is also consistently related to psychopathology, including externalizing problems
such as aggression and rule-breaking (Fung et al., 2005; Lorber, 2004), depressive symptoms
(Schwerdtfeger & Rosenkaimer, 2011), and poorer mental health for adolescents living in
risky home environments (Erath et al., 2009, 2011; Hinnant et al., 2015).

Furthermore, substance use may relate to profiles of PNS and SNS reactivity. According

to the autonomic space model (Figure 1), autonomic responses at a given moment can

be measured on two dimensions: reciprocity and overall activation (Berntson et al., 1994,
2008). The SNS and PNS can show reciprocal activation in the form of reciprocal SNS
dominance, which is generally regarded as a classic response to stress and is characterized
by increased SNS activity and vagal withdrawal (i.e., decreases in PNS activity), or
reciprocal PNS dominance, characterized by decreased SNS activity and vagal augmentation
(i.e., increases in PNS activity). The degree of reciprocal activation is measured in terms

of cardiac autonomic balance (CAB), operationalized as the difference between SNS and
PNS activity. Extreme values would indicate dominance of either system, whereas values
near zero would suggest a lack of reciprocal activation (Berntson et al., 1994, 2008).

There are also non-reciprocal profiles in the forms of coactivation (i.e., both SNS and PNS
activity increase) or coinhibition (i.e., SNS and PNS activity decrease), and the degree of
coactivation is measured as cardiac autonomic regulation (CAR). CAR is operationalized

as the sum of SNS and PNS activity, with low values indicating a lack of overall activity
and high values indicating high overall activity (Berntson et al., 1994, 2008). Non-reciprocal
patterns of reactivity suggest lower cross-system coordination. Lower SNS reciprocity and
greater coinhibition, or lower activity across systems, suggest that bodily systems are not
mobilized to appropriately respond to stress. Indeed, these profiles generally relate to poorer
mental health in children and adolescents (e.g., Boyce et al., 2001; Quigley & Moore, 2018).
However, few studies measure both SNS and PNS activity and examine minute-by-minute
variations in physiology across a task.

Although SNS and PNS activity dynamically develop in early childhood, they stabilize
during late childhood and may have predictive utility for adolescents comparable to that for
adults (Gatzke-Kopp & Ram, 2018; Hinnant et al., 2018). Only one study has utilized SNS
and PNS activity to predict substance use; in children ages 8-12, dampened SNS reactivity
to reward was related to greater alcohol use the next year (Brenner & Beauchaine, 2011).
Given that substances are often used to reduce stress and to enhance emotion (Kuntsche et
al., 2015), SNS and PNS reactivity to stress may also be predictive markers of substance use
during adolescence.

Stress Health. Author manuscript; available in PMC 2024 February 25.
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Present Study

The present study examined whether physiological responses to social-evaluative stress
were related to the number of substances ever used (i.e., substance use count) in a
sample of Mexican-origin adolescents. Substance use count was used as a measure
because of research suggesting youth who use more substances are at higher risk of
experimentation and problematic substance use in adulthood (Moss et al., 2014). Although
frequency of use is often a particularly predictive measure of problems with substance
use, variability in substance use frequency was limited in this sample given the age

of these youth. Additionally, research has suggested that substance use at younger ages
is problematic because neurobiological changes during adolescence cause youth to be
particularly vulnerable to addiction during this period, and youth who use alcohol and
marijuana by age 16 tend to show more frequent subsequent use compared to youth

who do not (Grant et al., 2006; Hingson et al., 2006; Moss et al., 2014; Swift et al.,
2008). Adolescents are particularly sensitive to social threats (Forbes & Dahl, 2010), and
youth are often motivated to use substances to cope with social stress and due to peer
pressure. Therefore, we specifically assessed responses to social-evaluative threat, rather
than nonsocial or physical stress.

A sample of Mexican-origin adolescents from high-adversity, low-income backgrounds
completed a stress task at age 14 and reported whether they had ever used various substances
at age 14 and again two years later at age 16. Given this longitudinal design, we examined
how autonomic stress responses at age 14 related to the emergence of substance use by

age 16. Because earlier substance use is related to patterns of more frequent and riskier
substance use (e.g., Kendler et al., 2008; Richmond-Rakerd et al., 2017), analyses were
tested separately among adolescents who had never used any substances by age 14, in

order to assess substance use initiation between ages 14 and 16, and among youth who

had used substances by age 14, in order to assess escalation of substance use between

ages 14 and 16. Social situations involving peers and substance use can be stressful for
adolescents, and youth with dampened ANS responses to stress may be more inclined to
use substances either as a means to conform with peers or to cope with stress. Therefore,
adolescents with dampened SNS and PNS responses to stress at age 14 were hypothesized
to use more substances by age 16. Physiological responses may differ in response to social
versus nonsocial stressors, and youth with blunted responses to social-evaluative stress (i.e.,
speech and math tasks) were predicted to initiate substance use between ages 14 and 16.
Further, adolescents with greater cross-system dysregulation (i.e., lower reciprocity and
greater coinhibition) were predicted to use more substances by age 16.

Because our primary interest was in the initiation of substance use, we first tested all
associations among youth who had never used substances by age 14. Then, using the

full sample, we tested whether the strength of associations between ANS responses to
social-evaluative stress at age 14 and substance use at age 16 differ between youth who
have and have not used by age 14. If significant associations emerged, we then conducted
secondary analyses among youth who had used by age 14. Assessment of differences in the
strength of associations by prior use of substances by age 14 was exploratory, and we did

Stress Health. Author manuscript; available in PMC 2024 February 25.
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not have a priori hypotheses regarding whether associations would emerge in youth who had
used substances by age 14.

Participants were adolescents from the CHAMACOS study, a longitudinal birth cohort study
of over 500 Mexican-origin adolescents living in the agricultural Salinas Valley community
(Eskenazi et al., 2003). Mothers were initially eligible to enroll in the study in 1999-2000

if they were age 18 or older and under 20 weeks of gestation, eligible for California’s
low-income health insurance program, receiving prenatal care, and planning to deliver at a
county hospital. For this cohort, there were 1,130 women eligible for the study, of whom
601 were recruited, 531 remained in the study after childbirth, 350 remained in the study

at age 5, and 325 remained in the study at age 14. Rates of attrition were highest from
pregnancy to delivery and were very low following the age 5 assessment (Eskenazi et al.,
2003). A second cohort of 300 9-year-old children were also recruited in 2009, and they

and their mothers completed data collection comparable to the original cohort (Sagiv et al.,
2015). Retention rates for both cohorts were high between ages 9 and 14 (95% for CHAM1,
94% for CHAM?2). The two cohorts did not differ in age at the age 14 and 16 assessments,
ps > .05. Due to funding constraints, most youth who completed the stress task in the present
study were from the original cohort (94.15%).

To participate in the stress task at age 14, adolescents needed to meet the following criteria:
1Q above 70 at age 12, no diagnosis of autism spectrum disorder, no extreme atypical
behaviors at past visits, within three standard deviations of the mean for depressive scores
for their age and sex, still living in the Salinas Valley, and no gang involvement in the
previous year. In total, 277 adolescents completed the stress task (59.57% in 8 grade,
67.15% below the poverty line; 45.85% female). This sample size was smaller for the TSST
versus the surveys at age 14 because participants who moved out of the Salinas Valley

but still lived in California or Arizona completed the survey but not the TSST. All of the
participants were asked to participate in the ANS data collection but some participants who
completed the TSST refused the application of electrodes or did not have clean, scoreable
SNS or PNS data due to equipment failures or noise. Therefore, of these adolescents,

PNS responses were recorded in 243 adolescents, and SNS responses were recorded in

229 adolescents during the laboratory visit at age 14. Almost all adolescents completed
additional data collection at age 16 (97.12%). Participants whose PNS and SNS responses
were recorded did not differ in terms of demographics from both the larger cohorts of
participants who had completed assessments at any age (/V =849) and the sample of
adolescents who completed an assessment at age 14 but not the stress task (A =604) with
respect to mother’s education, sex, poverty status, and substance use count at ages 14 and
16, all ps > .10.

Separate analyses were tested among youth who had never used substances by age 14 (n
=171; 50.88% female, 65.29% below poverty line, 54.97% in 8th grade at age 14) and
youth who had used substances by age 14 (n=72; 54.17% female, 68.57% below poverty
line, 63.89% in 8th grade at age 14). Analyses among youth who had never used substances

Stress Health. Author manuscript; available in PMC 2024 February 25.
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by age 14 tested whether ANS responses were related to substance use initiation between
ages 14 and 16, whereas analyses among youth who had used substances by age 14 tested
whether ANS responses were related to escalation of substance use. Participants who had
used substances by age 14 did not differ from those who did not with respect to mother’s
education, family income-to-needs ratio, grade at age 14, or grade at age 16, all ps > .232.
Participants who used substances by age 14 reported higher substance use count by age 16
(M=2.25, SD = 1.23) than participants who had not used substances by age 14 (M= 0.69,
SD=0.99), £232) = 10.09, p< .001.

Adolescents completed the Trier Social Stress Test (TSST), a validated social-evaluative
stress paradigm, during the study visit at age 14 (Kirschbaum et al., 1993). The protocol
was modified for this population to invoke an appropriate level of distress and challenge
(detailed in Johnson et al., 2017). Adolescents rested for 10 min. to acclimate to the space
and then watched a 3 min. video as a neutral baseline. Participants stood up and counted

to 100 for 2 min. before receiving the instructions regarding the speech and math tasks.
Participants then had 3 min. to prepare a speech on how they are a good friend. They then
presented the speech for 5 min. to two confederate judges, who were of similar age and
ethnicity to participants and were introduced as experts in evaluating the task. After the
speech task, youth completed a mental arithmetic task for an additional 5 min. Confederates
were trained to maintain neutral affect and provide no positive feedback, and adolescents
were obtrusively video recorded during the tasks. Participants were then debriefed within 15
min. after task completion to minimize distress.

Throughout the task, electrocardiogram (ECG) and impedance measures were continuously
monitored. Participants had three spot electrodes on their chest in a lead Il configuration

to acquire ECG waveforms. Placement of electrodes, data recording, and data reduction
followed conventions and published guidelines (Berntson et al., 1997). Impedance was
measured using four spot electrodes on the neck and trunk. Impedance cardiography,
measured as vascular resistance in the thoracic cavity, was measured using four spot
electrodes on the neck, back, and chest (e.g., Paunovic¢ et al., 2014). Interbeat intervals
(1BIs) were calculated from ECG. IBIs were checked and edited for artifacts using

statistical detection algorithms (e.g., Berntson et al., 1990) and visually inspected. The
high-frequency variability of IBls was calculated as a frequency-domain index of respiratory
sinus arrhythmia (RSA), controlling for respiration rate. Impedance was calculated from

the ECG and impedance waveforms. Pre-ejection period (PEP) was measured as the time
between the onset of ventricular depolarization (Q point on the ECG wave) and the onset

of left ventricular ejection (B point on the impedance waveform) in milliseconds. Data were
processed in one-minute epochs using ensemble averaging (Kelsey & Guethlein, 1990) using
Mindware software (mindwaretech.org). The RSA index measures PNS withdrawal with
lower RSA indices, and the PEP in milliseconds measures SNS activity, with lower PEP
values indicating SNS activation. Both low RSA (withdrawal) and low PEP (activation)
increase heart rate.

Stress Health. Author manuscript; available in PMC 2024 February 25.
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Finally, at the 14-year visit, adolescents completed items from the Monitoring the Future
Survey regarding whether they had used alcohol, marijuana, or cigarettes in their lifetime
using a computer-based survey (Johnston et al., 2019). At the 16-year visit, adolescents
reported whether they had ever used cigarettes, marijuana, alcohol, or a vape in their
lifetime. For each adolescent, we calculated the number (count) of substances that they had
ever used, with a maximum of 3 at age 14 (i.e., use of cigarettes, marijuana, and alcohol in
their lifetime) and a maximum of 4 at age 16 (i.e., use of cigarettes, marijuana, alcohol, and
vaping nicotine in their lifetime).

Analytic Plan

RSA and PEP responses were modeled using three-level multilevel models with time nested
within task segment, nested within adolescents. The TSST comprised five task segments
(i.e., baseline, preparation, speech, math, and debriefing), each lasting about 5 min. RSA and
PEP were also recorded as participants counted aloud to 100 and received instructions prior
to the TSST, each lasting approximately 2 min. These segments were too short to reliably
assess associations between physiology and substance use, and reactivity is best examined
by comparing segments of similar duration, especially given the rapid habituation of the
SNS and PNS. Therefore, RSA and PEP during the counting task and instructions were
included in models but were not of primary interest. All variables are described in Table S1.

First, changes in RSA and PEP for the entire sample were modeled across the task (Eq.

1). Task minute and segment were included in descriptive models, with random effects

for minute at Level 1 and each segment (i.e., baseline, preparation, speech, math, and
debriefing) at Level 2. Each minute of the segment was coded at Level 1 (i.e., the first
minute of a segment would be coded as 0) to account for habituation of physiological
responses within a segment. Each segment was dummy-coded at Level 2, with baseline as
the reference group. Sex (dummy-coded; O=male, 1=female), poverty status (dummy-coded;
O=below poverty line, 1=above poverty line), and grade at either age 14 for concurrent
models (centered at 8t grade) or age 16 for prospective models (centered at 101" grade) were
included as control variables at Level 3 in this and all subsequent models (variable coding is
summarized in Table S1).

Ll: R,.S],,j or P/EP,ij = 7oy + m(Minute)
L2: my; = Po; + BufTask Preparation) + Py (Speech) + Py (Math) + Pos(Debrief) + Pos;
(Counting Task) + Pos;(Instructions)

Tij = ﬂmj

L3: foj= Yoo+ Yoor(:Sex) + yooo( Poverty Status) + yoos(Grade) + uy;
Porj = Yoo + Uoy,

Bo2j = Yoo + Unoj

Posj = Yoso + Uos;

Bosj = Yoao t+ Uog;

Posj = Yoso + Uos;

Bosj = Yoeo + Uos;

Bioj = Yoo + tio;

Equation 1

Next, models examined whether substance use count by age 16 related to adolescents’
ANS responses to the task at age 14 among participants who had never used substances

Stress Health. Author manuscript; available in PMC 2024 February 25.
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(i.e., substance use count = 0 at age 14), so that we could test whether ANS responses
related to initiation of substance use over two years. Models predicted RSA and PEP

from the task segments, adolescents’ substance use count, and interaction terms between
the dummy-coded task segments and the number of substances each adolescent had ever
used in order to identify whether changes in RSA and PEP across task segments varied

by adolescents’ substance use count. These models do not make assumptions about the
distributions of predictor variables, such that having substance use as a count variable does
not invalidate model assumptions. Although stress responses may theoretically influence
substance use count, we consistently modeled substance use count as the predictor and
stress responses as the outcome because of the structure of the data (i.e., RSA and PEP
values summarized at the level of minutes nested within participants, and substance use
count at the level of participants), as has been done in previous research (e.g., Shirtcliff &
Essex, 2008). In contrast to other approaches, this statistical technique enabled all minutes
of the stress response to be modeled and for assessment of whether the stress response at
age 14 systematically differed by adolescents’ substance use count. Contrasts between all
task segments enabled assessments of changes from baseline to social-evaluative stress (i.e.,
speech and math tasks) versus nonsocial stress (i.e., task preparation), such that we could
differentiate the type of stressor from the autonomic response. By testing all contrasts within
the same model, models accounted for unique associations between each task segment with
substance use and accounted for error across all contrasts.

We also conducted models in which segments were dummy-coded with task preparation
as the reference group to represent non-evaluative stress. With this coding, the baseline
and debriefing coefficients represented the difference between non-stressful segments (i.e.,
baseline and debriefing) and nonsocial evaluative stress (i.e., task preparation). The speech
and math coefficients represented the difference between social-evaluative stress and non-
evaluative stress and therefore reflect the unique effect of social-evaluation on the stress
response.

Cross-level interactions between adolescents’ substance use count at age 16 at Level 3

and segments at Level 2 tested whether changes in RSA and PEP across the task varied

by number of substances used (Eg. 2). Significant interactions between task segments and
lifetime substance use count were probed at different levels of substance use count (i.e., 0, 1,
2, 3, or 4 substances used).

L1: R/S\’A,,/ or P/E\P,,-j = 7oy + mi(Minute)

L2: my; = Poo; + Poij(Task Preparation) + Py (Speech) + fo(Math) + fo(Debrief) + Pos;
(Counting Task) + Pos(Instructions)

Tiij = ﬂloj

L3: Poo; = Yoo + Yoor(Sex) + yooo(Poverty Status) + yo(Grade) + you(Substance Use) + uyy;

Poiy = Yoo+ You(Substance Use Count) + ugy;
;) = Yoo+ You(Substance Use Count) + upy;
03 = Yoso+ Yosi(Substance Use Count) + up;

Bosj = Yosw + You(Substance Use Count) + ugy;

Bosj = Yoo T uog;

Pos; = Yoao + Uoaj

Bro; = Y100+ tho;

Equation 2

Stress Health. Author manuscript; available in PMC 2024 February 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rahal et al.

Page 9

Next, models were conducted to examine whether coordination between RSA and PEP

at age 14 differed by adolescents’ substance use count by age 16. The ANS profile of
reciprocal SNS activation and PNS withdrawal—generally considered a classic response

to stress—is characterized by low RSA and PEP values (i.e., reduced PNS and increased
SNS activity, respectively). To determine the specific profiles of ANS activity involved, we
calculated CAB (i.e., level of reciprocal activation) and CAR (i.e., level of coactivation)

as defined by Berntson and colleagues (1997, 2008). Minute-by-minute RSA and PEP
values were z-transformed within each individual. CAB was calculated as the difference
between RSA and PEP and indicated the degree of reciprocal activation, with more positive
values suggesting greater PNS dominance and more negative values suggesting greater SNS
dominance. In turn, CAR was calculated as the sum of RSA and PEP and indicated the
degree of coactivation, with more positive values suggesting coactivation and more negative
values suggesting coinhibition. Three-level multilevel models examined whether interactions
between substance use count at age 16 and task segments predicted CAB and CAR (Eq.

3). Significant interactions would suggest that the profile of ANS responses during that task
segment varied with the number of substances adolescents had ever used by age 16. Baseline
was consistently used as the reference group, such that coefficients indicate the degree to
which CAB and CAR values change from baseline to each task segment.

Ll: RSA+ I;EP,,, or R:S‘X:?EP,U = 7oy + mi(Minute)
L2 : 7y = Poo; + PoTask Preparation) + fo,(Speech) + fos(Math) +  Pos(Debrief) + Pos;
(Counting Task) + Pos(Instructions)

Toij = ﬁmj
L3: Poo; = Yoo + Yo01(Sex) + yop(Poverty Status) + yos(Grade) + yopu(Substance Use Count) + gy,
Poi; Yoo + You(Substance Use Count) + ugy;

Yoo + You(Substance Use Count) + upy;

02 )
Yoso + Yos1(Substance Use Count) + up;
)

03,

Posj Yoao + You(Substance Use Count) + ugy;
Posj = Yoz0 + Uos;
Posj = Yoao + Uos;
Broj = Yo + tio;

Equation 3

Finally, we repeated analyses to determine whether associations between ANS responses
and substance use count were also apparent in youth who had used substances by age 14.
An identical pattern of results emerged when testing models in the full sample first and then
testing interactions for differences by whether youth had used substances by age 14. First,
we included use by age 14 (0 = no substances by age 14, 1 = at least one substance by age
14) as a moderator of associations between substance use count at 16 and RSA, PEP, CAR,
and CAB responses in order to determine whether associations differed between adolescents
who had and had not used by age 14. If interactions were significant, associations between
substance use count by age 16 and RSA, PEP, CAR, and CAB reactivity were tested for
youth who had used substances by age 14. Significant interactions between task segments
and substance use count were again probed at different levels of substance use count (i.e., O,
1, 2, 3, or 4 substances used).

Stress Health. Author manuscript; available in PMC 2024 February 25.
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Results

The majority of adolescents (72.1%) did not use substances by age 14, although 15.2%
reported using one substance, 9.4% reported using two substances, and 3.3% reporting using
all three substances at some point in their lifetime by age 14. Lifetime use of alcohol,
marijuana, and cigarettes increased by age 16, £219) = 6.89, p< .001. At age 16, 46.3%

of youth had never used alcohol, marijuana, or cigarettes and had never vaped nicotine, and
19.1%, 15. 5%, 14.2% and 4.9% reported using one, two, three, and all four substances,
respectively, by age 16.

RSA and PEP Responses to Stress

First, multilevel models were used to model RSA and PEP responses to the different
segments of the TSST (i.e., baseline, task preparation, speech, math, debriefing; Fig. 2;
Table S2). As expected, participants’ RSA was highest at baseline. Youth showed vagal
withdrawal, such that RSA was relatively lower during task preparation, B=-0.99, SE =
0.05, p<.001, the speech task, B=-0.70, SE = 0.05 p< .001, and the math task, B =
-0.99, SE=0.05 p<.001. RSA increased during debriefing, although it was still lower than
at baseline, B=-0.27, SE=0.05, p< .001. Participants showed lower PEP from baseline
to task preparation, B=-0.85, SE=0.38, p=.025, and from baseline to the speech task,
B=-1.24, SE=0.42, p=.003. PEP during the math task did not differ from baseline, B
=-0.28, SE=0.44, p=.5, and participants showed higher PEP during debriefing than at
baseline, B=1.16, SE=0.43, p=.007.

Responses for adolescents who had and had not used substances by age 14 are presented in
in Figure S1. Using data from the entire sample, we tested whether PNS and SNS reactivity
were related cross-sectionally to substance use at age 14, with substance use assessed as
both a continuous count variable and as a dichotomous variable (i.e., used versus never used
by age 14). Results suggested that SNS reactivity was not related to concurrent substance
use, all ps > .05. However, use of substances by age 14 was related to PNS responses to

the math task (8= 0.19, SE=0.09, p=.039). Although on average adolescents showed
significant declines in PNS activity from baseline to the math task (i.e., vagal withdrawal),
youth who had never used substances by age 14 (8= -1.06, SE=0.05, p < .001) showed

a significantly larger degree of vagal withdrawal during the math task relative to youth

who had used substances by age 14 (B=-0.88, SE=0.08, p<.001). See full results in
Supplemental Tables S3-S4.

RSA and PEP Responses to Stress and Initiation of Substance Use by Age 16

Models then tested differences in RSA and PEP responses at age 14 by adolescents’
substance use count by age 16 by including interactions between task segments and
substance use count (Table S5-S6). Models initially tested associations between ANS
responses to social-evaluative stress at age 14 and substance use initiation at age 16 among
youth who had never used by age 14, the primary subsample of interest. Among youth who
had never used a substance by age 14, models indicated that greater declines in RSA (i.e.,
vagal withdrawal) from baseline to task preparation at age 14 were associated with greater
substance use count at age 16, B=-0.10, SE = 0.05, p = .049. Specifically, although all
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youth showed a significant decline in RSA, this decline was smaller for youth who used no
substance by age 16, B=-0.91, SE=0.07, p< .001, relative to youth who went on to use all
four substances by age 16, B=-1.32, SE=0.18, p<.001 (Fig. 3).

RSA and PEP responses to the speech and math portions (i.e., the social-evaluative
components) of the TSST at age 14 were also associated with adolescents’ substance use
count by age 16 among youth who had never used a substance by age 14. Youth who showed
greater increases in RSA (i.e., dampened vagal withdrawal) from task preparation to both
the speech task and the math task used significantly more substances by age 16, 8= 0.14,
SE=0.04, p=.001 for speech, B=0.14, SE=0.04, p=.002 for math (Fig. 3). Although
participants generally showed increases in RSA from task preparation to the speech task, this
increase was smaller for youth who used no substance by age 16, B=0.19, SE=0.06, p=
.001, than for youth who used four substances by age 16, B=0.76, SE=0.15, p<.001. In
turn, youth who used no substance by age 16 showed significant declines in RSA from task
preparation to the math task, 8= -0.16, SE=0.06, p=.007, whereas youth who initiated
use of one or two substances showed no significant change in RSA, ps =.777 and .107,

and youth who initiated use of three or four substances showed increases in RSA from task
preparation to the math task, 8= 0.27, SE=0.12, p=.020 for three substances, B= 0.41,
SE =0.16, p=.009 for four substances. Changes in RSA between baseline and debriefing
were not associated with substance use count at age 16, ps > .1.

Changes in PEP from baseline to the speech task, B=1.42, SE=0.41, p<.001, and the
math task, B=1.58, SE=0.46, p=.001, were associated with substance use by age 16 (Fig.
4a). Specifically, an increase in SNS activity (lower PEP) from baseline to the speech task
was observed for youth who abstained from substance use by age 16, B=-1.80, SE=0.55,
p=.001. In contrast, no significant change in SNS activity was observed for 14 year olds
who initiated use of one or two substances by age 14, ps = .444 and .150, and a significant
decrease in SNS activity (i.e., increase in PEP) was observed for youth who initiated three
or four substances; B=2.46, SE=1.06, p = .020 for three, B=3.88, SE=1.44, p=.007
for four. Regarding changes from baseline to the math task, a significant increase in SNS
activity was observed for youth who used no substances by age 16, B=1.40, SE=0.61, p
=.021, no change in SNS activity was observed for youth who used one substance by age
16, p=.744, and decreases in SNS activity were associated with initiation of two, three, or
four substances; B=1.76, SE=0.80, p=.029 for two, B=3.34, SE=1.19, p=.005 for
three, B=4.92, SE=1.62, p=.002 for four substances. Neither changes in RSA between
baseline and task preparation nor between task preparation and debriefing were associated
with substance use count at age 16, ps > .07.

Profiles of RSA and PEP Responses to Stress and Initiation of Substance Use

To identify the specific profiles that may contribute to this association, models tested
whether CAB and CAR—indicators of the degree of reciprocity and coactivation,
respectively— throughout the task were related to substance use count. As before, three-
level models predicted CAB and CAR from interactions between task segments and
substance use count by ages 14 and 16. Substance use count by age 14 was not related
to either CAB or CAR (Tables S7-S8). Models also tested differences in CAB and CAR
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between youth who had used substances and youth who had never used substances by age
14, and use by age 14 was related to differences in CAB during task preparation; B=-0.43,
SE=0.17, p=.011. Although youth on average showed a significant decline in CAB (i.e.,
greater reciprocal SNS activation) from baseline to task preparation, youth who had used
substances by age 14 (B=-1. 67, SE=0.16, p< .001) had significantly lower CAB at task
preparation compared to youth who had not used by age 14 (B=-1.25, SE=0.11, p<
.001).

Changes in both CAB and CAR were related to substance use count by age 16 (Table S9).
Blunted declines in CAB (i.e., reduced reciprocal sympathetic activation) from baseline to
the speech task, B=0.35, SE=0.09, p<.001, and from baseline to the math task, B=10.37,
SE=0.10, p<.001, were related to substance use count. Specifically, greater declines in
CAB from baseline to the speech task, B=-1.10, SE=0.12, p< .001, and from baseline

to the math task, B=-1.40, SE=0.13, p< .001, were associated with abstaining from
substance use by age 16, whereas no significant changes in CAB were associated with

use of three or four substances between ages 14 and 16, ps = .227 and .851. Changes in
CAB reflect the degree of reciprocal SNS dominance, or the degree to which greater SNS
activity is accompanied by PNS withdrawal. Therefore, this result suggested that greater
reciprocal SNS activation during the math task at age 14 was associated with abstaining
from substances by age 16, and a lower degree of reciprocal SNS activation during the math
task was associated with use of more substances by age 16 (Fig. S2).

We also found that greater declines in CAR (i.e., greater coinhibition) from baseline to task
preparation, B=-0.29, SE=0.10, p=.004, from baseline to the speech task, B=-0.22,
SE=0.09, p=.020, and from baseline to the math task, B=-0.21, SE=0.10, p=.028,
were related to greater substance use count by age 16. Probing of simple slopes indicated
that smaller declines in CAR from baseline to task preparation, the speech task, and the
math task were associated with abstaining from substance use by age 16, and larger declines
in CAR were associated with initiation of four substances between ages 14 and 16. More
negative values of CAR reflect coinhibition, or lower overall SNS and PNS activity, such
that greater coinhibition during stress was related to use of more substances by age 16 (Fig.
S3).

RSA and PEP Responses to Stress and Escalation of Substance Use between Ages 14 and

16

Finally, moderation models tested whether the strength of associations differed between
youth who had and had not previously used substances by age 14. If there was a significant
degree of moderation, simple slopes were tested among youth who had used substances by
age 14. We tested whether associations between substance use count at age 16 and ANS
responses differed by adolescents’ use of substances by age 14 by including a three-way
Substance Use Count by 16 x Segment x Ever Used by 14 interaction. There were no
differences in associations for RSA, all ps > .15. Rather, the three-way interactions indicated
significant differences in associations between substance use count by 16 and PEP during
the speech task, B=-2.21, SE=0.84, p=.008, and the math task, B=-2.52, SE =

0.98, p=.008. We probed simple slopes to examine associations between PEP responses
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and substance use by 16 among adolescents who had used substances by age 14. Whereas
decreased SNS reactivity (i.e., blunted declines in PEP) from baseline to the speech and
math tasks were related to greater substance use count by age 16 for youth who had

never used substances by age 14, results suggested that greater SNS reactivity (i.e., greater
declines in PEP) from baseline to the speech task, B=-1.16, SE=0.51, p=.022, and math
task, B=-1.30, SE=0.55, p=.018, were related to greater substance use count by age 16
among adolescents who had used substances by age 14 (Fig. 4b).

Results also indicated differences in the degree to which substance use by age 16 was related
to changes in CAB from baseline to the speech task, B=-0.51, SE£=0.15, p=.001, and to
the math task, B=-0.60, SE=0.16, p<.001, as well as to changes in CAR from baseline
to the speech task, B=0.34, SE=0.16, p=.033, and to the math task, B=10.35, SE=0.16,
p=.031. Although greater declines in CAB and blunted declines in CAR were related to
substance use for youth who had not initiated use of substances by age 14, probing of simple
slopes indicated that neither changes in CAB nor CAB from baseline to the speech and math
tasks were related to substance use among youth who used substances by age 14, all ps >
.20.

Discussion

The present study investigated whether dysregulation of ANS responses to social-evaluative
stress at age 14 were related to substance use count at age 16. Previous work has found

that dampened and anticipatory cortisol responses precede substance use initiation among
adolescents (e.g., Evans et al., 2016; Moss et al., 1999), but few studies have empirically
tested temporal associations between ANS responses and substance use outcomes. Results
suggested that dampened SNS and PNS reactivity to social-evaluative threat at age 14,

and both lower reciprocity between the SNS and PNS and greater coinhibition (i.e., lower
activity in both systems) were associated with initiation of use of more substances by

age 16 among youth who have never used by age 14. Peer interactions can be stressful,
particularly when substances are involved, and adolescents with dampened ANS responses
to social-evaluative stress and profiles of greater coinhibition and reduced reciprocal SNS
activation and PNS withdrawal may be at higher risk for initiating substance use in these
circumstances. Interestingly, greater PEP reactivity was also related to greater substance use
between ages 14 and 16 among youth who had used substances by age 14.

Dampened PNS responses and SNS responses at age 14 were related to initiation of
substance use by age 16 among youth who had not used by age 14. Similarly, youth who
used substances by age 14 showed attenuated PNS reactivity to the math task. Findings align
with prior work suggesting that blunted SNS and PNS reactivity is related to poorer mental
health including greater depressive symptoms, internalizing problems, and externalizing
problems (Erath et al., 2009, 2011; Graziano & Derefinko, 2013; Hinnant et al., 2015;
Hamilton & Alloy, 2016; Schwerdtfeger & Rosenkaimer, 2011; Yaroslavsky et al., 2016),
which can confer substance use risk for Latino adolescents (Gonzales et al., 2017). It

is possible that dampened PNS and SNS reactivity may indicate difficulties with stress
regulation, which may be particularly important for youth in this sample who experienced
high levels of adversity (Sagiv et al., 2015) as well as cultural stressors including
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discrimination and acculturation (Stein et al., 2012). Youth with these responses may be
at heightened risk for using substances to cope with stress (e.g., academic, interpersonal,
cultural), or to conform in socially-evaluative circumstances (e.g., social gatherings, parties).

Seemingly at odds with our results that attenuated RSA reactivity to the social-evaluative
components of the task were related to use of more substances, greater (rather than
attenuated) declines in RSA from baseline to task preparation were associated with use

of more substances by age 16. This finding highlights the importance of social-evaluative
versus nonsocial stress during adolescence. Adolescents are more responsive to social than
nonsocial stressors due to neurobiological changes during this period (Forbes & Dahl, 2010).
Peer pressure is one social stressor which confers risk for substance use. It is possible

that youth who are more responsive to nonsocial threats may be more motivated to use
substances to cope, whereas those who are less responsive to social threats may be more
susceptible to following deviant peers and conforming to peer pressure. This finding also is
particularly important for reconciling discrepancies in results across studies given that other
studies may use nonsocial stressors, which may result in a different pattern of results.

Given that adolescents show heightened sensitivity to peer influence and social status
concerns (Blakemore, 2008), it is possible that ANS responses to social-evaluative stress
may influence adolescent substance use through peer processes. For example, Latino
adolescents with higher family risk (e.g., poorer family relationship quality and conflict)
reported associating with more deviant peers, which in turn predicted substance use

and risky behavior over time (Gonzales et al., 2017). A previous study found that the
consequences of associating with deviant peers on adolescents’ own substance use may
differ by physiological vulnerability, as adolescents who engaged with deviant peers showed
greater substance use if they also showed blunted SNS responses to challenge (Hinnant et
al., 2016). Adolescents tend to show heightened reward-sensitivity and to engage in greater
risk-taking when being evaluated by peers, such that peers can greatly impact adolescents’
inclination to use substances (Chein et al., 2011). Interactions with deviant peers may

be stressful for youth (i.e., pressure to conform), and dampened ANS responses to social-
evaluative stress may impair adolescents’ recruitment of neural regions involved in cognition
and decision-making (Weissman et al., 2018). Inability to respond to these situations may
heighten adolescents’ risk for succumbing to peer influence and initiating substance use, as
adolescents who are more easily influenced by peers show greater substance use (Allen et
al., 2006).

Adolescents who had ever used more substances by age 16 also showed greater coinhibition
and lower reciprocal SNS activation during the speech and math tasks. In line with

previous research suggesting that blunted ANS responses are related to poorer mental

health (Graziano & Derefinko, 2013), blunted cardiovascular responses have been posited to
indicate unconscious disengagement from a stressor such that individuals are less responsive
to their social environment (e.g., Carroll et al., 2017). In contrast, adolescents with a greater
degree of reciprocal SNS activation may have been more alert to the math task and attentive
to the confederates’ cues and thereby been better able to emotionally regulate during social-
evaluative stress. Indeed, greater reciprocal sympathetic activation following stress has been
found to buffer the negative impacts of conflict on mental health, particularly internalizing
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and externalizing problems (e.g., Gordis et al., 2010; McKernan & Lucas-Thompson, 2018).
Lower reciprocal activation may also indicate impaired ability to regulate social-evaluative
stress and therefore greater substance use risk. Importantly, synchrony between the SNS
and PNS responses to social-evaluative stress may change throughout development and
during adolescence specifically (Gatzke-Kopp & Ram, 2018). Further work should examine
stability of SNS-PNS synchrony during adolescence and whether reciprocal ANS responses
are similarly relate throughout early and late adolescence.

Interestingly, analyses indicated that youth who had used a substance by age 14 showed a
greater degree of reciprocal SNS dominance during task preparation relative to youth who
had not used substances by age 14, and that profiles of ANS responses at age 14 were

not related to substance use count by age 16 among youth who had used a substance by
age 14. Further, whereas dampened SNS responses were related to greater substance use
count among youth who had not initiated use by 14, the opposite pattern was observed
such that greater SNS reactivity was related to higher substance use count by age 16 among
youth who had used a substance by age 14. These results highlight how a combination

of biological and environmental factors can influence psychological outcomes, supporting
the differential susceptibility hypothesis (Belsky, 2016); greater SNS reactivity may not be
uniformly associated with substance use for all youth, but may be protective for some youth
and a risk factor for substance use for others.

Differences in associations between SNS reactivity to social-evaluative stress and substance
use by age 14 may emerge for multiple reasons. First, prior research has consistently
highlighted the importance of substance use by age 14 as a risk factor for problems with
substance use in adulthood (e.g., DeWit et al., 2000; Strunin et al., 2017). Alcohol, nicotine,
and cannabis use are highly correlated early in adolescence such that users tend to use
multiple substances and non-users tend to fully abstain, and these correlations weaken

later in adolescence (Kendler et al., 2008). Therefore, youth who use by age 14 may
constitute a high-risk population relative to youth who have not used by age 14, and

earlier use may position these youth for trajectories of more frequent or poly-substance use
irrespective of physiological responses during stressful conditions. Indeed, earlier use of
alcohol, tobacco, and cannabis are associated with greater initial frequency of use of other
substances (Richmond-Rakerd et al., 2017), and youth who initiate use at an earlier age tend
to use substances alone and engage in riskier use whereas late initiators tend to use at social
gatherings (Kingston et al., 2017). Although dampened reactivity is often a risk factor for
poorer mental health, exaggerated SNS reactivity has been previously found in adolescents
who experience clinical trauma relative to healthy controls (Schuurmans et al., 2021), and it
is possible that exaggerated reactivity may be observed for at-risk youth.

Second, youth who use by age 14 may differ from those who abstain with respect to

their access to substances and their motivation for subsequent substance use. Use of one
substance by age 14 may relate to use of other substances because of social and familial
environmental factors that increase risk of substance use broadly (Kendler et al., 2008).
Youth who use a substance by age 14 may live in a community with increased substance
use exposure or may befriend deviant peers who are also using at a younger age and thereby
develop greater access to and dependence on substances relative to youth who do not use by
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age 14. Regarding substance use motivation, it has been posited that blunted reactivity may
indicate lower sensitivity to social-evaluative stress and thus greater risk for using substances
to promote positive emotion or sociability (Chaplin et al., 2018). In contrast, greater SNS
reactivity may suggest greater sensitivity to social-evaluative stress and may reflect greater
risk for using substances to cope with negative emotion or conforming to peer pressure.

Given that ANS responses to social-evaluative stress may precede substance use, ANS
activity may be targeted in interventions for reducing substance use. ANS activity has been
posited to play a role in substance use treatment given its ties to neural regions involved in
emotional regulation and processing (Eddie et al., 2015). For instance, in adults recovering
from substance use disorders, daily heart rate variability biofeedback was related to reduced
cravings for alcohol (Eddie et al., 2014). Examining profiles of SNS and PNS responses or
addressing biofeedback in the context of stressful situations may help to develop effective
treatment for adolescent substance users.

Findings must be interpreted within the context of the study design. The sample was
limited to CHAMACOS participants who remained in the Salinas Valley at age 14 and
therefore could complete the TSST in our field office. Another limitation of the present
study was the low variability in substance use frequency, therefore substance use count
was included but not substance use frequency. Although study results provide temporal
precedence for the association between ANS responses and substance use, further research is
needed to determine whether ANS responses to social-evaluative stress are causally related
to substance use risk. It is possible that both dampened ANS responses and substance use
risk may emerge due to aspects of adolescents’ home environments, such as adversity (e.g.,
Dube et al., 2003; McLaughlin et al., 2014). The majority of youth lived in poverty and
experienced high levels of adversity (described in Sagiv et al., 2015), which are risk factors
for earlier substance use initiation and psychopathology (e.g., Dube et al., 2003; Johnston
etal., 2019). As a result, ANS responses to social-evaluative stress may not be related to
substance use among other populations of youth who experience lower levels of adversity.
In turn, other pathways, such as using substances to increase positive emotion, may be
more prevalent among other populations of youth. Also, although the analytic strategy has
been previously used (e.g., Shirtcliff & Essex, 2008), this method has limitations including
temporal inconsistency (i.e., analytically predicting ANS responses at age 14 from substance
use at age 16). These models are still able to test associations between variables but do

not necessarily allow for causal inference. Finally, the present study assessed responses

to social-evaluative stress which may differ from responses to nonsocial stress (e.g., cold
presser, startling film clips), and future studies should assess whether SNS and PNS
responses to nonsocial stressors similarly relate to the emergence of substance use during
adolescence.

Conclusions

Substance use greatly increases during adolescence, and use of multiple substances has
been related to greater risk of substance use disorders in adulthood (Latimer & Zur, 2010;
Zapert et al., 2002). The longitudinal design of this study in high-risk youth enabled us
to identify that adolescents with dampened PNS and SNS responses, as well as profiles
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of coinhibition and lower reciprocal SNS activation, to social-evaluative stress at age 14
initiated use of more substances by age 16, among youth who never used substances
previously. These physiological responses may suggest difficulties in emotion regulation
following social-evaluative stress. Among youth who had used substances by age 14,
exaggerated SNS reactivity to social-evaluative stress was related to greater substance use
by age 16. Further research is needed to examine how ANS responses to stress impart risk
for substance use during adolescence, whether these responses relate to substance use by
influencing peer processes and susceptibility to peer pressure, and the potential utility of
targeting ANS responses in substance use treatments (e.g., biofeedback).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Representation of the autonomic space model (adapted from Berntson et al., 2008,
using definitions from Berntson et al., 1991). Associations between parasympathetic activity,
as measured by RSA values, and sympathetic nervous system activity, as measured by PEP
values are bivariate. Profiles are presented in each quadrant. Associations between the degree
of reciprocity, as measured by cardiac autonomic balance, and coactivation, as measured by
cardiac autonomic regulation, are also bivariate.

Note: PNS = Parasympathetic Nervous System, SNS = Sympathetic Nervous System, RSA
= Respiratory Sinus Arrhythmia, PEP = Pre-Ejection Period, CAB = Cardiac Autonomic
Balance, CAR = Cardiac Autonomic Regulation.
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Figure 2. Adolescents’ minute-by-minute RSA and PEP responses to the Trier Social Stress Test

across the task protocol.
Note: RSA = Respiratory sinus arrhythmia, PEP = Pre-Ejection Period.
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Figure 3. Adolescents’ minute-by-minute RSA responses to the Trier Social Stress Test as a
function of their substance use count by age 16 among youth who had never used any substances
by age 14. Adolescents who used more substances by age 16 showed significantly greater
decreases in RSA from baseline to task preparation and significant greater increases in RSA
from task preparation to the speech task and the math task (indicated by brackets).

Note: RSA = Respiratory sinus arrhythmia, *p<.05 **p<.01.
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Figure 4. Adolescents’ minute-by-minute PEP responses to the Trier Social Stress Test as a
function of their substance use count by age 16, among youth who had never used any substances
by age 14 (a) and adolescents who had used substances by age 14 (b). Among youth who had
never used any substances by age 14, adolescents who used more substances by age 16 showed
significantly greater increases in PEP from baseline to the speech and math tasks (indicated

by brackets). Among youth who had used substances by age 14, adolescents who used more
substances by age 16 showed significantly greater decreases in PEP from baseline to the speech
and math tasks.

Note: RSA = Respiratory sinus arrhythmia, **p<.01.
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