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Abstract

Previous research has shown associations between brain structure and resting state high-frequency
heart rate variability (HF-HRV). Age affects both brain structure and HF-HRV. Therefore we sought to
examine the relationship between brain structure and HF-HRV as a function of age. Data from two
independent studies were used for the present analysis. Study 1 included 19 older adults (10 male,
age range 62-78 years) and 19 younger adults (12 male, age range 19-37). Study 2 included 23 older
adults (13 males; age range 55-75) and 27 younger adults (19 males; age range 18-34). The root-
mean-square of successive R-R-interval differences (RMSSD) from ECG recordings was used as time-
domain measure of HF-HRV. MRI scans were performed on a 3.0-T Siemens Magnetom Trio scanner.
Cortical reconstruction and volumetric segmentation were performed with the Freesurfer image
analysis suite, including 12 regions as regions-of-interests (ROI). Zero-order and partial correlations
were used to assess the correlation of RMSSD with cortical thickness in selected ROls. Lateral
orbitofrontal cortex (OFC) cortical thickness was significantly associated with RMSSD. Further, both
studies, in line with previous research, showed correlations between RMSSD and anterior cingulate
cortex (ACC) cortical thickness. Meta-analysis on adjusted correlation coefficients from individual
studies confirmed an association of RMSSD with the left rostral ACC and the left lateral OFC. Future
longitudinal studies are necessary to trace individual trajectories in the association of HRV and brain

structure across aging.
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Introduction

The French physiologist Claude Bernard was the first to describe an intimate connection between the
brain and the heart via the vagus nerve. His idea that the vagus serves as a structural and functional
bidirectional link between the brain and the heart is now widely accepted (Thayer and Lane 2009).
Parasympathetic modulation of the heart rate by the vagus is fast (timescale on the order of
milliseconds) while sympathetic effects are much slower (Levy 1997). The resulting high-frequency
heart rate variability (HF-HRV) and time-domain measures reflecting these fast changes (e.g., the
time-domain root-mean-square of successive R-R-interval differences, RMSSD measure) provide a
readily available, surrogate measure of cardiac vagal activity (Task Force of the European Society of

Cardiology and the North American Society of Pacing and Electrophysiology 1996; Kuo et al. 2005).

Chronic reductions in vagal activity indexed by HRV are associated with poor physiological,
emotional, cognitive, behavioral regulation and self-rated heath (Alvares et al. 2013; Beauchaine and
Thayer 2015; Jarczok et al. 2015; Thayer and Lane 2000; Thayer et al. 2012; Thayer et al. 20093;
Thayer and Lane 2009), as well as psychopathology (Kemp et al. 2010; Koenig et al. 2015, 2016;
Clamor et al. 2016). Functional neuroimaging studies and human lesion studies have shown several
brain regions and networks involved in the neural control of HRV (Thayer et al. 2012). However,
previously only two studies investigated the structural brain correlates of HRV. Winkelmann et al.
(Winkelmann et al. 2016) studied 30 young participants (mean age = 22.53+3.89 years, 8 female) and
found a significant correlation of resting state HF-HRV with the thickness of a cluster located within
the cingulate cortex (CC). This area has been identified as the one most related to HRV in functional
studies (Thayer et al. 2012). In addition, the thickness of several other frontal regions in the right
hemisphere and the caudal anterior CC (ACC) were associated with HRV. Refining their analyses, the
authors were able to localize the area of highest association with HRV to the anterior midcingulate
cortex (MCC) and the rostral dorsal cingulate cortex (DCC). The other study (Woodward et al. 2008)
found vagally mediated HRV positively associated with right but not left ACC volume in older (mean
age = 49 years) combat veterans using a large region of interest (ROI) analysis of manually traced ACC

volumes.

Importantly, HRV decreases with age (O’Brien et al. 1986; Zhang 2007). For example, research has
shown that the root-mean-square of successive R-R-interval differences (RMSSD), a time-domain
measure of HF-HRV, declines approximately 3.6 milliseconds per decade (Antelmi et al. 2004).
Similarly, there are substantial structural brain changes in aging (Peters 2006; Fjell et al. 2009; Fjell
and Walhovd 2010). Interestingly, the more ventral regions of the brain including the ventromedial

PFC and the anterior CC appear to be relatively preserved with age whereas more dorsal, lateral, and



superior regions show greater decline in thickness with age (Fjell and Walhovd 2010; Mather 2016).
Age-related differences in the cortical control of HRV have previously been investigated. A
pharmacological blockade study found that adults aged 39-65 showed less inhibitory control of heart
rate by the frontal cortex than younger subjects (13-27, and 28-38 years) (Thayer et al. 2009b).
Therefore the systematic investigation of the effects of age on the relationship between cortical
thickness and HRV is needed. Here we aimed to assess brain structural concomitants of HRV in two
independent samples, investigating the effect of age on the association of cortical thickness and HRV.
In addition, we also performed a meta-analysis of the results of these two samples to increase the

reliability and aid the interpretation of the findings.

Materials and Methods Study 1

Procedures and Participants

The main results from Study 1 have been reported elsewhere (Sakaki et al. 2013), as have
correlations between HRV and functional connectivity in BOLD fMRI activation (Sakaki et al., 2016).
Participants included 21 older adults (10 males; age range = 61-78) and 20 younger adults (12 males;
age range = 19-37). Prospective participants were screened and excluded for any medical,
neurological, or psychiatric illness. Older adults were further screened for their cognitive function
using a telephone protocol (Gatz et al., 1995) which includes 21 questions on cognitive function, such
as short-term memory, general knowledge (e.g., current U.S. president), and attention (e.g., counting
back by 3’s from 20). Data from one participant were excluded: one older adult who was considered
neurologically abnormal by a neuroradiologist who reviewed all structural scans for incidental
findings. In addition, one older and one younger adult were removed as their HRV measures were
identified as outliers. The remaining participants included 19 older adults (10 male, age range=62-78
years) and 19 younger adults (9 male, age range 19-37 years). There were no statistical differences
between groups in terms of intellectual level (Megucation: YA = 15.06 vs. OA = 15.21 years; Mwechsler Test of
Adult Reading: YA = 42.56 / 50 vs. OA= 43.16 / 50). They provided written informed consent approved by

the University of Southern California Institutional Review Board and were paid for their participation.

Recording of Heart Rate Variability

The experimenters attached electrodes to monitor participants’ heart rates. Participants lay quietly
during a pre-scan period (3 minutes), which provided a baseline measure of HRV. The
electrocardiogram (ECG) was obtained by a BIOPAC MP150 data acquisition system at the University
of Southern California Dana and David Dornsife Neuroimaging Center. A LEAD108 setup with EL508
MRI-compatible/radio translucent electrodes was used for recording. The raw signal was 0.05-35 Hz

bandpass filtered and amplified using an ECG100C amplifier. The signal was continuously digitized at



a sampling rate of 4,000 Hz. The recorded data were analyzed with Acgknowledge software (BIOPAC
Systems Inc., USA) for noise reduction. Because the ECG was recorded in the MRI scanning setting,
noise signal from the scanner can affect the ECG signal. Noise removal was performed through three
steps. First, a comb band stop was applied to filter out the noise frequency from the scanner. In the
next step, independent component analysis (ICA) was performed to separate the ECG signal,
respiration and scanner signal. The last step was the application of a template-correlation function.
The template functions performed a mathematical operation of the template waveform on the
waveform to be compared, move one sample forward, and repeat the multiplication. The resulting
data points replace the waveform to be correlated. HRV calculations were performed on the

corrected data using Kubios version 2.2 (Tarvainen et al. 2014).

Inter-beat-intervals (RR intervals) were derived from the ECG signal, checked for artifacts, and
corrected. The time domain analyses led to estimates of the root mean square successive differences
(RMSSD in ms). We used RMSSD as an index of individual HRV. RMSSD is considered a reliable
measure of vagal parasympathetic activity (Task Force of the European Society of Cardiology and the
North American Society of Pacing and Electrophysiology 1996), highly related to high-frequency (HF)
power, and was used for the present analysis. In Study 1, RMSSD and HF-power were highly

correlated (r =.890, p <.0001).

Assessment of Cortical Thickness

MRI scanning was performed on a 3.0-T Siemens MAGNETOM Trio scanner with a 12-channel matrix
head coil at the University of Southern California Dana and David Dornsife Neuroimaging Center.
Each participant’ T1 structural image was preprocessed using FMRIB's Software Library (FSL;
http://www.fmrib.ox.ac.uk/fsl), which includes skull stripping with BET. Cortical reconstruction and
volumetric segmentation were performed with the Freesurfer image analysis suite version 5.2
(http://surfer.nmr.mgh.harvard.edu/). This method uses both intensity and continuity information
from the entire three dimensional MR volume in segmentation and deformation procedures to
produce representations of cortical thickness, calculated as the closest distance from the gray/white
boundary to the gray/CSF boundary at each vertex on the tessellated surface (Fischl and Dale 2000).
The technical details of these procedures are described in prior publications (Dale and Sereno 1993;
Fischl et al. 1999b; Dale et al. 1999; Fischl et al. 1999a; Fischl et al. 2001; Fischl et al. 2002; Fischl et
al. 2004a; Fischl et al. 2004b; Ségonne et al. 2004; Jovicich et al. 2006; Han et al. 2006).

Based on prior findings (Winkelmann et al., 2016) and our hypothesis, we focused on the ACC, insula,

and PFC in this study. Twelve regions were included (for each hemisphere) as our regions-of-interests


http://surfer.nmr.mgh.harvard.edu/

(ROIs). These included two sub regions for ACC (caudal and rostral ACC), 9 sub regions for PFC (caudal
middle frontal gyrus (MFG), rostral MFG, lateral OFC, medial OFC, superior frontal gyrus, pars
opercularis, pars orbitalis, pars triangularis, and frontal pole), and insula. Thus, the cortical
thicknesses of a total of 24 sub regions were estimated for both studies (12 in the right hemisphere

and 12 in the left).

Materials and Methods Study 2

Procedures and Participants

The main fMRI findings from Study 2 are in preparation and will not be covered in this paper.
Participants included 28 older adults (16 males; age range = 55-75) and 35 younger adults (21 males;
age range = 18-34). All participants had normal or corrected-to-normal vision and hearing, and self
reported no history of chronic illness or cognitive impairment. Data from 13 participants were
excluded: 5 older adults and 6 younger adults due to failure to extract heart rate from noisy ECG and
2 younger adults who did not provide the scan on the session day. The remaining participants
included 23 older adults (12 males; age range = 55-75) and 27 younger adults (17 males; age range =
18-34). There were no statistical differences between groups in terms of intellectual level (Meducation:
YA = 16.30 vs. OA = 16.00 years; Mwechsler Test of Adult Reading: YA = 43.96 / 50 vs. OA = 40.68 / 50). They
provided written informed consent approved by the University of Southern California Institutional

Review Board and were paid for their participation.

Recording of Heart Rate Variability

HRV was recorded and processed as described in Study 1, but the signal was digitized at a sampling
rate of 10,000 Hz. In this study, participants performed 6 runs of task during scanning (about 30
minutes) which were then averaged to produce each participant’s HRV. The 6 runs of task were a
fear-conditioning task and five runs of a spatial detection task. In Study 2, RMSSD and HF-power were

correlated in the entire sample (r = .508, p <.0001).

Assessment of Cortical Thickness

Neuroimaging data was assessed with the same scanner at the University of Southern California Dana
& David Dornsife Cognitive Neuroscience Imaging Center, and procedures described in Study 1. In
Study 2, a 32-channel matrix head coil was used. Analyses were again performed with the Freesurfer

image analysis suite version 5.2 as described in Study 1.

Statistical Analysis (Study 1 and 2)



Data from both studies were handled independently. Differences between participants of younger
and older age on age, mean RR, and RMSSD were analyzed using t-tests for independent samples.
First, zero-order Pearson correlations were calculated to investigate the relationship between resting
HRV and cortical thickness in the left and right hemisphere for all 24 ROls. Zero-order correlations
were calculated each for the entire samples and the young/old samples separately. Second, partial
correlations adjusting for age were calculated. Third, as adjustment of cortical thickness measures for
global thickness is not universally recommended (FS Wiki 2016), partial correlations adjusted for
cortical thickness in non-ROI regions in line with the approach presented by Harms et al. (2010) were
calculated. Finally, we conducted fixed-effect meta-analysis on zero-order correlation coefficients
and partial correlation coefficients adjusted for age, non-ROI cortical thickness, as well as non-ROI
cortical thickness and age to investigate the correlation of RMSSD with cortical thickness in selected
ROIs across studies. Pearson correlations were used as effect sizes in a meta-analysis to obtain a
weighted mean correlation and its 95% confidence intervals. Fixed effect meta-analysis of
correlations based either on Fisher’s z transformation of correlations or direct combination of
correlations (see Cooper et al., 2009). Individual effect sizes were weighted by the inverse of their
variance. The meta-analysis of correlation coefficients was performed in R (R Development Core
Team, 2013) with the Meta package (Schwarzer, 2007), which implements the DerSimonian—Laird
method to estimate the between-study variance (DerSimonian & Laird, 1986). All tests were two-
tailed and were analyzed using a set level of significance of p < .05. All statistical tests were

conducted using SPSS (ver. 22, IBM Chicago, IL, USA).

Results Study 1

Table 1 shows the mean and standard deviation of age, RR, and RMSSD according to age group by
study. Descriptive data on cortical thickness by age group are provided in the Supplementary
Material Table S-1. In Study 1 groups significantly differed on age (tzs= 25.58, p < .001), mean RR
(tzey= 2.53, p = .02) and RMSSD (tz6 = -2.80, p < .01). Correlation coefficients of cortical thickness
across the entire cortical mantle with age, mean RR and RMSSD from Study 1 are provided in the
Supplementary Material Table S-3. A summary of results from zero-order correlations in Study 1 is

given in Table 2. Zero-order correlations in the entire sample revealed a significant correlation of
RMSSD with the lateral OFC in the left (riz) = .324, p = .047) and right hemisphere (rze) = .335, p =

.040). Findings are illustrated in Figure 1. Cortical thickness of the lateral OFC in the right hemisphere
was correlated with RMSSD in the old (r7 = .585, p = .008) but not the young sub-sample (ri7) = -
.024, p = .922). Besides the lateral OFC, analyses showed significant association of RMSSD with

thickness of the pars orbitalis in the right hemisphere in the old sample (r17 = .517, p =.023) and the



rostral ACC in the right hemisphere showed a trend towards significance in the young sample (rjz) =
451, p = .053; Table 2). No further associations were found for the left hemisphere (Table 2). A
summary of results from partial correlations adjusting for age and non-ROI thickness are given in the
Supplementary Material Table S-4 and Table S-6. Zero-order correlations showed no significant
positive correlation of RR with cortical thickness. Only caudal ACC in the left hemisphere showed a
significant negative correlation with mean RR (ru7) = -.349, p = .032; Supplementary Material Table S-

8).

> Insert Table 1 <
> Insert Table 2 <

> Insert Figure 1 <

Results Study 2

In Study 2, groups significantly differed on age (ts) = 29.96, p <.001), and RMSSD (tus = -2.82, p <.01)
but not mean RR (tus) = -0.38, p =.71; Table 1). Descriptive data on cortical thickness by age group
are provided in the Supplementary Material Table S-2. A summary of results from zero-order
correlations in Study 2 is given in Table 3. Correlation coefficients of cortical thickness across the
entire cortical mantle with age, mean RR and RMSSD from Study 1 are provided in the
Supplementary Material Table S-3. Similar to findings from Study 1, zero-order correlations in the
entire sample revealed a significant correlation of RMSSD with cortical thickness of the lateral OFC in
the left (rus) = .303, p = .032) but not the right hemisphere (rus) = .134, p = .355). In the left
hemisphere, the entire sample showed further correlations of RMSSD and cortical thickness of the
caudal ACC (rus) = .337, p =.017), the rostral ACC (rs = .409, p =.003), the caudal MFG (ras = .361, p
=.010), the pars opercularis (ras = .370, p = .008), the pars triangularis (rus) = .326, p = .021), the
superior frontal gyrus (rus) = .332, p = .019), and the insula (rus = .294, p = .038). In the right
hemisphere, analyses revealed significant correlations of RMSSD with thickness of the caudal MFG
(rus) = .318, p =.024), the pars opercularis (ruas) = .304, p =.032), the pars triangularis (rus = .328, p =
.020), the superior frontal G. (ruas) = .294, p =.038), and the insula (rus) = .322, p =.023). Findings are
illustrated in Figure 1. The old and young sub-sample showed no significant correlations. A summary
of results from partial correlations adjusting for age and non-ROI thickness are given in the
Supplementary Material Table S-5 and Table S-7. Zero-order correlations showed no significant
correlation of RR with cortical thickness (results provided in the Supplementary Material Table S-9).

> Insert Table 3 <

Meta-Analyses



Meta-analysis across Study 1 and Study 2 using zero-order correlation coefficients, indicated
correlations of RMSSD with cortical thickness across different ROIs in the left hemisphere, including
the caudal (r =.222, p =.041) and rostral ACC (r = .315, p =.003), the caudal MFG (r = .306, p =.004),
the lateral OFC (r = .312 p =.004), the pars opercularis (r=.235, p =.030), the superior frontal gyrus
(r =.270, p = .012) and the insula (r = .271, p = .012). Within the right hemisphere meta-analysis
showed a significant correlation of RMSSD with cortical thickness of the caudal MFG (r = .234, p =
.031), the rostral MFG (r =.222, p =.041), the lateral OFC (r = .222 p =.041), the pars opercularis (r =
.280, p =.009), the pars orbitalis (r = .221, p = .042), pars triangularis (r = .268, p = .013), superior
frontal g. (r = .215, p =.048), and the insula (r = .230, p = .034) across studies. Meta-analysis across
Study 1 and Study 2 using partial correlation coefficients adjusted for age showed no significant
correlations. Meta-analysis using partial correlation coefficients adjusted for non-ROI thickness
showed significant correlations of RMSSD and cortical thickness of the rostral ACC (r = .247, p =.024)
and the lateral OFC in the left hemisphere showed a trend towards significance (r = .211, p = .055;
Table 4). A further full adjusted meta-analysis using partial correlation coefficients adjusted for age
and non-ROI thickness, illustrated that when further adjusting for age, only the significant correlation
of RMSSD and the lateral OFC in the left hemisphere remained (r = .222 p = .046; Table 4). Results
from meta-analyses are provided in Table 4 for the left hemisphere and Table 5 for the right

hemisphere and findings are illustrated in Figure 2.

> Insert Table 4 <
> Insert Table 5 <
> Insert Figure 2<

Discussion

The present study aimed to investigate the association of vagally mediated resting state HRV with
cortical thickness as a function of age in two independent samples. In both studies, when younger
and older adults were included as one group, the lateral OFC’s cortical thickness was significantly
associated with RMSSD. Study 1 revealed this association in the left and the right hemisphere, Study
2 showed this association only in the left hemisphere. In both studies, when age was included as a
covariate in partial correlations, this OFC correlation was no longer significant. Meta-analyses on
correlation coefficients adjusted for non-ROI cortical thickness and age highlight that cortical
thickness of the lateral OFC of the left hemisphere is positively associated with HRV indexed by
RMSSD across both study samples and age groups. The association of other regions of the PFC with
vagally mediated resting-state HRV (Table 2 and Table 3) highlights the importance of the PFC in the

neural control of HRV.



Besides the associations with PFC cortical thickness, in both studies, there were also correlations
between vagally mediated HRV and ACC cortical thickness. In Study 1, the correlation of cortical
thickness of the rostral ACC and RMSSD in the sub-sample of younger participants (right hemisphere)
missed the set level of significance, whereas in Study 2 this association was significant for both the
caudal and rostral ACC in the overall sample. Interestingly, results from meta-analysis on correlation
coefficients adjusted for non-ROI cortical thickness, illustrate that the rostral ACC (left hemisphere) is
associated with HRV indexed by RMSSD across studies only when not adjusting for age. Unlike
findings for the lateral OFC — that remained after adjusting for non-ROI thickness and age— the
association of HRV with cortical thickness of the ACC seems to change with age, as the correlation

was weaker in models adjusting for age (Table 4).

The results of the meta-analyses contribute to the reliability and interpretation of the present
findings. Research has shown that whereas the vmPFC, OFC and insula are relatively preserved with
age, more superior, dorsal, and lateral regions decline in thickness significantly with age (Mather,
2016). In the analyses not adjusted for age, several regions such as the superior frontal gyrus, the
caudal ACC, and the caudal MFG, known to decline in thickness with age, were identified to have
significant correlations with RMSSD. However in analyses only adjusting for age, no ROl showed a
significant correlation with RMSSD. When controlling for total thickness outside of the ROl (non-ROI
thickness) only the left rostral ACC showed a significant correlation with RMSSD. In the present
studies, non-ROI thickness of the left (Study 1: r = -.646, p <.0001; Study 2: r = -.598, p <.0001) and
the right hemisphere (Study 1: r = -.636, p < .0001; Study 2: r = -.705, p < .0001) were inversely
related to greater age. Only cortical thickness of the left lateral OFC survived further adjustment for
age and non-ROI cortical thickness. The age-related decline in cortical thickness in the more superior
regions may contribute to the age-related decline in HRV (Antelmi et al. 2004). Importantly, relatively
independent of age, significant correlations with HRV were found in regions previously identified in
functional MRI, positron emission tomography (PET), and lesion studies to be associated with HRV
(Thayer et al. 2012). Given the cross-sectional nature of the present studies, however, it is not
possible to say with certainty that the differences in cortical thickness with age are causally related to
the age-related differences in HRV. Future longitudinal studies are therefore needed to more
definitively examine the relationship between changes in cortical thickness and changes in HRV over

time.

There are several noteworthy similarities and differences between the present results and the
previous report with a separate group of younger adults (Winkelmann et al. 2016). In the unadjusted

meta-analysis, the caudal ACC (left hemisphere) which had previously been identified as having the



strongest correlation with HRV, was again identified as was the superior frontal gyrus (bilateral), and
the pars triangularis (right hemisphere). However, in the previous study whereas there were bilateral
caudal ACC correlations with HRV with the right side being stronger, in the present study the left-
sided association was stronger and the right-sided association did not reach the set level of
significance. In addition several other right hemisphere regions such as the pars opercularis and the
insula, not identified in the previous study, were identified in the present analyses. These differences
may be due to the differences in age between the previous study, which primarily comprised a
younger sample, and the present study. The combined sample size in the current study was more
than twice as large as one in the previous study and therefore random sampling differences cannot
be ruled out. Additional studies with larger and more diverse samples are needed to help further

clarify the brain regions associated with HRV.

The study has several limitations that need to be mentioned. The acquisition procedures of ECG data
differed between studies. In Study 1 ECG data was obtained from a resting state pre-scan that was
not available for Study 2. ECG data obtained in Study 2 was averaged across different in-scanner task
conditions. While previous research has shown that RMSSD shows sufficient trait specificity (Bertsch
et al. 2012) — in particular when averaged over multiple recordings — future studies should apply a
common protocol in the measurement of HRV. The study draws on cross-sectional data to investigate
age-related differences in the association of cortical thickness and HRV. In the future, large-scale
longitudinal studies are warranted to investigate individual trajectories of aging in the neural control
of HRV. Beyond these limitations, this is the third study that investigated brain structural
concomitants of resting state HRV and the first that investigated the effects of age on the

relationship between cortical thickness and HRV drawing on two independent samples.

We can only speculate on the exact mechanism and causal relationship between cortical thickness,
HRV and age. While we suggest that the age-rated decline of cortical thickness in certain frontal and
cingulate regions is associated with the decline in HRV in aging due to the contributions of these
regions to regulating HRV, different interpretations are possible. It is well known that HRV is a marker
of poor peripheral cardiovascular health and cardiovascular disease (CVD) risk (Thayer et al. 2010).
Poor peripheral cardiovascular health may lead (via bottom up mechanisms) to poor neurovascular
health and loss of cortical tissue, as other CVD risk factors (e.g., poor cardiorespiratory fitness,
atherosclerosis, hypertension) that have been shown to track with HRV (e.g. Virtanen et al. 2003)
have also been shown to be associated with negative brain structural (morphological) outcomes (e.g.
Alosco et al. 2014). Longitudinal studies are necessary to clarify the role of aging in the association of

cortical thickness and HRV to address potential (1) top-down (i.e. decline in cortical thickness causing



reduced HRV), (2) or bottom-up causality (i.e., decline in HRV causing reduced cortical thickness), or
(3) a third factor in the association of HRV and cortical thickness, and the exact mechanisms behind
these relationships (i.e., altered brain perfusion (Allen et al. 2015)). Finally, while the present study
addressed the neural concomitants of resting state autonomic nervous system (ANS) function,
focusing on HRV, previous reviews have summarized the existing evidence on neural structures
involved in the regulation of ANS reactivity to different experimental tasks (Beissner et al. 2013;
Oppenheimer & Cechetto 2016; Gianaros & Wager 2015). Studies are necessary to address

differences and similarities in the neural control of ANS function and ANS reactivity.

In summary, the results of the present study and its meta-analyses suggest that there may be age-
invariant associations between HRV and cortical thickness in more ventral brain regions such as the
lateral OFC. These regions are less susceptible to age-related decreases in cortical thickness, which
suggests that the regions may serve to preserve emotion-related functions as well as other functions
associated with HRV and age (Mather 2016). In addition there may be more age-sensitive
associations between HRV and cortical regions that can be recruited when available to support a

wide range of tasks that are differentially expressed across the life span.
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Tables

Study 1 Study 2
older age younger age p older age younger age p

N (female) 19 (9) 19 (7) 23 (11) 27 (10)
Age, mean years (SD) 68.11 (5.10) 25.05 (5.28) <.001 67.17 (5.49) 23.63 (4.79) <001
Education 16.17 (2.33) 15.21 (2.27) .22 16.00 (2.28) 16.30 (3.16) 71
WTAR 43.63 (6.44) 43.16 (3.70) .78 40.68 (7.13) 43.96 (5.69) A1
RR, mean ms (SD) 942.77 (164.20) 834.56 (88.26) .02 844.74(212.08) 862.21(102.15) 71
RMSSD, mean ms (SD) 18.43 (7.34) 25.81(8.85) <.001 20.48 (6.28) 24.88 (4.73) 01

Table 1: Sample Characteristics according to Age Group and Study; WTAR = Wechsler Test of Adult Reading test ; ms: milliseconds; p-values refer to group
differences comparing subjects of younger and older age within the respective study; mean RR: mean inter-beat-interval between adjacent heart beats in ms;

RMSSD: root mean square successive differences



Study 1 Left Hemisphere Right Hemisphere

all subjects older age younger age all subjects older age younger age

r p r p r p r p r p r p

Caudal ACC .059 .723 -.095 .698 -.100 .683 .110 .509 -.145 .554 .179 462
Rostral ACC 179 .282 -.096 .697 137 .575 .206 .215 -.127 .604 451 .053
Caudal MFG .228 .168 310 .196 -.059 .812 116 489 .086 .726 125 .610
Rostral MFG .094 .574 318 .184 -.213 .380 .263 .110 .338 157 128 .603
Lateral OFC .324* .047 426 .069 .255 292 .335* .040 .585** .008 -.024 .922
Medial OFC .043 797 .169 489 -.225 .354 -.001 .995 -.077 .754 .003 .989
Pars opercularis .039 .817 244 313 -.266 272 247 .136 277 .252 .104 .670
Pars orbitalis .263 110 .206 .397 .209 .389 .259 116 .517%* .023  -.049 .841
Pars triangularis .027 872 -131 593 -.329 .169 .183 271 .245 313 -.107 .662
Superior frontal G. .182 273 -.110 .655  -.031 .900 .105 .530 -.033 .893 .050 .838
Frontal pole .095 .576 .158 519 .021 .935 .099 .554 .007 979  -.012 .962
Insula .240 147 -.089 718 .382 .107 .099 .553 .027 911 .003 991

Table 2: Zero-Order Correlations of Cortical Thickness in Selected Regions of Interest (ROI) with Resting State Heart Rate Variability (Study 1); values
represent correlation coefficients (r) and their respective p-values; ACC: anterior cingulate cortex; MFG: middle frontal gyrus; OFC: orbital frontal cortex; * and

bold: highlights a significant correlation on the p <.05 level; ** and bold: highlights a significant correlation on the p <.01 level



Study 2 Left Hemisphere Right Hemisphere

all subjects older age younger age all subjects older age younger age

r p r p r p r p r p r p

Caudal ACC 337" .017 356 .096  .165 410 160  .268  .116  .598 -076  .706
Rostral ACC .409™ .003 .288 .182 325 .098 152 .291 .018 .935 .078 .699
Caudal MFG 361" .010 139 527 222 266 318"  .024 133 .546 167 .406
Rostral MFG 274  .054 -013  .952 212 288 190 .18 -146  .506  .205  .304
Lateral OFC 303" .032 188  .392 167  .406  .134  .355 053 811  -013  .949
Medial OFC 215 133 -117  .595 322 .101 218 128  .083 .708 134  .505
Pars opercularis 370" .008 112 .611 .308 118 304"  .032 178 416 .037 .854
Pars orbitalis 165  .251  -249 252 266  .179 193  .180 -117  .594 204 .308
Pars triangularis 326"  .021 199  .363 169  .398 .328" .020 .184  .401 120 .551
Superior frontal G. 332" .019 003 .989  .232 244 294 .038 017 .939 177  .377
Frontal pole 093 523 -277  .201 238 .232 073  .615 -371  .081 272 .170
Insula 294" .038 110 .17  .027  .895 .322°  .023 247 .257 -029  .888

Table 3: Zero-Order Correlations of Cortical Thickness in Selected Regions of Interest (ROI) with Resting State Heart Rate Variability (Study 2); values
represent correlation coefficients (r) and their respective p-values; ACC: anterior cingulate cortex; MFG: middle frontal gyrus; OFC: orbital frontal cortex; * and

bold: highlights a significant correlation on the p <.05 level; ** and bold: highlights a significant correlation on the p <.01 level



Meta-analysis

Left Hemisphere

unadjusted age adjusted non-ROI thickness adjusted  Age & non-ROI thickness adjusted

metar 95%Cl meta r 95%ClI meta r 95%ClI meta r 95%Cl

Caudal ACC 0.222*  0.010; 0.416 0.110 -0.108;0.319 0.157 -0.061; 0.360 0.108 -0.114; 0.318
Rostral ACC 0.315**  0.109; 0.495 0.172 -0.046;0.374 0.247* 0.033; 0.439 0.169 -0.051;0.374
Caudal MFG 0.306**  0.099; 0.487 0.120 -0.098;0.327 0.207 -0.009; 0.405 0.180 -0.040; 0.383
Rostral MFG 0.199 -0.015; 0.395 0.018 -0.199; 0.232 0.033 -0.184; 0.247 0.035 -0.185; 0.251
Lateral OFC 0.312**  0.106; 0.492 0.200 -0.016; 0.399 0.211 -0.005; 0.408 0.222* 0.004; 0.420
Medial OFC 0.143 -0.073; 0.345 -0.020 -0.234;0.197 0.032 -0.185; 0.246 -0.016 -0.234; 0.203
Pars opercularis 0.235%  0.023; 0.427 0.049 -0.168; 0.262 0.089 -0.130; 0.299 0.096 -0.125; 0.308
Pars orbitalis 0.207 -0.006; 0.403 0.077 -0.141;0.288 0.053 -0.164; 0.266 0.068 -0.153; 0.282
Pars triangularis 0.203 -0.011; 0.399 -0.023 -0.237;0.194 0.045 -0.173; 0.258 0.011 -0.208; 0.228
Superior frontal G. 0.270*  0.060; 0.456 0.018 -0.198;0.233 0.143 -0.076; 0.348 0.037 -0.183; 0.254
Frontal pole 0.094 -0.122;0.301 0.012 -0.204; 0.227 -0.047 -0.260; 0.170 0.002 -0.217; 0.220
Insula 0.271*  0.062; 0.458 0.115 -0.104; 0.322 0.151 -0.067; 0.355 0.116 -0.105; 0.326

Table 4: Meta-Analysis on Zero-Order, Age-Adjusted, Non-ROI Thickness-Adjusted Partial Correlation Coefficients of Cortical Thickness in Selected Regions
of Interest (ROI) and Resting State Heart Rate Variability across Study 1 and Study 2 (Left Hemisphere); Fixed effect meta-analyses; values represent
correlation coefficients (r) and their 95% confidence interval; ACC: anterior cingulate cortex; MFG: middle frontal gyrus; OFC: orbital frontal cortex; * and bold:

highlights a significant meta correlation on the p <.05 level; ** and bold: highlights a significant meta correlation on the p <.01 level



Meta-analysis Right Hemisphere

unadjusted age adjusted non-ROI thickness adjusted age & non-ROI thickness adjusted

meta r 95%ClI meta r 95%Cl meta r 95%Cl meta r 95%ClI

Caudal ACC 0.139 -0.077;0.342 0.043  -0.175;0.256 0.056 -0.162; 0.268 0.028 -0.191; 0.245
Rostral ACC 0.175 -0.039;0.374 0.081 -0.137;0.292 0.069 -0.149; 0.280 0.069 -0.152; 0.283
Caudal MFG 0.234*  0.022; 0.426 0.113  -0.105;0.321 0.094 -0.124; 0.304 0.113 -0.108; 0.324
Rostral MFG 0.222*  0.009; 0.415 0.086  -0.132;0.297 0.062 -0.156; 0.274 0.060 -0.160; 0.275
Lateral OFC 0.222* 0.010; 0.416 0.090 -0.128;0.300 0.055 -0.163; 0.268 0.067 -0.153; 0.282
Medial OFC 0.126  -0.090; 0.330 0.040 -0.178;0.253 0.032 -0.185; 0.246 0.027 -0.193; 0.244
Pars opercularis 0.280**  0.071; 0.465 0.117  -0.101;0.325 0.137 -0.081; 0.343 0.105 -0.116; 0.316
Pars orbitalis 0.221* 0.009; 0.415 0.093  -0.125; 0.303 0.067 -0.151; 0.279 0.081 -0.139; 0.295
Pars triangularis 0.268*  0.058; 0.455 0.085 -0.133;0.295 0.143 -0.075; 0.348 0.075 -0.146; 0.289
Superior frontal gyrus 0.215* 0.002; 0.410 0.034  -0.183;0.248 0.035 -0.183; 0.248 0.016 -0.203; 0.234
Frontal pole 0.084 -0.131;0.292 -0.044  -0.257;0.174 -0.080 -0.291; 0.138 -0.079 -0.292; 0.142
Insula 0.230* 0.017;0.422 0.084 -0.134;0.294 0.068 -0.150; 0.280 0.081 -0.140; 0.294

Table 5: Meta-Analysis on Zero-Order, Age-Adjusted, Non-ROI thickness-Adjusted Partial Correlation Coefficients of Cortical Thickness in Selected Regions of
Interest (ROI) and Resting State Heart Rate Variability across Study 1 and Study 2 (Right Hemisphere); Fixed effect meta-analyses; values represent
correlation coefficients (r) and their 95% confidence interval; ACC: anterior cingulate cortex; MFG: middle frontal gyrus; OFC: orbital frontal cortex; * and bold:

highlights a significant meta correlation on the p <.05 level; ** and bold: highlights a significant meta correlation on the p <.01 level



Figures

Figure 1: Significant Correlations of Cortical Thickness in Selected Regions of Interest (ROIl) with
Resting State Heart Rate Variability by Study; data from all subjects; (A): left hemisphere lateral
view; (B): left hemisphere medial view; (C): right hemisphere lateral view; (D): right hemisphere
medial view; ROIs highlighted in red show a significant positive zero-order correlation with RMSSD;
ROIs highlighted in blue show a significant negative zero-order correlation with RMSSD;
corresponding correlation coefficients are provided in Table 2; note: for clarity the superior frontal

gyrus is only highlighted in the lateral view

Figure 2: Significant Correlations of Cortical Thickness in Selected Regions of Interest (ROIl) with
Resting State Heart Rate Variability according to Meta-Analysis across Studies; results from fixed-
effect meta-analysis on (1) zero-order correlation coefficients (unadjusted), (2) partial correlation
coefficients adjusted for age (age adjusted), (3) partial correlation coefficients adjusted for non-ROI
thickness (non-ROI adjusted), and (4) partial correlation coefficients adjusted for age and non-ROI
thickness (full adjusted) (A): left hemisphere lateral view; (B): left hemisphere medial view; (C): right
hemisphere lateral view; (D): right hemisphere medial view; ROIs highlighted in red show a
significant positive zero-order correlation with RMSSD; ROIs highlighted in blue show a significant
negative zero-order correlation with RMSSD; corresponding correlation coefficients are provided in
Table 4 and 5 respectively; note: for clarity the superior frontal gyrus is only highlighted in the lateral

view
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Left Hemisphere Right Hemisphere

older age younger age p older age younger age P

global 2.41(.08) 258(13)  <.001 2.42 (.08) 254(12) <01

Caudal ACC 2.57 (.28) 2.76 (.28) <.05 2.41 (.24) 2.49 (.32) .39
Rostral ACC 2.74(.27) 2.94 (.21) <.05 2.55 (.43) 2.70(.30) 21
Caudal MFG 2.44 (.11) 2.59 (.19) <.01 2.47 (.16) 2.49 (.21) 81
Rostral MFG 2.23(.13) 2.41(.31) <.05 2.22 (.18) 2.32(.29) 21
Lateral OFC 2.43(.12) 2.53(.35) .26 2.49 (.19) 2.64 (.23) <.05
Medial OFC 2.42 (.22) 2.59 (.35) .09 2.37(.22) 2.40 (.24) .69
Pars opercularis 2.51(.12) 2.72 (.35) <.05 2.58 (.24) 2.66 (.18) .27
Pars orbitalis 2.40 (.23) 2.56 (.53) .22 2.50 (.23) 2.64 (.30) A1
Pars triangularis 2.28(.11) 2.60 (.35) <.001 2.40 (.22) 2.58 (.26) <.05
Superior frontal G. 2.55(.11) 2.73 (.17) <.01 2.53(.12) 2.59 (.14) .20
Frontal pole 2.39 (.36) 2.42 (.38) .80 2.25(.33) 2.45 (.45) .14
Insula 2.96 (.22) 3.05 (.22) 21 2.91(.27) 3.02 (.28) 21

S-Table 1: Mean Thickness of Global and ROI according to Age Group in Study 1; unit: mm(millimeters) ; p-values refer to group differences comparing

subjects of younger and older age



Left Hemisphere Right Hemisphere

older age younger age p older age younger age P

global 2.24 (.12) 2.47 (.14) <.001 2.23 (.11) 245 (.13) <.001

Caudal ACC 2.53 (.26) 2.65 (.22) .09 2.32 (.25) 2.48 (.20) <.05
Rostral ACC 2.63 (.25) 2.86 (.28) <.01 2.55 (.30) 2.71 (.22) <.05
Caudal MFG 2.34 (.16) 2.60 (.18) <.001 2.32 (.17) 2.52 (.15) <.001
Rostral MFG 2.04 (.13) 2.24 (.21) <.001 1.96 (.16) 2.13 (.20) <.01
Lateral OFC 2.31 (.16) 2.49 (.22) <.01 2.32 (.16) 2.47 (.25) <.05
Medial OFC 2.15 (.19) 2.30 (.18) <.01 2.11 (.20) 2.25 (.22) <.05
Pars opercularis 2.37 (.16) 2.59 (.16) <.001 2.35 (.13) 2.58 (.16) <.001
Pars orbitalis 2.13 (.28) 2.40 (.36) <.01 2.19 (.20) 2.40 (.35) <.05
Pars triangularis 2.17 (.19) 2.38 (.21) <.01 2.10 (.15) 2.33 (.18) <.001
Superior frontal G. 2.36 (.18) 2.70 (.21) <.001 2.30 (.20) 2.61 (.23) <.001
Frontal pole 1.82 (.58) 2.18 (.70) .06 1.72 (.54) 2.09 (.61) <.05
Insula 2.81 (.20) 3.10 (.16) <.001 2.80 (.17) 3.04 (.15) <.001

S-Table 2: Mean Thickness of Global and ROI According to Age Group in Study 2; unit: mm(millimeters) ; p-values refer to group differences comparing

subjects of younger and older age



Left Hemisphere Right Hemisphere

all subjects older age younger age all subjects older age younger age

r p r p r p r p r p r p

Study 1 Age -.707** <.001 -.725%%* <.001 -.565% 012 -.617** <.001 -427 .068 -.561% .012
RR -.336* .039 -.169 .490 -.136 .579 -.173 .298 .008 973 101 .680

RMSSD 228 .169 .184 452 -.163 .504 .301 .066 .199 415 .044 .857

Study 2 Age -.707** <.001 -.141 522 -.492*%* .009 -.705** <.001 -.158 A72  -.499** .008
RR .055 .703 .091 .680 -.066 .743 .057 .693 .140 523 -.141 483

RMSSD .328% .020 .048 827 173 .388 .307%* .030 .072 .745 .093 .644

S-Table 3: Zero-Order Correlations of global Cortical Thickness with Age, Resting State Heart Rate (RR), and Resting State Heart Rate Variability (RMSSD)
in Study 1 and Study 2; values represent correlation coefficients (r) and their respective p-values; * and bold: highlights a significant correlation on the p <

.05 level; ** and bold: highlights a significant correlation on the p <.01 level



Study 1 Left Hemisphere Right Hemisphere

r p r p
Caudal ACC -.099 .560 .060 722
Rostral ACC .004 .982 .150 .375
Caudal MFG .052 .760 .076 .655
Rostral MFG -.094 .579 .175 .301
Lateral OFC .253 131 .209 .215
Medial OFC -.113 .504 -.029 .865
Pars opercularis -.157 .355 .154 .363
Pars orbitalis .179 .289 .151 371
Pars triangularis -.278 .096 .023 .893
Superior frontal G. -.093 .585 -.028 .868
Frontal pole .056 746 -.022 .895
Insula 174 .303 .035 .838

S-Table 4: Partial Correlations of Cortical Thickness in Selected Regions of Interest (ROI) with Resting State Heart Rate Variability when controlling age
for each hemisphere (Study 1); values represent correlation coefficients (r) and their respective p-values; ACC: anterior cingulate cortex; MFG: middle
frontal gyrus; OFC: orbital frontal cortex; * and bold: highlights a significant correlation on the p < .05 level; ** and bold: highlights a significant correlation

on the p <.01 level



Study 2 Left Hemisphere Right Hemisphere

r p r p
Caudal ACC .260 .072 .026 .859
Rostral ACC .288 .045 .031 .834
Caudal MFG 170 242 141 334
Rostral MFG .097 .507 .017 .909
Lateral OFC .164 .261 .003 .982
Medial OFC .051 .726 .087 .551
Pars opercularis .197 .176 .091 .535
Pars orbitalis .000 .999 .048 741
Pars triangularis .170 .243 .128 .381
Superior frontal G. .104 A475 .078 .594
Frontal pole -.023 .875 -.063 .669
Insula .074 .613 121 408

S-Table 5: Partial Correlations of Cortical Thickness in Selected Regions of Interest (ROI) with Resting State Heart Rate Variability when controlling age
for each hemisphere (Study 2); values represent correlation coefficients (r) and their respective p-values; ACC: anterior cingulate cortex; MFG: middle
frontal gyrus; OFC: orbital frontal cortex; * and bold: highlights a significant correlation on the p < .05 level; ** and bold: highlights a significant correlation

on the p <.01 level



Study 1 Left Hemisphere Right Hemisphere

all subjects older age younger age all subjects older age younger age

r p r p r p r p r p r p

Caudal ACC .042 .805 -.099 697 -.133 .600 111 513 -.153 544 173 492
Rostral ACC 151 373 -.101 691 .119 637 157 352 -173 493 .450 .061
Caudal MFG 152 .368 .329 .183 -.033 .897 .047 .782 .067 791 .163 519
Rostral MFG -.024 .886 .356 147 -.201 423 202 229 .343 163 .159 .530
Lateral OFC 313 .059 426 .078 254 .309 257 125 595" .009 .009 972
Medial OFC -.037 .826 .169 .503 -212 .399 -.022 .896 -.043 .866 .022 931
Pars opercularis -136 422 274 271 -.290 243 187 .268 280 260 .153 544
Pars orbitalis 217 197 233 352 226 .366 162 337 513" .030 -.028 913
Pars triangularis -122 472 -.143 570 -335 174 114 .503 .285 251 -.094 711
Superior frontal G. .098 .565 -.182 469 -.024 925 -.023 .894 -.083 742 .092 715
Frontal pole .047 .783 164 515 .039 .881 027 874 .036 .888 .014 957
Insula .230 172 -.098 .700 376 124 -.017 922 -.024 925 .028 912

S-Table 6: Partial Correlations of Cortical Thickness in Selected Regions of Interest (ROI) with Resting State Heart Rate Variability when controlling
thickness of non-ROI regions for each hemisphere (Study 1); values represent correlation coefficients (r) and their respective p-values; ACC: anterior
cingulate cortex; MFG: middle frontal gyrus; OFC: orbital frontal cortex; * and bold: highlights a significant correlation on the p < .05 level; ** and bold:

highlights a significant correlation on the p <.01 level



Study 2 Left Hemisphere Right Hemisphere

all subjects older age younger age all subjects older age younger age

r p r p r p r p r p r p

Caudal ACC 239 .098 377 .084 .139 499 .015 917 .091 689 -.106 .607
Rostral ACC 315" .028 298 178 322 .109 .003 .985 -.033 .884 .068 .740
Caudal MFG 247 .087 .282 .204 .253 213 129 376 .082 716 .205 315
Rostral MFG .075 .609 -.021 .926 223 273 -.043 772 -233 297 .263 195
Lateral OFC 133 363 236 .290 157 443 -.098 .504 .010 964 -.069 739
Medial OFC .082 575 -.117 .604 .358 .073 071 628 .045 842 131 522
Pars opercularis .250 .083 223 318 341 .088 .100 493 144 523 011 .958
Pars orbitalis -.070 633 -.350 11 .284 .160 -.004 979 -.180 424 244 .230
Pars triangularis 167 252 378 .083 .148 470 164 .259 154 494 123 .549
Superior frontal G. 175 228 .004 .987 254 211 077 .600 -.103 649 214 293
Frontal pole -116 429 -.298 178 .264 193 -.158 279 463" .030 .348 .082
Insula .091 .536 .180 423 -.095 643 131 370 236 .290 -.092 653

S-Table 7: Partial Correlations of Cortical Thickness in Selected Regions of Interest (ROI) with Resting State Heart Rate Variability when controlling
thickness of non-ROI regions for each hemisphere (Study 2); values represent correlation coefficients (r) and their respective p-values; ACC: anterior
cingulate cortex; MFG: middle frontal gyrus; OFC: orbital frontal cortex; * and bold: highlights a significant correlation on the p < .05 level; ** and bold:

highlights a significant correlation on the p <.01 level



Study 1 Left Hemisphere Right Hemisphere

all subjects older age younger age all subjects older age younger age

r p r p r p r p r p r p

Caudal ACC -.349" .032 -211 .387 -.358 132 -.085 611 .067 .786 -177 468
Rostral ACC -313 .055 -.239 .325 -.092 .709 .022 .895 150 .540 021 932
Caudal MFG -125 454 .149 542 -.029 .905 .063 709 -.087 .723 .356 134
Rostral MFG -278 .091 -.188 442 -214 .380 -.139 406 -.239 .325 119 627
Lateral OFC -.028 867 156 523 .007 977 .002 .990 206 .396 101 681
Medial OFC -222 .180 -.090 715 -213 382 -.036 828 130 .595 -.263 276
Pars opercularis -.184 .268 157 .520 -.198 415 -.143 393 -211 .387 240 323
Pars orbitalis .065 697 .308 .200 117 635 -.045 790 211 .385 -130 597
Pars triangularis -.263 110 .098 .689 -.204 402 -273 .097 -.249 .305 -.038 876
Superior frontal G. -319 .051 -192 430 -125 .609 -.184 270 -236 .330 .054 825
Frontal pole -.065 .703 -.070 775 -.028 913 -.166 319 -.198 416 .061 .803
Insula -.027 874 -.031 .901 232 339 .078 643 241 .320 .081 741

S-Table 8: Zero-Order Correlations of Cortical Thickness in Selected Regions of Interest (ROI) with Resting State Heart Rate (RR) (Study 1); values
represent correlation coefficients (r) and their respective p-values; ACC: anterior cingulate cortex; MFG: middle frontal gyrus; OFC: orbital frontal cortex; *

and bold: highlights a significant correlation on the p <.05 level; ** and bold: highlights a significant correlation on the p <.01 level



Study 2 Left Hemisphere Right Hemisphere

all subjects older age younger age all subjects older age younger age

r p r p r p r p r p r p
Caudal ACC .160 .267 .205 .347 .055 .785 .120 405 214 .326 -.115 .568

Rostral ACC .176 .220 178 417 .194 332 142 326 .264 224 -180 .368
Caudal MFG .097 .502 176 422 -.058 773 .029 .842 .063 776 -126 .532
Rostral MFG ~ -.003 .985 .004 .987  -.087 .666 .025 .865 .035 .874  -.045 .824
Lateral OFC .070 .628 .094 .670 .017 .935 .006 .967 177 420 -.236 .236
Medial OFC .079 .585 -.005 .983 .197 .325 215 134 336 117 .039 .846

Pars opercularis .169 .241 .204 351 136 498 151 .296 .376 .077 -.140 488
Pars orbitalis .043 769  -.120 .587 .229 251 .057 .694 126 567  -.028 .888

Pars triangularis .150 .297 .188 .390 101 617 126 .385 .305 157 -.120 .552
Superior frontal G. .041 777 .030 .893  -.028 .889 .041 775 .043 .846  -.033 .869
Frontal pole .026 .859  -.002 991 .034 .866  -.089 538 -.144 512 -.085 .672

Insula .086 .553 137 .533 -.090 .655 133 .356 .282 192 -.181 .366

S-Table 9: Zero-Order Correlations of Cortical Thickness in Selected Regions of Interest (ROI) with Resting State Heart Rate (RR) (Study 2); values
represent correlation coefficients (r) and their respective p-values; ACC: anterior cingulate cortex; MFG: middle frontal gyrus; OFC: orbital frontal cortex; *
and bold: highlights a significant correlation on the p <.05 level; ** and bold: highlights a significant correlation on the p <.01 level
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