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Abstract
Heart rate variability (HRV) is an important biomarker for parasympathetic function and future health outcomes. The present 
study examined how the structure of regions in a neural network thought to maintain top–down control of parasympathetic 
function is associated with HRV during both rest and social stress. Participants were 127 young women (90 Black Ameri-
can), who completed a structural MRI scan and the Trier Social Stress Test (TSST), during which heart rate was recorded. 
Regression analyses were used to evaluate associations between cortical thickness in five regions of the Central Autonomic 
Network (CAN; anterior midcingulate cortex [aMCC], pregenual and subgenual anterior cingulate cortex [pgACC, sgACC], 
orbitofrontal cortex [OFC], and anterior insula) and high-frequency HRV during rest and stress. Results indicated that cortical 
thickness in CAN regions did not predict average HRV during rest or stress. Greater cortical thickness in the right pgACC 
was associated with greater peak HRV reactivity during the TSST, and survived correction for multiple comparisons, but 
not sensitivity analyses with outliers removed. The positive association between cortical thickness in the pgACC and peak 
HRV reactivity is consistent with the direction of previous findings from studies that examined tonic HRV in adolescents, 
but inconsistent with findings in adults, which suggests a possible neurodevelopmental shift in the relation between brain 
structure and autonomic function with age. Future research on age-related changes in brain structure and autonomic func-
tion would allow a more thorough understanding of how brain structure may contribute to parasympathetic function across 
neurodevelopment.

Keywords Heart rate variability · Neurovisceral integration · Stress reactivity · Cortical thickness · Anterior cingulate 
cortex · Pittsburgh Girls Study (PGS)

Introduction

The parasympathetic nervous system (PNS) plays an impor-
tant role in stress reactivity and recovery, and long-term 
health outcomes. Higher parasympathetic activity, indexed 
by higher heart rate variability (HRV) at rest, has been posi-
tively associated with a more flexible and adaptive set of 
psychophysiological responses in preparation for dynamic 
environmental demands (Thayer and Sternberg 2006; Hol-
lenstein et al. 2012; Hamilton and Alloy 2016; Rottenberg 
2007). Conversely, lower parasympathetic activity (lower 
HRV at rest) prospectively predicts adverse health conse-
quences, such as premature mortality and coronary heart dis-
ease (Thayer and Lane 2007; Hillebrand et al. 2013; Golden-
berg et al. 2019), depression (Kemp et al. 2012; Jandackova 
et al. 2016), and other types of psychopathology, such as 
anxiety disorders and attention-deficit hyperactivity disorder 
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(Chalmers et al. 2014, 2016; Kemp et al. 2014; Rash and 
Aguirre-Camacho 2012). Therefore, tonic HRV can be con-
sidered a biomarker of autonomic flexibility and future dis-
ease risk (Kemp et al. 2010; Beauchaine and Thayer 2015).

Associations between brain structure and parasympa-
thetic function can help elucidate the neural characteris-
tics of adaptive stress regulation, which could then iden-
tify individuals who are at a higher risk for adverse health 
outcomes. The Neurovisceral Integration Model (NIM), an 
initial theoretical framework first proposed by Thayer and 
Lane (2000), posits that parasympathetic activity and reac-
tivity are governed by neural connections between the heart 
and a network of subcortical and cortical prefrontal regions 
which constitute the Central Autonomic Network (CAN). 
The reciprocally interconnected CAN structures output to 
the sinoatrial node via the stellate ganglia and vagus nerve, 
and ultimately produce a dynamic, vagally-dominated car-
diac response in the presence of a stressor (Thayer and Lane 
2009; Thayer et al. 2009; Barrett and Simmons 2015). Infor-
mation relevant to automatic regulation flows bidirectionally 
from the CAN to peripheral organs, such as the heart, such 
that HRV can indicate the degree of integration between 
the central nervous system (CNS) and autonomic nervous 
system (ANS). The interplay of neural circuits in cardiac 
regulation inextricably influences the automatic generation 
and cognitive regulation of emotional states (Koenig 2020; 
Kupfer et al. 2012). Therefore, HRV can further indicate 
the functional integrity of neural networks implicated in 
emotion-cognition interactions (Park and Thayer 2014).

CAN structures, including the anterior midcingulate 
cortex (aMCC), pregenual and subgenual anterior cingu-
late cortex (pgACC and sgACC, respectively), orbitofron-
tal cortex (OFC), and anterior insular cortex, are not only 
critically implicated during autonomic regulation, but also 
serve as a neural hub for the top–down regulation of emotion 
(Beauchaine and Cicchetti 2019). For example, the aMCC 
is thought to be involved in the perception of threat and 
safety, emotional salience, as well as contextually relevant 
modulation of bodily arousal states (Winkelmann et al. 
2016; Stevens et al. 2011; Critchley et al. 2003). The pgACC 
has numerous projections to critical structures involved in 
autonomic regulation and has been implicated in the emo-
tional experience of pain and discomfort (Vogt 2005; Gian-
aros et al. 2007). The sgACC, primarily a visceral-motor 
division, can be considered an essential component in the 
regulation of affective and autonomic responses (Palomero-
Gallagher et al. 2009; Lane et al. 2013; Drevets et al. 2008a, 
b). The OFC, strongly interconnected with the ACC, serves 
a critical role in emotional processing and inhibitory control 
(Wagner et al. 2008; Protopopescu et al. 2005). The anterior 
insular cortex has been implicated in the subjective aware-
ness of emotions as well as the accompanying interoceptive 
response (Menon and Uddin 2010; Gogolla 2017).

Structural characteristics of regions within the CAN, 
including cortical thickness, volume, and myelination, may 
promote higher parasympathetic function and more adaptive 
stress response (Radley et al. 2015; Carnevali et al. 2018). 
In support of this hypothesis, structural MRI studies have 
indicated that thicker cortices in regions within the CAN—
including bilateral rostral and caudal ACC, right middle 
frontal gyrus (MFG), bilateral OFC, pars triangularis, and 
bilateral insula—are associated with higher tonic HRV in 
healthy adults (Yoo et al. 2018; Winkelmann et al. 2016), 
as well as higher tonic HRV in veterans with post-traumatic 
stress disorder (PTSD; Woodward et al. 2008). Given the 
positive association between CAN cortical thickness and 
tonic HRV, thicker cortices may allow for a greater recruit-
ment of neural resources during adaptive cardiac autonomic 
regulation. Furthermore, cortical thickness has been signifi-
cantly associated with various forms of psychopathology, 
such as depression (Sacher et al. 2012; Bora et al. 2012; 
Drevets et al. 2008a), PTSD (Bromis et al. 2018; Woodward 
et al. 2006), anxiety disorders (Shang et al. 2014; Frick et al. 
2013), and borderline personality disorder (Morandotti et al. 
2013), as well as self-injurious behavior (Beauchaine et al. 
2019).

In contrast to the positive association between tonic 
HRV and cortical thickness in adults, findings from stud-
ies of participants in mid-adolescence suggest that higher 
parasympathetic activity is associated with lower cortical 
thickness in the rostral and caudal ACC (mean age = 15.92; 
Koenig et  al. 2018a), as well as the insula (mean 
age = 16.04; Koenig et al. 2018b). Adolescence through 
emerging adulthood is a critical period of neuromaturation 
(Foland-Ross et al. 2015), particularly in regions of the 
CAN (Koenig 2020; Tamnes et al. 2017; Shaw et al. 2008). 
Furthermore, the link between exposure to stressors and 
adverse mental health outcomes may be pronounced dur-
ing adolescence and young adulthood, when major men-
tal disorders rise in incidence (Paus et al. 2008; Kessler 
et al. 2001), especially among girls and women (Hankin 
et al. 2015). This dramatic increase in psychopathology 
may be due, in part, to increases in exposure to stressors 
that occur while the autonomic and neural systems that 
regulate stress response continue to develop (Davey et al. 
2008; Forbes and Dahl 2010; Beauchaine et al. 2007). In 
a longitudinal study, girls and boys (8–12 years-old) who 
had increasing HRV across development later reported 
fewer difficulties with emotion regulation in adolescence 
(2–3 years later; Vasilev et al. 2009). In a different longi-
tudinal study by Vijayakumar et al. (2014), girls in early 
adolescence (12 years-old) with increased cortical thin-
ning in the dorsolateral prefrontal cortex and ventrolat-
eral prefrontal cortex across a four-year period reported 
using more adaptive emotion regulation strategies by 
young adulthood (age 19). These two longitudinal studies 
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provide converging evidence that emotion dysregulation, 
especially that seen in depression and other affective dis-
orders, may result from a disrupted integration of the PNS 
and CNS. Furthermore, normative development of vagal 
activity across adolescence has important implications for 
the onset of psychopathology, and may compensate for 
abnormal cortical thinning in emotion regulation-oriented 
prefrontal structures (Koenig 2020). Age-related differ-
ences in the association between autonomic regulation 
and the integrity of certain characteristics of the brain’s 
architecture suggest that there may be a functional flip 
as the prefrontal cortex reaches maturity in adulthood. 
However, few studies have examined associations between 
CAN structures and HRV within narrowly-defined periods 
of neurodevelopment (i.e., 19–20 years-old) to constrain 
the influence of chronological age. A recent mega-analysis 
utilizing data from 20 research groups worldwide revealed 
a positive association between the left lateral OFC and 
HRV across the lifespan, but the study did not explicitly 
investigate the potential change in direction of association 
between cortical thickness and HRV from adolescence to 
adulthood (Koenig 2020). Therefore, replication of pre-
existing findings at these developmental milestones as 
well as additional research to illuminate the nebulous gap 
between adolescence and adulthood is critically needed.

Existing research linking cortical thickness in the CAN 
to parasympathetic function has also focused heavily on 
tonic HRV rather than phasic HRV. Phasic HRV, an index 
of parasympathetic reactivity, can be construed as the acute 
autonomic self-regulatory response as the body shifts from 
resting state to one of relative arousal elicited by internal 
or external stressors (Beauchaine et al. 2007, 2001; El-
Sheikh et al. 2011; Schwerdtfeger and Derakhshan 2010). 
The system copes with environmental demands through 
parasympathetically-directed vagal withdrawal, reflected 
by a decrease in HRV, which allows engagement of sym-
pathetic processes, indicated by an increase in heart rate 
(Beauchaine 2001). Although phasic HRV has been shown 
to both predict (Dworkin 1993, 2000; Salomon 2005) and be 
predicted by tonic HRV (Park et al. 2014), phasic HRV may 
have distinct predictive utility for understanding the risk for 
adverse health outcomes. For example, blunted phasic HRV 
has been concurrently associated with increased anxiety and 
depressive symptoms (Shinba et al. 2008), as well as current 
depression (Ehrenthal et al. 2010). Therefore, parasympa-
thetic regulation of heart rate during threat reactivity may be 
especially relevant in models that implicate brain structure 
and cardiovascular function as mechanisms of future disease 
risk (Thayer et al. 2010; Schiweck et al. 2019). Although 
tonic and phasic HRV are interrelated autonomic constructs 
(Park et al. 2014), each index has a distinct and important 
regulatory function: tonic HRV is a measure of self-regula-
tory capacity, whereas phasic HRV captures the body’s acute 

response to environmental stressors. Hence, future research 
should include both measures to provide a more nuanced 
characterization of adaptive parasympathetic regulation.

Based on the NIM (Thayer and Lane 2000), we sought 
to evaluate the association of cortical thickness and para-
sympathetic regulation during rest and acute social stress 
in a sample of young women. In the present study, par-
ticipants underwent an MRI scan and completed the Trier 
Social Stress Test (TSST; Kirschbaum et al. 1993), which 
is thought to reliably induce acute parasympathetic engage-
ment (Roos et al. 2017) and is contextually relevant for 
emerging young adults. If associations between cortical 
thickness and parasympathetic function in young adults rep-
licate results in adult samples, individuals with greater corti-
cal thickness in CAN regions (i.e., aMCC, subgenual ACC, 
pregenual ACC, OFC, anterior insula) should have higher 
tonic HRV and lower phasic HRV than those with thinner 
cortices. However, if associations between cortical thick-
ness and parasympathetic function in young adults replicate 
results in adolescent samples, individuals who have lower 
cortical thickness in CAN regions should have higher tonic 
HRV and lower phasic HRV. Although chronological age is 
often studied as a marker of neurodevelopmental change, 
pubertal maturation similarly shows associations indica-
tive of the maturation of brain structure (Herting and Sow-
ell 2017; Chahal et al. 2018). Therefore, pubertal timing, 
which has frequently been neglected in similar research, was 
included to more fully characterize the association between 
brain structure and parasympathetic function. Depression 
symptom severity was also included in analyses to control 
for the aggravating influence on parasympathetic regulation 
(Koenig et al. 2016, 2018b) and cortical structure (Li et al. 
2020; Suh et al. 2019). The present study is the first to exam-
ine the association between cortical thickness and parasym-
pathetic regulation during periods of both rest and stress in 
an emerging young adult population of women.

Method

Participants

Participants were 127 young women recruited during the 
ninth wave of the Pittsburgh Girls Study—Emotions sub-
study (PGS-E; Keenan et al. 2008). The PGS-E is a study of 
precursors to depression that includes 232 girls from the lon-
gitudinal Pittsburgh Girls Study (PGS; Hipwell et al. 2002; 
Keenan et al. 2010). PGS participants were initially recruited 
by oversampling low-income neighborhoods to identify girls 
between 5 and 8 years of age (N = 2451). Participants in 
the PGS-E included the youngest cohort of girls from the 
PGS, who were initially recruited at 5 years of age. At the 
time of the MRI scan for the present substudy, participants 
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had a mean age of 19.59 (SD = 0.49, range 19–20) and self-
identified race as follows: Black American (70.9%), White 
American (22.0%), and multi-racial (5.5%).

Procedure

Participants completed a structural MRI scan at the Mag-
netic Resonance Research Center at the University of 
Pittsburgh Medical Center. They also completed the TSST 
and study questionnaires either on the day of the scan or 
during a separate visit, determined by participant’s avail-
ability. The TSST is a standardized protocol that reliably 
induces autonomic arousal and moderate psychosocial stress 
(Kirschbaum et al. 1993). The protocol included continuous 
measurement of electrocardiography (ECG) and respiration 
during a 30-min resting baseline, 5-min speech preparation 
period, 5-min speech task, 5-min mental arithmetic task, and 
a 30-min recovery period. The stressor task was operational-
ized to include the speech and arithmetic periods as a single 
10-min block.

Measures

Heart rate variability (HRV)

During the TSST protocol, ECG was performed continu-
ously at 1024 Hz using a Mindware Bionex 2-slot ampli-
fier and Biolab acquisition software (Gahanna, OH). Beats 
were identified with an automatic scoring algorithm in 
Mindware HRV 3.1.4 and manually inspected for ectopic 
beats, arrhythmias, and signal artifacts. Ectopic beats and 
arrhythmias were corrected by interpolating preceding and 
successive beats (Fallen and Kamath 1995). Segments with 
arrhythmias or artifacts that obscured more than 50% of the 
epoch were omitted (Task Force of the European Society 
of Cardiology and the North American Society of Pacing 
and Electrophysiology 1996). HRV was indexed by the 
high-frequency band (i.e., 0.15–0.40 Hz) across each of 75, 
one-minute segments. High-frequency heart rate variability 
(HF-HRV) is a frequency-domain based measure of cardiac 
vagal activity that is also highly correlated with the root 
mean square of successive differences (RMSSD; Laborde 
et al. 2017). As a time-domain measure, RMSSD is rela-
tively independent of respiratory influences (Hill et al. 2009) 
and appropriate for derivation of HRV from brief recording 
intervals (Ellis et al. 2015). However, due to the focus on 
high-frequency bands, HF-HRV captures parasympathetic 
influences on HRV without including the noise of sympa-
thetic influences seen in lower frequency bands, as measured 
by RMSSD (Berntson et al. 2005). As a result, tonic HRV 
was represented by the average HF-HRV across the 30-min 
baseline period. Phasic HRV was indexed by the difference 

between average and peak change in HF-HRV during the 
10-min stressor period relative to the baseline period.

Image acquisition

High-resolution anatomical images were acquired 
using a T1-weighted, Magnetization Prepared Rapid 
Acquisition Gradient Echo (MPRAGE) sequence on 
a Siemens 3.0  T Tim Trio scanner (Siemens Medi-
cal Solutions, Erlangen, Germany) with the following 
parameters: TR = 2.3  s; TE = 2.98  ms; flip angle = 9°; 
160 slices; FOV = 256 × 240  mm; acquisition voxel 
size = 1.0 × 1.0 × 1.2 mm. The anatomical scan was acquired 
as part of a larger scan battery. Acquisition time for the 
T1-weighted image was 9 min 14 s.

Image processing

MR images were processed with FreeSurfer 5.3 (http://
surfe r.nmr.mgh.harva rd.edu/). We followed the standard 
FreeSurfer processing pipeline (i.e., recon-all) for cortical 
surface reconstruction. The automated processing pipeline 
consisted of motion correction, intensity normalization, 
skull stripping, transformation into Talairach space, tissue 
segmentation into white matter, gray matter and cerebrospi-
nal fluid (CSF), tessellation of the gray/white matter bound-
ary, topology correction, and surface deformation following 
intensity gradients to determine the gray/white and gray/
CSF borders based on where the greatest shift in intensity 
defines the transition to the other tissue class. Details of 
the processing pipeline are described in prior publications 
(Fischl et al. 2002; Dale et al. 1999; Dale and Sereno 1993) 
and on the FreeSurfer website. Cortical thickness (CT) was 
calculated as the closest distance from the gray/white bound-
ary to the gray/CSF boundary at each vertex on the tessel-
lated surface (Fischl and Dale 2000). All scans were visually 
inspected and rated for scan quality (1 = excellent, 2 = some 
minor problems, 3 = major problems) to rule out gross arti-
facts before inclusion in the FreeSurfer processing pipeline. 
Only scans with a quality rating of 1 or 2 were included. 
In addition, all FreeSurfer output was visually inspected to 
identify any gross processing mistakes.

Subsequent analyses were limited to five ROIs, separated 
by hemisphere, that have been implicated in parasympathetic 
regulation of heart rate: aMCC, pgACC, sgACC, OFC, and 
anterior insula. Gray matter volume primarily scales with 
surface area across development, whereas cortical thickness 
is much less dependent on global brain size (Malone et al. 
2015; Winkler et al. 2010). Therefore, cortical thickness was 
used for analyses to circumvent corrections for intracranial 
volume as well as to select a more stable measure of brain 
structure. ROIs were selected by matching MNI coordi-
nates from recent literature that used the Desikan-Killiany 

http://surfer.nmr.mgh.harvard.edu/
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atlas (Desikan et al. 2006) to the more recently parcellated 
Destrieux atlas (Destrieux et al. 2010). Based on peak coor-
dinates reported in recent work, the aMCC was represented 
by the “middle-anterior part of the cingulate gyrus and sul-
cus” (Destrieux index #7; Koenig et al. 2018a; Winkelmann 
et al. 2016; Yoo et al. 2018), the sgACC was represented 
by the “subcallosal area” (Destrieux index #32; van Ree-
kum et al. 2007), the pgACC was represented by “anterior 
part of the cingulate gyrus and sulcus” (Destrieux index #6; 
Thayer et al. 2012; Schiller et al. 2008), and the anterior 
insula was represented by “superior segment of the circu-
lar sulcus of the insula” (Destrieux index #49; Lane et al. 
2009) in the Destrieux atlas. The Destrieux atlas has a more 
finely parcellated set of ROIs that constitute the OFC than 
the Desikan-Killiany atlas; therefore, we used peak coordi-
nates from Wagner et al. (2008) and averaged the cortical 
thickness of the “orbital gyri” (Destrieux index #24) and 
“orbital sulci” (Destrieux index #64) to create a single ROI 
for analyses of OFC.

Pubertal Development Scale (PDS)

The PDS is an interview assessment of five participant-
reported physical indicators of pubertal status that can be 
used to classify pubertal development into five levels: pre-
pubertal, early pubertal, mid-pubertal, late pubertal, and 
post-pubertal. The PDS was administered during annual 
PGS assessments from 9–14 years of age. There is evi-
dence to suggest that both age and puberty independently 
predict cortical maturation across adolescence (Goddings 
et al. 2014; Herting and Sowell 2017). To adjust for poten-
tial differences in trajectories of prefrontal cortex develop-
ment from adolescence through early adulthood (Tamnes 
et al. 2017; Shaw et al. 2008; Chahal et al. 2018), the age 
at which participants first reached mid-puberty (Crockett 
stage 3; Petersen et al. 1988) was included as a covariate in 
analyses linking age 19 cortical thickness and HRV (Sisk 
and Zehr 2005).

Body mass index (BMI)

Height and weight were measured in participants at 
19 years of age and used to calculate BMI. Several neu-
roimaging studies have found evidence that BMI is asso-
ciated with localized abnormalities in gray matter (i.e., 
reduced volume or increased cortical thinning) in fron-
tal regions during adolescence (Alosco et al. 2014) and 
adulthood (Raji et al. 2010; Marqués-Iturria et al. 2013), 
and also inversely associated with HRV at rest (Williams 
et al. 2017). Based on this converging evidence across 
neurodevelopment and the link to parasympathetic regula-
tion, BMI was included as a covariate in analyses between 

parasympathetic function and brain structure to account 
for the likely unique influence of body mass.

Center for Epidemiological Studies Depression Scale 
(CES‑D)

The CES-D is a 20-item self-report scale that measures 
the frequency of depressive symptoms over the past week. 
Each question is rated on a scale ranging from 0 (rarely 
or none of the time, < 1 day) to 3 (most or all of the time, 
5–7 days). Scores 16 or above indicate a probable depres-
sive disorder (Lewinsohn et al. 1997; Radloff 1977). The 
CES-D scale is considered a reliable and valid psychomet-
ric measure of depressive symptom severity (Cosco et al. 
2017), and was found to have high internal consistency in 
the present study (α = 0.90).

Statistical analyses

Descriptive analyses

All analyses were conducted in RStudio version 1.1.383 
for Mac OS X. Central tendency, distribution, and outli-
ers were examined for all variables prior to hypothesis 
tests. Variables with skewed data (i.e., HF-HRV) were 
log transformed. Seven participants (5.5%) were excluded 
from analyses due to > 50% unusable/missing segments 
during the stressor period. Bivariate correlations were 
estimated for all predictor and outcome variables. Grand 
average graphs were created for HRV during the baseline, 
stressor, and recovery periods and examined to determine 
the most appropriate means of operationalizing stress reac-
tivity. Multiple imputation was used to estimate values 
for partially incomplete questionnaire data on the CES-D 
using predictive mean matching (PMM) within the RStu-
dio package ‘mice.’ Remaining missing data for BMI (24 
participants), PDS (two participants), and CES-D scores 
(10 participants) were treated with case-wise deletion dur-
ing analyses, resulting in a final sample of 80 for analyses.

Consistent with previous HRV studies, we first calcu-
lated average stress reactivity by subtracting the mean 
HRV during the stressor period from the mean tonic HRV 
during the baseline period (Hamilton and Alloy 2016). 
Since we observed a pattern of rapid decline and recovery 
in the grand average graph of HRV during the stressor 
period (see Fig. 1), we calculated a second measure of 
stress reactivity by subtracting the lowest segment of 
HRV during the stressor period from mean HRV during 
the baseline period for each participant. This method cap-
tures the magnitude of peak stress reactivity during the 
stressor task.
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Primary analyses

Ten regression models were performed in RStudio to evalu-
ate the magnitude and direction of the association between 
cortical thickness and the five CAN regions with HF-HRV 
during rest and stress. Cortical thickness in each ROI, sepa-
rated by brain hemisphere, was entered as a predictor of 
mean HF-HRV during the 30-min baseline period (i.e., rest), 
and mean and peak HF-HRV during the stressor relative to 
mean HF-HRV during rest (i.e., stress reactivity). PDS, BMI, 
CES-D scores, and racial identity were included as covari-
ates in the analyses. We employed a correction for multiple 
comparisons using false discovery rate (FDR) for our two 
primary hypotheses in which cortical thickness would be 
significantly associated with HRV during periods of rest 
and stress (Benjamini and Hochberg 1995). FDR applies a 
correction for the number of unique hypotheses tested and 
is considered an appropriate method for hypothesis testing 
that avoids overcorrection for the probability of false posi-
tives. Results are also presented without FDR correction in 
light of inconsistent findings between similar studies, as well 
as differences between studies in method of correcting for 
multiple comparisons and the inclusion of relevant covari-
ates (Koenig et al. 2018a, b; Yoo et al. 2018; Winkelmann 
et al. 2016). Sensitivity analyses were conducted to meas-
ure the robustness of significant findings by detecting HRV 
and cortical thickness outliers, and determining the extent 
of their influence on the association between CAN regions 
and HRV. Outliers were identified as values exceeding two 
standard deviations from the mean. Analyses were also con-
ducted using RMSSD and chronotropic state (CS)-adjusted 
RMSSD (i.e., controlling for heart period; de Geus et al. 
2019; Monfredi et al. 2014) as time-domain measures of 

parasympathetic activity, so that we could thoroughly evalu-
ate whether the metric for HRV varies as a function of the 
measure (i.e., RMSSD, CS-adjusted RMSSD, or HF-HRV).

Results

Descriptive statistics

Mean log-transformed HF-HRV was 6.22 (SD = 1.71) dur-
ing the resting baseline and 6.05 (SD = 1.39) during the 
stressor period (see Fig. 1). The mean HF-HRV for log-
transformed peak stress reactivity (difference between base-
line and lowest point in HF-HRV during the stressor) was 
1.39 (SD = 1.25).

The mean age for reaching mid-puberty was 9.77 
(SD = 0.99). Pubertal timing did not predict cortical thick-
ness or HRV during times of rest or stress. Mean BMI 
was 27.86 (SD = 6.76), indicating that participants were 
overweight on average. BMI independently predicted 
cortical thickness in the right hemisphere of the aMCC 
(R2 = .172, p = .008), pgACC (R2 = .075, p = .039), and 
anterior insula (R2 = .092, p = .007; Medic et al. 2016), 
but not tonic or phasic HRV. The overall mean CES-D 
score was 14.28 (SD = 9.09), and 34.19% of participants 
(N = 117) met the diagnostic cutoff for probable depres-
sion. CES-D scores did not predict cortical thickness, 
tonic HRV or stress reactivity, and did not account for 
substantial variance in regression analyses. Racial iden-
tity was significantly associated with cortical thickness 
in the left aMCC (R2 = .030, p = .042), as well as the left 
(R2 = .026, p = .035) and right insula (R2 = .105, p = .004). 
When controlling for PDS, BMI, and CES-D scores, racial 

Fig. 1  Grand average graph 
showing mean HF-HRV during 
the TSST (N = 127), with the 
stressor period highlighted. 
The four sections of the TSST 
were operationalized by time 
(minute), such that the baseline 
period contained segments 
1–30, preparation period con-
tained segments 31–35, stressor 
period contained segments 
36–45, and recovery period 
contained segments 46–75. HF-
HRV High-frequency heart rate 
variability. TSST Trier Social 
Stress Test
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identity did not significantly predict tonic HRV, average 
or peak stress reactivity, nor did the covariate explain a 
significant amount of variance in the regression models.

Regression of HF‑HRV during rest and stress 
on cortical thickness in the CAN

Table 1 presents the results of regression analyses of HF-
HRV on cortical thickness during rest and social stress. 
Cortical thickness in CAN regions was not linearly asso-
ciated with tonic HRV or average phasic HRV.

The right pgACC was positively associated with peak 
stress reactivity such that greater cortical thickness in 
the right pgACC was associated with increased parasym-
pathetic withdrawal during the stressor task, R2 = .119, 
uncorrected p = .005. The right pgACC was still signifi-
cantly associated with peak HRV reactivity following 
FDR correction (p = .009), but not following sensitivity 
analyses in which ten outliers were removed (p = .20). 
Associations between peak HRV reactivity and cortical 
thickness in all other CAN regions were not significant.

There were not substantial differences in findings 
across tonic HRV, average stress reactivity, and peak 
stress reactivity when using RMSSD or CS-adjusted 
RMSSD in place of HF-HRV. Consistent with primary 
analyses, CS-adjusted RMSSD analyses revealed a sig-
nificant association in the right pgACC during peak stress 
reactivity (R2 = .079, p = .039), which was no longer sig-
nificant following FDR correction for multiple compari-
sons (p = .078). RMSSD analyses also replicated the sig-
nificant association between peak stress reactivity and 
the right pgACC (R2 = .088, p = .027), but did not survive 
further FDR correction (p = .054).

Discussion

The present study evaluated the relation between cortical 
thickness in CAN regions and HRV during periods of rest 
and stress in young adult women. In contrast with recent 
literature in adults and adolescents of mixed gender (Wood-
ward et al. 2008; Winkelmann et al. 2016; Yoo et al. 2018; 
Koenig et al. 2018a), we did not find a relation between tonic 
HRV and prefrontal cortical thickness in the aMCC, pgACC, 
sgACC, OFC, or anterior insula. However, we found a sig-
nificant positive relationship between HRV reactivity during 
social stress and cortical thickness in the right pgACC. Indi-
viduals with relatively thicker right pgACC cortices tended 
to experience greater reactivity in parasympathetic function 
during the stressor task. Given that the significant associa-
tion was established only in the models investigating peak 
stress reactivity and did not survive sensitivity analyses, this 
association should be interpreted with caution. However, 
previous studies (Yoo et al. 2018; Winkelmann et al. 2016; 
Koenig et al. 2018a, b) reported small to moderate effect 
sizes in analyses linking cortical thickness to tonic HRV 
(R2 = .049–.397), which is consistent with the small effect 
size (R2 = .119) in the present study for HF-HRV peak reac-
tivity. Peak stress reactivity may be a more sensitive measure 
of parasympathetic regulation than average HRV during the 
stressor period given the relatively swift HRV recovery in 
this sample. However, associations with peak HRV reactivity 
may also be less reliable than associations with mean HRV 
response across multiple epochs.

Associations between pgACC and HRV are among the 
most replicated findings for studies that focus on para-
sympathetic regulation and brain structure (Koenig et al. 
2018a; Yoo et al. 2018; Thayer et al. 2012). Furthermore, 
the observed unilateral association with the right pgACC, 
rather than left pgACC, is consistent with both the pur-
ported right-sided preference of neural structures in the 
autonomic innervation of the heart via the sinoatrial node 

Table 1  Regression results with 
cortical thickness as a predictor 
of tonic HF-HRV, average 
HF-HRV during social stress, 
and peak HF-HRV during social 
stress

FDR adjusted, two-tailed
HF-HRV High-frequency heart rate variability, aMCC Anterior midcingulate cortex, pgACC  Pregenual 
anterior cingulate cortex, sgACC  Subgenual anterior cingulate cortex, Insula Anterior insula, OFC Orbito-
frontal cortex

ROI Tonic HF-HRV Average HF-HRV Peak HF-HRV

Left Right Left Right Left Right

R2 p R2 p R2 p R2 p R2 p R2 p

aMCC .056 1 .056 1 .034 1 .049 .70 .018 1 .033 .52
pgACC .058 1 .066 .72 .047 .66 .067 .23 .044 .29 .119 .009
sgACC .073 .50 .055 1 .047 1 .057 .39 .018 1 .040 .36
Insula .063 .86 .075 .42 .050 .53 .049 .58 .019 1 .018 1
OFC .063 .86 .059 1 .047 .67 .047 .66 .044 .30 .029 .66
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(Lane et al. 2009; Chuang et al. 2004; Ahern et al. 2001), 
as well as similar papers investigating autonomic regula-
tion (Winkelmann et al. 2016). Because the pgACC plays 
an essential role in the integration and regulation of affec-
tive information, disruptions to the structure’s norma-
tive maturation (e.g., altered cortical thinning) may have 
downstream effects on vagal activity during  stressors. 
Increased activation of the pgACC during emotion conflict 
resolution has been closely tied to inhibition of amygda-
lar response (Etkin et al. 2011, 2006). As this top–down 
circuit becomes disinhibited, there may then be prolonged 
and exaggerated stress responses due to the subsequent 
parasympathetic withdrawal. Over time, this dispropor-
tionate reactivity may lead to adverse health outcomes.

Previous research by Koenig et  al. (2018a, b) has 
twice supported a negative association between the cor-
tical thickness of prefrontal regions and tonic HRV in 
adolescents, whereas findings from adult samples have 
repeatedly yielded a positive relation (Woodward et al. 
2008; Winkelmann et al. 2016; Yoo et al. 2018). Given 
the negative association of cortical thickness with tonic 
HRV in adolescents (Koenig et al. 2018a, b), but not in 
adults (Winkelmann et al. 2016; Yoo et al. 2018), and the 
negative association of right pgACC cortical thickness 
and peak HRV reactivity in young adult women in this 
study, there may be a developmental shift in the relation 
between parasympathetic regulation and cortical thick-
ness as the brain continues to mature. However, the flip in 
the relation between CAN structures and parasympathetic 
relationship may occur later in young adult men, due to 
known developmental differences in the trajectories of 
autonomic function and cortical thinning (Koenig 2020). 
Additional research on sex differences has suggested that 
girls and female adolescents may have a disproportionately 
high risk for developing psychopathology due to lower 
tonic HRV (Koenig et al. 2017). While girls and female 
adolescents are reported to have lower parasympathetic 
activity than boys, a meta-analysis by Koenig and Thayer 
(2016) revealed that women have comparatively greater 
vagal activity than men, suggesting a shift in this modula-
tion process with maturation. Interestingly, the increase 
in vagal dominance from adolescence into adulthood for 
women may protect against various somatic health con-
cerns, such as cardiovascular disease. Since the mean age 
of the present study’s sample is developmentally between 
adolescence and adulthood (Tamnes et al. 2017; Shaw 
et al. 2008), the cross-sectional findings serve to further 
delineate developmental trends in this relation in the CAN. 
Because cortical architecture is being shaped across ado-
lescence and into early adulthood (Mills et al. 2012; Vijay-
akumar et al. 2016), research should similarly focus on the 
association between cortical thinning and parasympathetic 
regulation across these developmental periods. Results of 

the present study offer another component for understand-
ing the broader developmental picture.

Based on the effect sizes in the present study and other 
research, the NIM may be an incomplete conceptualization 
of the neurobiological integration between the brain and 
heart. Previous literature has inconsistencies in the specific 
CAN regions that have been associated with tonic HRV 
(Koenig et al. 2018a, b; Yoo et al. 2018; Winkelmann et al. 
2016). Additionally, there is a dearth of research investigat-
ing the relationship between brain structure and stress reac-
tivity, especially among emerging young adults, so interpre-
tations of the results from the present study may be limited. 
Furthermore, studies that have focused on cortical thickness 
typically do not integrate the potential influences of sub-
cortical components (i.e., amygdala) on parasympathetic 
regulation (Thayer and Lane 2009). There also exists the 
possibility that anatomical parcellation of CAN structures 
is too broad, and thus not an adequately precise representa-
tion of regional differences. Although a neurodevelopmental 
shift in associations between brain structure and autonomic 
function between adolescence and adulthood is one potential 
explanation of the study results, an alternative interpreta-
tion is that the differences in results reflect publication bias 
for selective findings. In support of this interpretation, the 
mega-analysis by Koenig et al. (2020) found that the rela-
tionship between CAN regions and resting state parasym-
pathetic function may have been overestimated due to type 
1 errors. After correction for multiple comparisons, HRV 
was only associated cortical thickness in the left lateral OFC 
(BF = 5.22, p = .015; Koenig et al. 2020).

There are several merits to the present study, including 
the racial and socioeconomic diversity of the sample, the 
narrow age range of the sample, robust sample size, rigor in 
analyses, as well as the investigation of HRV during times 
of both rest and stress. The present study had a much larger 
sample size than comparable studies relating parasympa-
thetic function to brain structure (N range = 20–90; Koenig 
et al. 2018a, b; Yoo et al. 2018; Winkelmann et al. 2016), 
which provides more confidence that the findings are repre-
sentative of emerging young adults. As compared to similar 
research, analyses conducted in this study were character-
ized by a more conservative approach, where potential fac-
tors (i.e., BMI, pubertal timing, and depressive symptom 
severity) that alter cortical development in frontal regions 
were controlled. Although the study focused on HF-HRV 
as a metric for HRV due to inclusion in previous studies 
(Winkelman et al. 2016; Koenig et al. 2018b), effect sizes 
for RMSSD and CS-adjusted RMSSD were remarkably 
consistent (R2 = .079–.088) and further replicated the sig-
nificant finding in the right pgACC during peak stress reac-
tivity. The racial and socioeconomic diversity in the sample 
extends generalizability of the findings beyond previous 
samples, which are characterized by a predominantly white 
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and higher socioeconomic status composition. Given that 
the study sample was entirely 19-year-old females, there 
is higher internal validity and experimental control when 
investigating the relationship between cortical thickness and 
autonomic reactivity. Because adolescent girls have a sig-
nificantly disproportionate risk for developing many forms 
of psychopathology than boys (Ge et al. 2001), this study is 
a valuable addition to the growing literature investigating 
the neurophysiological biomarkers of adverse mental health 
outcomes. Consistent with Laborde et al. (2017) recommen-
dations, we also examined both tonic and phasic HRV to 
provide a more comprehensive and rigorous narrative of the 
relations between autonomic regulation and neural structure 
than found in previous research.

An important limitation to consider while interpreting 
these results is the cross-sectional design. Consequently, 
causal claims regarding the relation between parasympa-
thetic regulation and cortical thickness of the CAN cannot 
be drawn from this study. Longitudinal studies are essential 
to disentangle the effects of stressors from the within-indi-
vidual variability in cortical thickness expected during typi-
cal neurodevelopment. Longitudinal designs can also aim to 
address the underlying neural mechanisms that accelerate or 
decelerate cortical thinning across adolescence. Addition-
ally, the homogenous gender and age composition of the 
study does not allow for generalization to other populations. 
Future studies could address this concern of limited gen-
eralizability with a more balanced demographic distribu-
tion. This research could then more precisely evaluate the 
influence of developmental trajectories across genders, ages, 
and sociodemographic characteristics. These studies could 
also compare various measures of stress reactivity to tonic 
HRV to determine their relative utility in predicting health 
outcomes.

Extending previous literature, the current study found 
modest support for a neurodevelopmentally distinct under-
standing of the relation between autonomic regulation and 
cortical thickness in a region of the CAN. In this diverse 
sample of emerging young adult women, there was partial 
support for a positive association between cortical thick-
ness in right pgACC and parasympathetic response to social 
stress, but this association was only present with peak HRV 
reactivity prior to correction for multiple comparisons and 
sensitivity analyses. Differences in results between previ-
ous studies of adolescents versus adults, combined with the 
limited support for associations between cortical thickness 
in CAN regions and HRV in previous literature hints that 
neuromaturation may alter the nature of the relation between 
brain structure and parasympathetic functioning across ado-
lescence into adulthood. Future work should test the bidirec-
tional relation between top–down control of autonomic func-
tion by the prefrontal cortex and bottom-up regulation of 
vagal activity by the heart to better predict who will develop 

adverse health outcomes. Furthermore, characterizing pro-
cesses related to neural regulation of the heart during rest 
and acute stress reactivity may help identify mechanisms of 
disruption in stress response systems across development.
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