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Abstract The present study is informed by the theory of
allostatic load to examine how multiple stress responsive
biomarkers are related to mental health outcomes. Data are
from the TRAILS study, a large prospective population study
of 715 Dutch adolescents (50.9 % girls), assessed at 16.3 and
19.1 years. Reactivity measures of the hypothalamic pituitary-
adrenal (HPA) axis and autonomic nervous system (ANS)
biomarkers (heart rate, HR; respiratory sinus arrhythmia,
RSA; and pre-ejection period, PEP) to a social stress task
were used to predict concurrent and longitudinal changes in
internalizing and externalizing symptoms. Hierarchical linear
modeling revealed relatively few single effects for each bio-
marker with the exception that high HR reactivity predicted
concurrent internalizing problems in boys. More interestingly,
interactions were found between HPA-axis reactivity and
sympathetic and parasympathetic reactivity. Boys with high

HPA reactivity and low RSA reactivity had the largest in-
creases in internalizing problems from 16 to 19 years. Youth
with low HPA reactivity along with increased ANS activation
characterized by both decreases in RSA and decreases in PEP
had the most concurrent externalizing problems, consistent
with broad theories of hypo-arousal. Youth with high HPA
reactivity along with increases in RSA but decreases in PEP
also had elevated concurrent externalizing problems, which
increased over time, especially within boys. This profile illus-
trates the utility of examining the parasympathetic and sym-
pathetic components of the ANS which can act in opposition
to one another to achieve, overall, stress responsivity. The
framework of allostasis and allostatic load is supported in that
examination of multiple biomarkers working together in con-
cert was of value in understanding mental health problems
concurrently and longitudinally. Findings argue against an
additive panel of risk and instead illustrate the dynamic inter-
play of stress physiology systems.
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In the past decade many researchers studied the concept of
allostatic load in the context of behavioral problems, as
reflected by several special issues on this topic (e.g.,
Cicchetti 2011; Peters and McEwen 2012; current special
issue). Allostatic load refers to the cumulative wear and tear
on the body as a result of chronic response patterns in which
physiological systems are over-activated or dysregulated,
potentially leaving the individual vulnerable for
(psycho)pathology (Juster, McEwen, and Lupien 2010;
McEwen 1998). Adaptation to chronic challenges is different
from adaptation to acute challenges in the sense that it can
result in altered set-points of the system (Berntson and
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Cacioppo 2007). The body continuously adapts to acute chal-
lenges, whether predictable or unpredictable, by the dynamic
coordination of various physiological regulatory systems, a
process called allostasis. In some chronic challenges, howev-
er, it might be advantageous to alter internal set-points in order
to adapt to the enduring demands of the situation. While
altered set-points can be adaptive in the current situation, such
adaptations may have trade-offs, including detrimental effects
on the long run (McEwen 1998, 2005). A major advantage of
the theory of allostasis and allostatic load is that it integrates
across stress responsive physiological indicators, to provide a
summative view of the individual rather than espouse exam-
ination of a single biomarker to capture stress. Disadvantages
are that it is not always clear whether each biomarker unidi-
rectionally indicates health risk and whether this risk adds
cumulatively across systems. The present study examines
how multiple stress responsive biomarkers interact dynami-
cally in relation to mental health outcomes in adolescents.

Physiological Indicators of Allostatic Load

Physiological regulatory systems commonly examined in
terms of allostatic load include the autonomic nervous system
(ANS) and the hypothalamic-pituitary-adrenal (HPA) axis.
The ANS is designed to help the body deal with stressors on
a relatively fast time-scale. It is comprised of the parasympa-
thetic nervous system (PNS) and the sympathetic nervous
system (SNS). The role of the PNS is to maintain homeostasis,
or rest and digest, and thus a decrease of PNS activity is
necessary to mount a stress response. PNS activity is often
measured by respiratory sinus arrhythmia (RSA), which cap-
tures fluctuations in heart rate driven by the respiratory (or
breathing) cycle (Alkon et al. 2003; Bush et al. 2011a). Much
of this literature examines how tonic RSA levels inhibit sym-
pathetic arousal to induce a calm, restive, social psychological
state (Hastings et al. 2008a). High RSA levels may be protec-
tive against the development of psychopathology, especially
in adverse contexts, likely as a function of this vagal brake
(Hastings et al. 2008b). The present study focused on RSA
reactivity, because RSA levels are assumed to decline during a
threat or challenge to help mobilize defensive reactions, work-
ing quickly with the sympathetic branch of the ANS to initiate
a stress response. In line with the idea that low RSA levels
might be a risk factor for psychopathology, failure to withdraw
PNS activity during a challenge is thought to indicate
allostatic load. PNS withdrawal has been associated with
better emotion regulation and fewer mental health problems
(El-Sheikh et al. 2001; El-Sheikh andWhitson 2006; Gentzler
et al. 2009; Keller and El-Sheikh 2009), although findings are
inconsistent (Gordis et al. 2006; Hastings et al. 2008a, 2008b).

If a withdrawal of the PNS is not sufficient to manage a
stressor, increasing SNS activity is expected to mount the fight

or flight response, including increases in blood flow and
respiration in order to prepare the body for action. SNS
activity can be measured by the pre-ejection period (PEP),
the duration of isovolumic contraction of the heart (Bush et al.
2011a). A shorter PEP indicates higher SNS activation. SNS
and PNS are assumed to be in a state of dynamic equilibrium,
working coordinately to influence cardiac output, among oth-
er things, expressed in the heart rate (HR). Increasingly, there
have been calls for action to examine their coordinated inter-
action (Bauer et al. 2002; Del Giudice et al. 2011). Indeed,
several studies have shown that children are at risk for mental
health problems when the PNS and SNS are not in dynamic
equilibrium (El-Sheikh et al. 2009; Gordis et al. 2010; Keller
and El-Sheikh 2009), emphasizing the need to study these
systems together.

The third stress response system, the HPA axis, is primarily
activated during situations that contain unpredictable or un-
controllable elements (Dickerson and Kemeny 2004;
Koolhaas et al. 2011), but in a different manner from the
ANS (Andrews, D’Aguiar, and Pruessner 2012). The HPA
axis is thought to become activated when a stressor is of
sufficient magnitude or duration to overwhelm the capacity
to recruit resources of the ANS (Sapolsky et al. 2000). A
stressor activates a cascade of events (e.g., hypothalamus
stimulation, release of corticotrophin releasing hormone, pi-
tuitary gland stimulation and release of adrenocorticotropin
hormone, adrenal gland stimulation and subsequent release of
cortisol). Cortisol, the major output hormone of this axis, aids
the body in dealing with a stressor and also suppresses the
signal to release corticotrophin releasing hormone, thus regu-
lating the HPA axis via negative feedback. Both high and low
cortisol reactivity to specific stressors, are thought to contrib-
ute to allostatic load (Del Giudice et al. 2011; Shirtcliff et al.
2014). Previous work on cortisol-behavior associations has
been equivocal: generally there is evidence that high cortisol
reactivity may be associated with more internalizing problems
whereas low cortisol reactivity may be associated with more
externalizing problems (Dickerson and Kemeny 2004), al-
though sometimes the opposite pattern of association, or no
association, is found (see also Alink et al. 2008).

Allostatic Load Considering Multiple Physiological
Systems

Especially within young populations or prior to when the wear
and tear is obvious on these systems, it may be necessary to
take a nuanced approach toward considering the interplay of
multiple physiological systems (Bush et al. 2011b). The coor-
dinated action of two systems is often conceptualized in terms
of symmetric or asymmetric responses to stressors. Whereas
the coordinated activation of the ANS and HPA systems in
response to stressors has generally been supported, more
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research is needed to draw conclusions about the patterns of
symmetry/asymmetry in response to stressors and the behav-
ioral correlates of asymmetric vs. symmetric activation
(Schumacher et al. 2013). Studies investigating interactions
between the two branches of the ANS in childhood generally
suggest that co-operation between the two branches of the
ANS (i.e., vagal withdrawal in combination with SNS activa-
tion or vice versa) seems protective against externalizing
problems (El-Sheikh et al. 2009; Keller and El-Sheikh 2009;
Gordis et al. 2010).

A few studies have investigated interactions between ANS
and HPA function, and suggest that in childhood, higher basal
cortisol is related to higher internalizing and externalizing
problems among youth with higher SNS activity (El-Sheikh
et al. 2008) whereas the combination of higher basal cortisol
and PNS withdrawal is protective against internalizing prob-
lems (El-Sheikh and Hinnant 2011). Further, several studies
have examined how coordinated stress reactivity of the HPA
axis and the ANS is associated with mental health problems.
Because comorbidity is usually high in children and adoles-
cents (Angold et al. 1999), Hastings and colleagues modelled
the effects of physiological reactivity on internalizing and
externalizing problems simultaneously in a study of 215 14-
year-olds. First, they found that asymmetrical ANS (assessed
via heart rate) and HPA reactivity (i.e., high HPA-axis reac-
tivity in combination with low ANS reactivity) was associated
with concurrent externalizing problems. Second, they found
that symmetrical HPA and SNS reactivity (assessed using
mean arterial blood pressure), high ANS activation in combi-
nation with high HPA-axis reactivity, predicted concurrent
internalizing problems. This pattern of symmetrical HPA and
SNS reactivity (using salivary alpha amylase as a measure of
SNS reactivity) was also found to predict total problems in a
sample of 56 youth aged 7 to 16 years (Allwood et al. 2011).
Finally, Gordis et al. (2006) investigated coordination of HPA
and SNS reactivity (using salivary alpha amylase) to a speech
in relation to externalizing problems. In contrast to Hastings
et al. (2011), they found that aggressive behavior was highest
in youth with symmetrical low reactivity in a study of 67 10–
14-year-olds.

Thus, findings are largely consistent for internalizing prob-
lems: symmetrically high HPA and SNS reactivity is associ-
ated with more internalizing problems concurrently. However,
the findings for externalizing problems appear inconsistent. It
may be that behavioral correlates of (a)symmetry of ANS and
HPA reactivity may differ when global ANS vs. SNS-specific
activity is assessed, at least for externalizing problems. The
above studies suggest that asymmetry of global ANS (e.g.,
heart rate) and HPA reactivity but symmetrically low SNS and
HPA reactivity may mark risk for externalizing problems.
Given the findings suggesting that cooperation of the SNS
and PNS branches of the ANS may be protective against
externalizing problems, examining interactions of SNS,

PNS, and HPA reactivity may better predict externalizing
problems than two-way interactions among these systems.

Given that allostasis is the process of maintaining stability
through change and allostatic load emerges across
development, it is not surprising that longitudinal changes
are not always compatible with concurrent associations.
Hastings et al. (2011) found that different sets of interactions
predicted changes in internalizing problems compared to con-
current problems. Specifically, symmetrically low or high
ANS (heart rate) and HPA reactivity predicted internalizing
problems longitudinally in girls whereas asymmetrical reac-
tivity, high ANS (heart rate) in combination with low HPA,
predicted an increase in internalizing problems boys. In direct
opposition to the concurrent findings, asymmetrical SNS and
HPA reactivity (as opposed to symmetrically high reactivity)
predicted increased internalizing problems longitudinally in
girls. This remarkable, although not unprecedented (see Ruttle
et al. 2011; Shirtcliff and Essex 2008), reversal of the associ-
ation between physiological functioning from contemporane-
ous levels of problem behaviors to longitudinal changes in
problem behaviors is in utmost need of replication. Gender
appeared to play a larger role in longitudinal versus concurrent
findings inHastings et al. (2011) though these patterns are also
in need of replication.

Present Study

Thus, the goal of the present study was to replicate and extend
earlier findings (El-Sheikh et al. 2009; Gordis et al. 2006,
2010; Hastings et al. 2011; Keller and El-Sheikh 2009).
Specifically, we examine interactions of ANS and HPA reac-
tivity in relation to internalizing and externalizing problems
during adolescence. We extend the previous work by exam-
ining separately measures of global ANS reactivity (heart rate)
and both SNS and PNS reactivity in combination with cortisol
reactivity. We examine these interactions both concurrently
and longitudinally, and examine sex differences, as done in
Hastings et al. (2011). Thus, we also extend the conceptuali-
zation of symmetry to examine the role of both cross-system
(e.g., ANS and HPA) and within-system (e.g., PNS and SNS)
symmetry for the development of mental health problems.

Such a replication and extension effort is possible with the
TRacking Adolescents’ Individual Lives Survey (TRAILS;
see De Winter et al. 2005 and Nederhof et al. 2012 for an
overview of the study). Reactivity of the HPA-axis and both
branches of the ANS was assessed in 715 adolescents. HPA-
axis reactivity was assessed by means of pre-stress and 20min
post-stress salivary cortisol. Reactivity of the ANS was
assessed using heart rates (HR), heart rate variability in the
high frequency domain, which is equivalent to RSA, was used
as a measure of PNS reactivity, and the PEP was used as a
measure of SNS reactivity.
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Based on findings from Hastings et al. (2011) and Allwood
et al. (2011), we hypothesized that symmetric high activation
of SNS and HPA (specifically, PEP x cortisol reactivity inter-
actions) would predict internalizing problems. For externaliz-
ing problems, we expected that when using the global mea-
sure of ANS reactivity (heart rate), asymmetrical reactivity
would predict more externalizing problems (Hastings et al.
2011), whereas when using specific measures of SNS and
PNS activity, symmetrically low SNS and HPA activation
would predict more externalizing problems (Gordis et al.
2006). Further, we expected that interactions of SNS and
PNS reactivity reflecting symmetrically high or low activation
would predict more externalizing problems (El-Sheikh et al.
2009; Gordis et al. 2010; Keller and El-Sheikh 2009). There
was insufficient literature to formulate hypotheses for the
three-way interaction of SNS, PNS, and HPA reactivity.
Nonetheless, we expected that the three-way interaction
would likely be associated with externalizing problems be-
cause SNS x PNS and SNS x HPA interactions have been
associated with externalizing problems.

Methods

Sample

Data were collected in a general population study called
TRAILS (TRacking Adolescents’ Individual Lives Survey),
a large prospective population study of Dutch adolescents
with bi- or triennial measurements from age 11 to at least
early adulthood generally representative of the Northern part
of the Netherlands (Huisman et al. 2008; Oldehinkel et al.
2004). Detailed information about sample selection and anal-
ysis of non-response bias has been reported elsewhere (de
Winter et al. 2005). Data presented in this article are from
the third (called T1 in this paper; September 2005 to August
2008) and fourth (called T2 in this paper; October 2008 to
September 2010) assessment waves of TRAILS (Nederhof
et al. 2012). The full sample at the third wave consisted of
1816 respondents (81.4 % of all first wave participants; mean
age 16.3, SD =0.7, 52 % girls), and of 1881 respondents at the
fourth wave (mean age 19.1, SD =0.6, 52.3 % girls). All
protocols were approved by the Central Ethical Committee
(CCMO). Parents gave written informed consent and adoles-
cents gave their asset before participation.

During the third wave, a subsample of 744 adolescents was
invited to perform a series of laboratory tasks, in addition to
the usual assessments, hereafter referred to as the laboratory
session. It was during this laboratory session that participants
were assessed on biological reactivity to stress. We slightly
oversampled participants with high scores on frustration and
fearfulness, low scores on effortful control, higher parental
psychopathology (depression, anxiety, addiction, psychoses,

or antisocial behavior), and living in a single-parent family. In
total, these higher-risk adolescents represented 66 % of par-
ticipants invited for the laboratory session, whereas they rep-
resented 58 % of the total TRAILS population (see details in
Sijtsema et al. 2013). Of all invited adolescents, 715 (96.1 %)
agreed to participate (50.9 % girls). Participants were 90.8 %
Dutch ancestry. The socio-economic status of 20.1 % of
participants’ parents was in the lowest quartile of the total
TRAILS population, whereas 27.8 % of participants were
from families within the highest quartile.

Laboratory Procedure

During the laboratory session, participants’ physiological re-
sponses to a variety of challenging conditions were recorded.
These conditions included orthostatic stress (from supine to
standing), a spatial orienting task, a gambling task, a startle
reflex task, and a social stress test. The experimental protocol
was approved by the Central Committee on Research
Involving Human subjects (CCMO). The test assistants, 16
in total, received extensive training in order to optimize stan-
dardization of the experimental session. The experimental
sessions took place on weekdays, in sound-proof rooms with
blinded windows at selected locations in the towns where
participants resided. The sessions lasted about 3 hrs and
15 min, and started between 08:00 and 09:30 a.m. (morning
sessions, 49 %) or between 01:00 and 02:30 p.m. (afternoon
sessions, 51 %). Participants were asked to refrain from
smoking and from using coffee, milk, chocolate, and other
sugar containing foods in the 2 hrs before the session. At the
start of the session, the test assistant, blind to the participants’
risk status, explained the procedure and administered a short
checklist on current medication use, quality of sleep, and
physical activity in the last 24 h. Participants were attached
to the equipment for cardiac autonomic measurements at this
time.

Sympathetic, parasympathetic, and HPA (re)activity were
assessed in response to the Groningen Social Stress Task
(GSST; see also Bouma et al. 2009), a standardized protocol
inspired by the Trier Social Stress Task (Kirschbaum et al.
1993) for the induction of moderate performance-related so-
cial stress. During the GSST, cardiac autonomic function was
recorded continuously. Participants were instructed, on the
spot, to prepare a 6-min speech about themselves and their
lives and deliver this speech, while sitting in front of a video
camera. They were told that their videotaped performance
would be judged on content of speech as well as on use of
voice and posture, and rank-ordered by a panel of peers after
the experiment. The risk of being judged negatively by peers
was included to induce threat of social rejection. Participants
had to speak continuously for the whole period of 6 min. The
test assistant watched the performance critically, without
showing empathy or encouragement. After 6 min of speech,
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the participants were told that there was a problem with the
computer and they had to sit still and be quiet. Subsequently,
they were asked to perform mental arithmetic. The partici-
pants were instructed to repeatedly subtract the number 17
from a larger sum, starting with 13,278. A sense of uncontrol-
lability was induced by repeated negative feedback from the
test assistant (e.g., “No, wrong again, begin at 13,278”). The
mental arithmetic challenge lasted for 6 min, again followed
by a 3-min period of silence, after which the participants were
debriefed about the experiment.

Measures

HPA-Reactivity Salivary cortisol was sampled with the
Salivette sampling device (Sarstedt, Numbrecht, Germany)
containing a small swab in a plastic tube on which the partic-
ipants had to chew for 60 s, until the swab was soaked with
saliva (for details on collection, storage, and assays, see
Bouma et al. 2009). Participants were asked to collect two
morning saliva samples on the day of the laboratory session,
one directly after waking up (mean time of awakening
=07:39 h, S.D. =1:10 h) and one 30 min later.

HPA-axis reactivity measures in girls using oral contracep-
tives (n =126 girls) were not valid in our sample. Bouma et al.
(2009) showed that these girls do not show a cortisol response
to the GSST, whereas girls who do not use oral contraceptives
do show a response. Information on oral contraceptive use
was missing for 6 girls. Cortisol values for these 132 girls
were set at missing. Additionally, cortisol values for 5 partic-
ipants were set at missing because they used corticosteroids or
SSRIs. Cortisol values for another 18 participants were set at
missing because they used pain medication at the day of the
experiments. Finally, cortisol values of 4 participants who
smoked before the experimental session were also set at
missing.

Cortisol levels were also assessed just before the start of the
GSST (C1) and directly after the end of the test (C2). Because
there is a delay of approximately 20 min between the produc-
tion of cortisol by the adrenal glands and the detectability of
representative levels of cortisol in saliva (Kirschbaum et al.
1992), all samples reflect stress reactions about 20 min earlier.
For most participants, C2 is peak cortisol, as it is taken
immediately after cessation of the test, which is 20 min after
the start. Cortisol values which deviated more than 2.5 stan-
dard deviations (SD) from the mean were windsorized.
Because the cortisol variables were skewed, they were log
transformed to normalize the distribution. The difference be-
tween C2, the post-GSST cortisol value, and C1, the pre-
GSST cortisol value, was calculated for each individual as a
measure of cortisol reactivity. Greater cortisol increases from
pre- to post-GSST indicate higher cortisol reactivity. In total,
cortisol reactivity was available for 537 participants.

ANS-Reactivity Cardiac autonomic function was assessed
during speech (360 s) and 25 min posttest (300 s). A three-
lead electrocardiogram and a four-lead impedance cardiogram
was registered using 3 M/RedDot Ag/AgCl electrodes (type
2255, 3 M Health Care, Neuss, Germany), while the partici-
pant was sitting and breathing spontaneously. With a BIOPAC
Amplifier-System (MP100, Goleta, CA), the signals were
amplified and filtered before digitization at 250 samples/sec-
ond. Dedicated software (PreCARSPAN, previously used in,
e.g., Dietrich et al. 2007) was used to check signal stationarity,
to correct for artifacts, to detect R-peaks, and to calculate the
interbeat-interval (IBI) between two heartbeats. Blocks were
considered invalid if they contained artifacts with a duration of
more than 5 s, if the total artifact duration was more than 10%
of the registration, or if the block length was less than 100 s.

Heart Rate (HR) was calculated from the mean inter beat
intervals (IBI) by HR=60,000/IBI. Heart rate reactivity was
calculated by subtracting heart rate during rest from heart rate
during speech. Greater HR increases from pre- to post-GSST
indicate higher HR reactivity. Heart rate reflects the combined
sympathetic and parasympathetic influence on cardiac func-
tion. Heart rate reactivity was available for 669 participants.

Respiratory Sinus Arrhythmia (RSA) was operationalized as
the heart rate variability in the high-frequency band (0.15–
0.40 Hz). Calculation of RSAwas performed by power spec-
tral analysis in the CARSPAN software program (Mulder, Van
Dellen, Van der Meulen, and Opheikens 1988) using estima-
tion techniques based on Fourier transformations of IBI series
(Robbe et al. 1987). RSA mainly results from centrally medi-
ated cardiac vagal activity (Camm et al. 1996). Higher scores
(i.e., greater variability) indicate stronger influence of the
parasympathetic nervous system on cardiac function.

RSA scores were highly skewed in part due to several
extreme outliers. Outliers (six cases for RSA during speech
and four cases for resting RSA) were winsorized at 12,000 and
20,000 ms2 respectively (2.5 standard deviations), and then all
scores were log transformed. The difference between the
transformed measure of RSA collected during rest after the
speech and RSA collected during the speech was calculated
for each individual as a measure of RSA reactivity. Greater
RSA decreases from pre- to post-GSST indicate higher RSA
reactivity. RSA reactivity was available for 669 participants.

Pre ejection period (PEP) reflects the time interval between
the onset of the electromechanical systole (Q-wave onset) in
the ECG and the opening of the aortic valves co-occurring
with the B-point in the ICG. Thoracic impedancewas assessed
with a BIOPAC NICO100C Noninvasive Cardiac Output
Module. B-points were manually scored by an extensively
trained rater using the VU-AMS interactive software. When
there was doubt about the B-point, the scoring was discussed
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with a second rater. Outliers were checked and quality of the
PEP rates was subjectively scored on a 0–10 scale. PEP data
were considered invalid if the quality of the PEP was low (i.e.,
score <6) or the signal contained too many artifacts (including
participants with arrhythmias or extrasystoles). PEP reactivity
was calculated by subtracting PEP during rest from PEP
during speech. Greater PEP decreases from pre- to post-
GSST indicate higher PEP reactivity. PEP reactivity was
available for 584 participants.

Internalizing and Externalizing Behavior was assessed with
the Youth Self-Report (YSR) and the parent-reported Child
Behavior Checklist (CBCL; Achenbach and Rescorla 2001) at
age 16 and with the Adult Self-Report (ASR; Achenbach et al.
2003) at age 19. At age 16 the internalizing and externalizing
scores were created by saving the factor scores from a princi-
pal component analysis to combine parent and youth reports.
Only the youth (young adult) report was available at age
19 years. These are commonly used questionnaires in current
child and adolescent psychiatric research. The good reliability
and validity of the YSR was confirmed for the Dutch transla-
tion (Verhulst, van der Ende, and Koot 1997). The YSR and
CBCL contain a list of 112 behavioral and emotional prob-
lems, whereas the ASR contains a list of 102 behavioral and
emotional problems, which participants or their parents can
rate as 0=not true, 1=somewhat or sometimes true, or 2=very
or often true in the past 6 months. The externalizing domain
consists of the aggressive behavior and rule-breaking behavior
syndrome scales (in the full TRAILS sample YSR Cronbach’s
α=0.87; CBCL Cronbach’s α=0.90; ASR Cronbach’s α=
0.89). The internalizing domain consists of the withdrawn/
depressed, anxious/depressed and somatic complaints scales
(in the full TRAILS sample YSR Cronbach’s α=0.89; CBCL
Cronbach’s α=0.87; ASR Cronbach’s α=0.93). Data on in-
ternalizing behavior was available for 645 participants at age
16, and for 662 at age 19. Data on externalizing behavior was
available for 654 participants at age 16, and for 661 at age 19.

Analytic Strategy

Hypothesis testing was conducted using structural equation
models. Analyses were conducted first including only cortisol
and HR because HR is an integration of SNS and PNS
branches. Then a second set of analyses was conducted in-
cluding cortisol, PEP, and RSA to attempt to separate the
effects of SNS and PNS activation. Interaction variables of
cortisol reactivity with heart rate reactivity, cortisol reactivity
with RSA reactivity, cortisol reactivity with PEP reactivity,
RSA reactivity with PEP reactivity, and a three-way interac-
tion between cortisol, RSA, and PEP reactivity were created
(by multiplying reactivity variables after centering) for use in
hypothesis testing. First, contemporaneous models were con-
ducted, wherein the measures of physiological change

predicted internalizing and externalizing problems within
the same wave of data collection. Second, longitudinal
models were conducted, wherein the measures of phys-
iological change predicted internalizing and externaliz-
ing problems at follow-up correcting for initial problem
levels.

For each analysis we first fit a model wherein each path
was allowed to differ for girls and boys was fitted to the
data (unconstrained). Then, we used a nested approach and
constrained the paths to be equal for boys and girls
(constrained). The change in the chi-square test for model
fit was calculated across the two models. A significant
decrement in model fit indicated that constraining girls
and boys to be equal resulted in a significant decline in
the fit of the model, and therefore sex differences were
significant. If the omnibus test revealed sex differences,
each significant hypothesized path was constrained indi-
vidually to determine whether there were sex differences
for particular pathways of interest within the nested model
framework. Missing data were handled using FIML esti-
mation. In both models, the effect of age on internalizing
and externalizing problems was modelled. Significant as-
sociations among the reactivity scores and two- and three-
way interaction terms (Table 1) were also estimated in the
SEMs in order to control for multicollinearity.

Results

Descriptive Statistics

On average, cortisol levels increased by 1.25 nmol/l (SD
=2.73; untransformed data) during the stress test, as compared
to pre-test levels. A total of 352 participants (65.9 %) showed
the expected rise in cortisol in response to the stressor; 19
(3.5 %) showed no change, and the rest (166 participants,
30.6 %) showed a decrease in cortisol. The average heart rate
increased by 13 beats per minute (SD =11). A total of 632
participants (94.5 %) showed the expected rise in heart rate in
response to the stressor; the rest (37 participants, 5.5 %)
showed a decrease. PEP decreased in response to the stressor
(M=−16.01 ms, SD =17.31) on average; 514 participants
(88 %) showed the expected decrease in PEP; 22 (4 %)
experienced no change and 48 (8 %) experienced a rise in
PEP in response to the stressor. The average RSA decreased
slightly in response to the stressor (M=−258.84 ms2, SD
=2868.31; untransformed data), with half (49.9 %) of the
participants experiencing the expected decline in RSA; the
rest (50.1%) an increase. Zero-order correlations among study
variables are presented in Table 1. For each set of analyses,
only significant findings are discussed in text. Model fitting
results for each analysis are presented in Table 2.
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Model Fitting

For each set of analyses, the unconstrained model fit the data
well, but the constrained sub-model fit the data very poorly.
Further, there was a significant decrease in model fit from the
unconstrained to the constrained models, indicating the pres-
ence of significant sex differences generally, which were

driven by measurement non-invariance (sex differences in
means and variances) as well as by sex differences in path
estimates (Table 2). Thus, in all cases findings from the
unconstrained model are presented and interpreted.

ANS and HPA Reactivity Concurrently, high heart rate reac-
tivity predicted internalizing problems in boys, but not girls

Table 1 Zero-order correlations among study variables

T1 age T1 IP T1 EP T2 IP T2 EP Cort
Resp.

RSA
Resp.

PEP
Resp.

HR
Resp.

Cort X
RSA

Cort X
PEP

Cort X
HR

PEP X
RSA

Cort X
PEP X RSA

T1 age −0.08 0 0 0.02 0 0.01 0.01 0.05 −0.01 0.01 −0.03 0.01 −0.02
T1 IP 0.01 0.46* 0.57* 0.36* −0.03 0.06 −0.12 T 0.08 −0.07 −0.01 −0.06 0.05 −0.04
T1 EP −0.01 0.53* 0.28* 0.49* −0.02 0.09 −0.11 0.04 0.02 −0.03 −0.01 0.06 −0.19
T2 IP −0.02 0.52* 0.23* 0.62* 0.06 0.10 t −0.08 0.12* −0.02 −0.01 −0.04 0.13* −0.08
T2 EP −0.01 0.33* 0.39* 0.63* 0.01 0.09 t −0.06 0.05 −0.02 −0.11 t −0.09 0.15* −0.08
Cort Resp. −0.04 −0.07 −0.16* 0.04 −0.08 0.18* 0.21* 0.30* −0.16* 0.26* −0.08 −0.03 −0.04
RSA Resp. −0.03 0.01 −0.13* −0.06 −0.08 0.18* 0.02 0.49* 0.19* 0.03 0.11* 0.08 −0.04
PEP Resp. 0.06 0.05 −0.08 0.05 −0.02 0.21* −0.01 0.22* −0.01 0.21* 0.09 −0.24* 0.10

HR Resp. 0.05 −0.03 −0.23* −0.04 −0.12* 0.34* 0.59* 0.27* 0.11* 0.14* 0.18* 0.05 0.11 t

Cort X RSA −0.13* 0.03 −0.06 0.03 0.01 0.32* 0.19* −0.005 0.30* −0.07 0.47* −0.03 0.29*

Cort X PEP 0.10 0.07 −0.03 0.06 −0.07 0.40* −0.01 0.10 0.07 −0.17* 0.39* 0.07 −0.29*
Cort X HR −0.09 0.02 −0.10 0.04 −0.03 0.56* 0.28* 0.10 0.27* 0.77* 0.29* 0.06 0.14*

PEP X RSA 0.02 0.13* 0.02 0.06 −0.03 0.01 0.18* 0.21* 0.18* 0.34* −0.031 0.22* −0.14*
Cort X PEP X RSA 0 0.02 0.08 −0.02 −0.06 −0.11 0.28* −0.03 0.16* 0.38* −0.09 0.15* 0.12

Correlations for boys presented in the bottom left, correlations for girls presented in the top right

X signifies interaction terms created by multiplying variables

IP internalizing problems, EP externalizing problems, T1 the first assessment, T2 the second assessment, Cort cortisol, Resp.responsivity, RSA
respiratory sinus arrhythmia, PEP pre-ejection period, HR heart rate

*p<0.05, **p<0.10

Table 2 Model fit statistics for all models

χ2 df p-value CFI TLI RMSEA SRMR χ2 change df p-value

Concurrent HR

Unconstrained 3.83 6 0.70 1.0 1.0 0.00 0.017

Constrained 231.53 28 0.00 0.38 0.60 0.14 0.13 110.59 22 <0.001

Longitudinal HR

Unconstrained 22.13 22 0.45 1.0 1.0 0.004 0.033

Constrained 383.19 53 0.00 0.84 0.92 0.13 0.17 259.82 31 <0.001

Concurrent RSA & PEP

Unconstrained 26.01 30 0.67 1.0 1.0 0.00 0.04

Constrained 372.76 78 0.00 0.10 0.61 0.10 0.13 348.77 48 <0.001

Longitudinal RSA & PEP

Unconstrained 61.09 62 0.51 1.0 1.0 0.00 0.046

Constrained 1961.55 119 0.00 0.13 0.70 0.21 0.18 406.77 57 <0.001

Df degrees of freedom, CFI comparative fit index, TLI tucker-lewis index, RMSEA root mean square error of approximation, SRMR standardized root
mean square residual. χ2 is considered overly conservative for samples of this size. Rules of thumb for indexes of practical fit: CFI and TLI>0.95
indicates good fit. RMSEA and SRMR<0.05 indicates good fit. χ2 change indicates the difference in model fit from the unconstrained to constrained
models, and a significant p-value indicates a significant decrement in model fit
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(Table 3). Constraining this single path to be equal for boys
and girls revealed that this sex difference was statistically
significant, χ2 change (1) =8.98, p=0.02. Thus, the associa-
tion of high heart rate reactivity and concurrent internalizing
problems was significantly stronger for boys than girls.

Longitudinally, there was a significant association between
low heart rate reactivity and externalizing problems in girls
but not boys (Table 4). Constraining this single path to be
equal between boys and girls resulted in a significant decre-
ment inmodel fit,χ2 change (1) =4.78, p=0.03. Therefore, the
association of low heart rate reactivity and later externalizing
problems was significantly stronger for girls than boys.

SNS, PNS, and HPA Reactivity Concurrently, there were two
interactions for boys, but not girls (Table 5). First, there was an
interaction of cortisol and PEP such that symmetric high
reactivity of both was associated with the highest levels of
externalizing problems. However, there was not a significant
sex difference for this interaction, χ2 change (1) =1.17, p=
0.28. Second there was an interaction of PEP and RSA
predicting externalizing problems such that vagal withdrawal
(decreases in RSA) in combination with SNS activation (PEP
reactivity) predicted more externalizing problems. There was
a significant sex difference in the interaction between PEP and
RSA predicting externalizing problems, χ2 change (1) =4.18,
p=0.04. However, these interactions were qualified by a
trend-level interaction of cortisol, PEP, and RSA for boys that
was significant when examining boys and girls together (e.g.,
in the constrained model, β=−0.11, SE=0.05, t=−2.11, p=
0.04). Further, constraining the higher order interaction with
cortisol, PEP and RSA to be equal for boys and girls did not
result in a decrement in fit, indicating no sex difference in the
three-way interaction, χ2 change (1)=0.51, p=0.48. The data
showed that youth exhibiting low cortisol reactivity, or even
cortisol decreases, along with greater RSA decreases (PNS

withdrawal), OR high cortisol reactivity along with large RSA
increases (PNS augmentation), all in the context of greater
PEP decreases (i.e., high SNS reactivity) had the most exter-
nalizing problems (Fig. 1). The interaction between cortisol
and RSA reactivity was not present in the context of low SNS
reactivity (i.e., small PEP decreases or even increases).
Therefore, asymmetrical HPA and PNS reactivity predicted
concurrent externalizing problems in the context of high SNS
reactivity, but not in the context of low SNS reactivity.

Longitudinally, there was a significant three-way interaction
between RSA, PEP and cortisol predicting future externalizing
problems in boys, but not in girls, χ2 change (1) =7.07, p=0.01
(Table 6). We found that boys with low cortisol reactivity along
with RSA reactivity (PNS withdrawal) in the context of PEP
reactivity (high SNS reactivity) had the largest increases in
externalizing problems (See Fig. 2). That is, asymmetric HPA
and PNS reactivity predicted increases in externalizing problems
in the context of high SNSbut not lowSNS reactivity, paralleling
the concurrent findings, but for boys only. There was also a
cortisol XRSA interaction that predicted changes in internalizing
problems in boys, such that boys with high HPA-axis reactivity
and high RSA scores (i.e., PNS augmentation or minimal PNS
withdrawal) had the largest increases internalizing problems
between age 16 and 19 (see Fig. 3). Constraining the association
between the cortisol - PNS reactivity interaction and internalizing
problems to be equal between boys and led to a decrease in
model fit,χ2 change (1) =4.45, p=0.03, signifying that there was
a significant sex difference such that asymmetric HPA and PNS
activation predicted increased internalizing problems specifically
in boys. There was also a main effect of RSA reactivity
(decreases) predicting increased externalizing problems longitu-
dinally in girls, although constraining path from RSA reactivity
to externalizing problems to be equal for boys and girls did not
result in a decrement in model fit either,χ2 change (1) =1.65, p=
0.20, thus there was no real sex difference in this effect.

Table 3 Parameter estimates for the unconstrained concurrent model of Heart Rate

Age Cort Resp. HR Resp. Cort X HR T1 IP

Age 1

Cortisol reactivity NE 1

HR reactivity NE 0.33* (0.06)
0.28* (0.05)

1

Cort X HR NE 0.56* (0.05)
−0.15* (0.06)

0.23* (0.07)
0.18* (0.06)

1

T1 IP −0.01 (0.05)
−0.01 (0.06)

0.04 (0.09)
0.02 (0.06)

−0.06 (0.06)
0.13* (0.06)

0.02 (0.09)
−0.05 (0.06)

1

T1 EP −0.01 (0.05)
0.02 (0.06)

−0.06 (0.09)
−0.02 (0.06)

−0.10 (0.06)
0.07 (0.06)

0.01 (0.08)
−0.09 (0.06)

0.63* (0.03)
0.62* (0.04)

Un-standardized beta weights are presented, followed by standard errors in parentheses. Girls’ estimates are presented above boys’ estimates

X signifies interaction terms created by multiplying variables

NE not estimated, IP internalizing problems, EP externalizing problems, T1 the first assessment, Cort cortisol, HR heart rate

*p<0.05, **p<0.10
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Discussion

The hypothesis in the present study was that symmetric high
activation of SNS and HPAwould predict internalizing prob-
lems. For externalizing problems, we hypothesized that sym-
metrically low activation of the SNS and HPA axes would

predict more externalizing problems. Further, we expected
that interactions of SNS and PNS reactivity reflecting sym-
metrically high or low activation would predict more exter-
nalizing problems. Our data revealed several main effects of
physiological reactivity in association with internalizing and
externalizing problems: 1) highANS reactivity (HR increases)

Table 4 Parameter estimates for the unconstrained longitudinal model of Heart Rate

Age Cort Resp. HR Resp. Cort X HR T1 IP T1 EP T2 IP

Age 1

Cortisol reactivity NE 1

HR reactivity NE 0.33* (0.06)
0.28* (0.05)

1

C X HR NE 0.56* (0.05)
−0.15* (0.06)

0.23* (0.07)
0.18* (0.06)

1

T1 IP NE NE NE NE 1

T1 EP NE NE NE NE 0.63* (0.03)
0.62* (0.04)

1

T2 IP 0.04 (0.05)
−0.06 (0.05)

−0.10 (0.08)
−0.09** (0.05)

0.01 (0.05)
0.06 (0.03)

0.06 (0.07)
−0.06 (0.05)

0.53* (0.06)
0.57* (0.06)

−0.01 (0.06)
0.01 (0.06)

1

T2 EP 0.01 (0.05)
−0.01 (0.05)

−0.09 (0.08)
−0.03 (0.06)

−0.16* (0.05)
0.02 (0.05)

0.02 (0.08)
0.02 (0.05)

−0.01 (0.07)
−0.05 (0.07)

0.37* (0.06)
0.53* (0.06)

0.53* (0.04)
0.43* (0.05)

Un−standardized beta weights are presented, followed by standard errors in parentheses. Girls’ estimates are presented above boys’ estimates

X signifies interaction terms created by multiplying variables

NENot estimated, IP internalizing problems, EP externalizing problems, T1 the first assessment, T2 the second assessment, Cort cortisol, HR heart rate

*p<0.05, ** p<0.10

Table 5 Parameter estimates for the unconstrained concurrent model of RSA and PEP

Age Cort Resp. RSA Resp. PEP Resp. Cort X RSA Cort X PEP RSA X
PEP

C X RSA X
PEP

T1 IP

Age 1

Cortisol
reactivity

NE 1

RSA reactivity NE 0.17* (0.06)
0.18* (0.05)

1

PEP reactivity NE 0.18* (0.07)
0.19* (0.06)

NE 1

Cortisol X RSA NE 0.30* (0.06)
−0.14* (0.05)

0.14* (0.07)
0.19* (0.05)

NE 1

Cortisol X PEP NE 0.36* (0.07)
0.22* (0.06)

NE 0.10 (0.08)
0.25* (0.05)

−0.13 (0.08)
−0.06 (0.06)

1

RSA X PEP NE NE 0.17* (0.06)
0.08 (0.06)

0.20* (0.05)
−0.25* (0.06)

0.30* (0.07)
0.003 (0.06)

NE 1

C X RSA X
PEP

NE NE 0.32* (0.07)
0.01 (0.06)

NE 0.40* (0.07)
0.31* (0.06)

−0.07 (0.07)
−0.27* (0.06)

NE 1

T1 IP −0.02 (0.05)
−0.01 (0.06)

0.03 (0.09)
0.07 (0.06)

−0.08 (0.07)
0.08 (0.06)

0.02 (0.07)
−0.05 (0.07)

−0.02 (0.10)
−0.001 (0.06)

0.04 (0.09)
−0.04 (0.07)

0.08 (0.07)
0.10 (0.06)

−0.01 (0.10)
−0.08 (0.07)

1

T1 EP −0.01 (0.05)
0.02 (0.06)

−0.09 (0.09)
0.03 (0.06)

−0.03 (0.07)
0.08 (0.06)

0.01 (0.07)
0.02 (0.07)

0.08 (0.10)
0.004 (0.06)

−0.03 (0.08)
−0.15* (0.07)

−0.05 (0.07)
0.14* (0.06)

−0.10 (0.09)
−0.12** (0.07)

0.64* (0.03)
0.61* (0.04)

Un-standardized beta weights are presented, followed by standard errors in parentheses. Girls’ estimates are presented above boys’ estimates

X signifies interaction terms created by multiplying variables

NE not estimated, IP internalizing problems, EP externalizing problems, T1 the first assessment, Cort cortisol, RSA respiratory sinus arrhythmia, PEP
pre-ejection period

*p<0.05, **p<0.10
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REVISED PROOFwas associated with more concurrent internalizing problems
in boys, but not girls; 2) low ANS reactivity (HR increases)
predicted increases in externalizing problems longitudinally in
girls but not boys; 3) high PNS reactivity (RSA decreases)
predicted increases in externalizing problems longitudinally.
We did not find support for the hypothesis that symmetrically
high activation of SNS and HPA would predict internalizing
problems. Instead, this pattern of effects was associated with
concurrent externalizing problems and was qualified by a
three-way interaction: asymmetrical HPA and PNS reactivity
predicted concurrent externalizing problems in the context of
high SNS reactivity (PEP decreases), but not in the context of
low SNS reactivity. We did find some evidence that interac-
tions of SNS and PNS reactivity reflecting symmetrically high
or low activation would predict more externalizing problems,
but only in boys. Further, we found that asymmetric HPA and
PNS activation predicted increased internalizing problems
longitudinally in boys but not girls, a novel finding in the
literature.

The TRAILS study is particularly well suited for testing
these hypotheses, with multiple measures of physiological
responses to stress and a range of levels of problem behavior.
The theory of allostatic load highlights that there should be
dynamic patterns of HPA/ANS activity across the population,
regardless of whether individuals have heightened or norma-
tive levels of reactivity or problem behavior, but that particular
patterns of symmetry/asymmetry may mark risk for (psycho)-
pathology. As such, it was important to check whether the
effects found here were driven by extreme groups or general-
izable to the full sample. Notably, the interaction patterns were
apparent whether examining only extreme groups or using
more moderate groups to define high vs. low reactivity.
Thus, we believe that the findings are not driven by
extreme groups alone (although as expected, results were
stronger for extreme groups; data available from authors
upon request).

Interpretation of the Findings on Internalizing Problems

Regarding internalizing problems, we found that high HR
reactivity predicted concurrent internalizing problems in boys,
which is in line with other studies that found positive links
between internalizing symptoms and HR reactivity (Dufton
et al. 2011; Hastings et al. 2007) and with Hastings et al.
(2011) who found symmetrically high HPA and HR reactivity
was related to internalizing problems but that asymmetrical
reactivity (high ANS in combination with low HPA) predicted
an increase in internalizing problem. This is consistent with
the idea that HR reactivity may serve as a global indicator of
arousal and involuntary engagement with the adverse aspects
of the stress task (Connor-Smith et al. 2000). It is interesting
that HR was one of the few biomarkers to be linked with
internalizing symptoms whereas associations for externalizing
problems were observed using specific measures of sympa-
thetic and parasympathetic reactivity.

Inclusion of the more specific measures of SNS and PNS
activity via PEP and RSA, respectively, allowed us to probe
this further. The low correlation between RSA and PEP was
surprising. Given that heart rate increased in 95 % of our
participants, either the SNS or the PNS must have worked to
mount such a consistent heart rate reactivity pattern (Berntson
and Cacioppo 2000). This increase in HR may have be driven
by the SNS in a majority of participants, given that 88 %
showed increases in SNS activation indexed by a decline in
PEP during the public speech but only about half of the
participants showed PNS withdrawal. In participants showing
PNS augmentation (increased RSA), increased HR could be
driven by SNS activation or sympathetically dominant
coactivation of both autonomic branches (Berntson and
Cacioppo 2000). Similarly wide individual differences were
found in a prior study on RSA reactivity (El-Sheikh and
Hinnant 2011). Or, this HR finding may be driven by the
PNS given that HR reactivity was correlated higher with
RSA reactivity than with PEP reactivity. Furthermore, we
found an interaction between greater cortisol reactivity and
PNS augmentation in prediction of rises in internalizing
symptoms over time, largely within boys. This interaction is
reminiscent of the longitudinal interaction uncovered by
Hastings et al. (2011) where asymmetrical reactivity predicted
a rise in internalizing problems although our finding is specific
to high cortisol reactivity with PNS augmentation. Given that
RSA and PEP did not interact in predicting internalizing
problems, the HR effects observed are most likely due to
RSA and PEP interacting uniquely within individuals, with
the SNS driving HR effects within some individuals but the
PNS driving HR within others.

We also found that low cortisol reactivity predicted increases
in internalizing problems in boys and girls longitudinally.
Hastings et al. (2011) found that low cortisol reactivity
predicted increased internalizing problems, although this did

Fig. 1 Three-way interaction predicting boys’ and girls’ concurrent
externalizing problems. Low and high refer to one standard deviation
below and above the mean, respectively. Because the mean was near zero
for RSA, one standard deviation below and above themean are referred to
as decrease and increase, respectively
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REVISED PROOFnot reach significance without taking the interaction with the
ANS into account. Low cortisol has predicted increased mental
health problems, but not specifically in normative populations
(Dorn et al. 1993; McCool and Susman 1994; Ouellet-Morin
et al. 2011) or for internalizing symptoms (Burke et al. 2005;
Essex et al. 2011; Shirtcliff and Essex 2008).

Interpretation of the Findings on Externalizing Problems

Aswith other studies (Hastings et al. 2011; Gordis et al. 2006),
interactions between the separate branches of the ANS and the
HPA-axis were more consistent regarding externalizing prob-
lems as opposed to internalizing symptoms although these
symptom types are highly comorbid. Two patterns emerged
of interest. We found that youth exhibiting low HPA reactivity
(low cortisol changes or even decreases) along with increased
autonomic activation characterized by both PNS withdrawal

(RSA decreases) and SNS activation (i.e., PEP decreases) had
the most concurrent externalizing problems. These findings
do not fit with Gordis et al. (2006) finding of symmetrical
reactivity predicting externalizing problems, but do fit at face
value with Hastings et al. (2011) who found asymmetrical
reactivity was related to concurrent externalizing problems.
This first profile seems consistent with theories of hypo-
arousal (Phillips 2011; Rottenberg et al. 2002), especially
those that predict that mild hypo-arousal is not especially
problematic (Del Giudice, et al. 2011), or is likely related to
adolescent-limited externalizing behavior or sensation-
seeking traits (Sijtsema et al. 2010). That is, the ANS is a
low-threshold, fast component of the stress response whereas
the HPA axis is much slower to respond. A profile of mild
autonomic reactivity, especially efficient parasympathetic
withdrawal, may be an effective strategy for maintaining
physiological stability without mounting a full HPA response.
Indeed, parasympathetic withdrawal has been described as
adaptive when HPA nonresponse is observed (Gunnar et al.
2009; Taylor et al. 2008). Individuals who are capable of
mainly using this physiological system might have to mini-
mally activate other physiological systems, which might be
advantageous in the long-run. In support of this interpretation,
these boys with asymmetrical activation (low HPA-axis reac-
tivity and autonomic activation characterized by both PNS
withdrawal and short PEP) showed striking decreases in ex-
ternalizing behavior over time, ending the study with some of
the lowest externalizing symptoms by the time youth in this
study were aged 19. Again, this is consistent with the notion
that the concurrent symptoms we observed were adolescent-
limited as symptoms did not persist into emerging adulthood
and also with Hastings et al. (2011) who did not find this
profile to be problematic over time.

The second profile of interest was the finding that youth
with high HPA-reactivity along with PNS augmentation but
SNS activation (i.e., low PEP) had the most concurrent exter-
nalizing problems as well as high externalizing problems over
time from age 16 to age 19 years, at least within boys. Boys
showing high HPA-axis reactivity, PNS augmentation and
high SNS activation showed largest increases in externalizing
problems. Translating these results to symmetric or asymmet-
ric reactivity is not easy given that HPA, SNS and PNS were
differentially implicated, with SNS activation observed (i.e.,
PEP decline) along with PNS augmentation rather than the
PNS withdrawal typically expected during a stressor. It is
unclear whether symmetrical or asymmetrical findings were
observed given that, within the ANS, both autonomic
branches diverged in their prediction of externalizing symp-
toms (Berntson and Cacioppo 2000). That is, findings are
consistent with the asymmetrical reactivity observed by
Hastings et al. (2011) if HR was driven by RSA, but is
consistent with the symmetrical reactivity observed by
Gordis et al. (2006) if HR was driven by the SNS (as might

Fig. 2 Three-way interaction between cortisol, RSA, and PEP reactivity
predicting changes in boys’ externalizing problems. Low and high refer to
one standard deviation below and above the mean, respectively. Because
the mean was near zero for RSA, one standard deviation below and above
the mean are referred to as decrease and increase, respectively

Fig. 3 Interaction between cortisol and RSA reactivity predicting
changes in internalizing problems in boys. Low and high refer to one
standard deviation below and above the mean, respectively. Because the
mean was near zero for RSA, one standard deviation below and above the
mean are referred to as decrease and increase, respectively
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be expected with the SNS biomarker of alpha-amylase used
by Gordis et al. 2006).

To understand these effects, we focus on understanding
PNS activity. We view it unlikely that the task failed to
mobilize the PNS or withdrawal the vagal brake as the stressor
successfully crossed the stress threshold for the other stress
components. Furthermore, while we expected that RSAwould
decline as evidence of PNS withdrawal during a challenge,
PNS augmentation was common (observed within about half
of the participants) which may indicate that participants were
actively disengaged from the task and were suppressing their
thoughts and emotions about the task (Gillie et al. 2014).
Thus, this profile might be interpreted as the most stressed
boys (high HPA-axis reactivity in combination with PNS
augmentation and SNS arousal) having externalizing prob-
lems, suggestive of vigilant or reactive aggression and exter-
nalizing symptoms (Frick and Shirtcliff 2014). High perceived
arousal and unpleasantness have indeed shown to be associ-
ated with high physiological responsivity during the social
stress test (Oldehinkel et al. 2011). Furthermore, these boys
showed increases in externalizing behaviors from age 16 to
age 19, hinting toward increasing long-term problems linked
with high HPA-axis reactivity in combination with PNS
withdrawal and high SNS reactivity. In sum, findings for
externalizing symptoms are tentatively consistent with the
symmetrical activation observed by Gordis et al. (2006) and
extend this vigilant pattern across both concurrent and longi-
tudinal externalizing problems in adolescents.

In conclusion, little support was found for the interaction
between HPA-axis and ANS reactivity for concurrent levels or
longitudinal changes in mental health when the ANS was
conceptualized as an integrated, unidirectional biomarker.
When the branches of the ANS were disentangled through
RSA and PEP, however, dynamic interactions were apparent
with the HPA axis. We found evidence for such interactions,
pointing in the direction of both symmetrical and asymmetrical
activations being linked with mental health problems depend-
ing on type and timing. Our results indicate that while reactivity
of one system might suggest active coping, the others can
simultaneously show signs of distress. Clear and simple repli-
cation of prior empirical studies was not apparent, but rather the
study extends the contentions of prior research (Hastings et al.
2011; Gordis et al. 2006) and theory (Bauer et al. 2002;
Beauchaine 2001) including allostatic load (McEwen 1998)
across three distinct stress-responsive biomarkers: HPA, SNS
and PNS. The inconsistencies may point to the underlying
complexities of the concept of arousal or stress or health risk.
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