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Abstract

Resting high-frequency heart rate variability (HF-HRV) relates to cardiac vagal control and 

predicts individual differences in health and longevity, but its functional neural correlates are not 

well defined. The medial prefrontal cortex (mPFC) encompasses visceral control regions that are 

components of intrinsic networks of the brain, particularly the default mode network (DMN) and 

the salience network (SN). Might individual differences in resting HF-HRV covary with resting 

state neural activity in the DMN and SN, particularly within the mPFC? This question was 

addressed using fMRI data from an eyes-open, five-minute rest period during which echoplanar 

brain imaging yielded blood oxygen level dependent (BOLD) time series. Independent 

components analysis (ICA) yielded functional connectivity estimates defining the DMN and SN. 

HF-HRV was measured in a rest period outside of the scanner. Midlife (52% female) adults were 

assessed in two studies (Study 1, N = 107; Study 2, N = 112). Neither overall DMN nor SN 

connectivity strength was related to HF-HRV. However, HF-HRV related to connectivity of one 

region within mPFC shared by the DMN and SN; namely, the perigenual anterior cingulate cortex 

(pgACC), an area with connectivity to other regions involved in autonomic control. In sum, HF-

HRV does not seem directly related to global resting state activity of intrinsic brain networks, but 

rather to more localized connectivity. A mPFC region was of particular interest as connectivity 

related to HF-HRV was shared by the DMN and SN. These findings may indicate a functional 

basis for the coordination of autonomic cardiac control with engagement and disengagement from 

the environment.
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Rest and activity are biobehavioral states that appear both separable and largely non-

overlapping in time. From a historical perspective, the contrast between rest and activity was 
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perhaps most clearly evident in early biobehavioral work on the autonomic nervous system. 

Activation of the sympathetic nervous system was related to task engagement, arousal and 

the use of metabolic energy; activation of the parasympathetic system with disengagement, 

rest, relaxation, and the restoration of metabolic energy. For example, Cannon (1929) 

contrasted the functions of the sympathetic and parasympathetic nerves by drawing on his 

earlier work and that of Hess. Referring to the cranial/vagal nerve, he suggested that it “…

gives the heart opportunity for rest and recuperation by checking its rate in quiet times” (p. 

423). The direct opposition of function of the two branches of the autonomic nervous 

system, however, is no longer accepted (e.g., (Berntson, Norman, Hawkley, & Cacioppo, 

2008; J. R. Jennings, 1986). Nevertheless, it remains clear that a leading index of 

parasympathetic activity, high-frequency heart rate variability (HF-HRV), is typically 

greater during rest than task engagement. Moreover, this resting index of parasympathetic 

activity has been widely related to relative cardiovascular and psychological health (Huston 

& Tracey, 2011; Montano et al., 2009; Thayer, Yamamoto, & Brosschot, 2010). This index 

is presumptively related to achieving a relaxed/restorative psychophysiological state that is 

incompatible with chronic and adverse psychological states, such as depression or anxiety. 

Parenthetically, the expectation that any single central or peripheral index would map 

directly upon a single psychological state independent of context is likely ill founded, as 

partial mappings moderated by context seem more likely (Berntson, Cacioppo, & Grossman, 

2007).

An apparently similar resting-related brain state has been described for functional brain 

connections that link particular neural cell groups when the brain is ‘disengaged’ relative to 

task engaged conditions, termed the Default Mode Network (DMN). The DMN is 

represented in the correlated neural activity during these resting states, rather than being a 

network of inactivity, as established by the demonstration of glucose use through positron 

emission tomography (Raichle et al., 2001). Subsequently, brain areas forming nodes of the 

DMN were identified variously through observation of deactivation during task performance 

and a variety of analytic approaches examining correlation among spontaneous activity 

during a behavioral resting state, e.g., (Greicius, Krasnow, Reiss, & Menon, 2003; S. M. 

Smith et al., 2009). The anatomy and presumptive functions of the psychophysiological state 

associated with the DMN have been reviewed previously (e.g., Buckner, Andrews-Hanna, 

and Schacter (2008)). Areas consistently observed as part of the network include the 

posterior cingulate cortex, both dorsal and ventral territories of the medial prefrontal cortex, 

as well as the inferior parietal cortex, lateral temporal cortex and extended hippocampus.

Another established brain network, the so-called salience network (SN), is also relevant to 

conceptualizations of rest and activity. The SN, additionally termed the ventral attention 

network, has been hypothesized to mediate a shift away from the resting/default modes 

characterizing increased HF-HRV and activity in the DMN. The SN is another intrinsic 

network of the brain that shows high coherence among its components at rest, but it is also 

identified by the strengthening of connections within the network when activated by an 

appropriate situation. In the case of the SN, appropriateness is defined by the occurrence of 

environmental or bodily stimuli, which are thought to be signaled as ‘significant’ within the 

SN. The SN and an executive control network were identified and separated by Seeley et al. 

(2007). The SN was observed to be centered on the dorsal anterior cingulate, extending into 
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the perigenual anterior cingulate cortex (pgACC), and orbital fronto-insular cortices, but it 

also encompassed limbic and brainstem areas. This connectivity, as well as correlation with 

pre-scan anxiety ratings, implied relevance to autonomic nervous system regulation and 

interoception; a relationship further developed based on insula connectivity by Menon and 

Uddin (2010) and Singer, Critchley, and Preuschoff (2009). Some evidence supports the 

view that DMN activation is switched to SN activation when an interoceptive or 

environmental stimulus is encoded as significant (Menon & Uddin, 2010; Singer et al., 

2009). For example, when participants were aware that they were ‘mind-wandering’ the SN 

was active, but the DMN was active during mind-wandering and in the absence of this 

awareness (Hasenkamp, Wilson-Mendenhall, Duncan, & Barsalou, 2012). Other work has 

shown DMN interplay with SN, e.g., when switching between engagement with self and 

others (Rilling, Dagenais, Goldsmith, Glenn, & Pagnoni, 2008), orienting to an auditory 

oddball (Sridharan, Levitin, & Menon, 2008), and inhibiting prepared motor responses 

(Bonnelle et al., 2012; Ham, Leff, de Boissezon, Joffe, & Sharp, 2013; Jilka et al., 2014). 

Some have suggested that the SN is active in switching, but not in maintenance of a task-

related attentive state (Elton & Gao, 2014). Relevance to HF-HRV is suggested both by the 

inclusion of known autonomic nervous system control areas in the SN, as well as this vagal 

marker’s putative role in switching between rest and activity and internal and external focus 

of attention. Again, HF-HRV generally decreases in amplitude during task engagement (S. 

W. Porges, 2007) and its resting magnitude is related to vagally-induced slowing of heart 

rate when orienting to the external environment (Porges & Coles, 1982). Conceptual 

accounts of processes controlling these vagal reactions have suggested transitions between 

internal and external focus of attention and transient inhibition of action during action 

selection (J. Jennings & M. W. van der Molen, 2005; Lacey & Lacey, 1974).

Progress in understanding the DMN and HF-HRV, as well as the SN, might be made if it 

can be established that these psychophysiological indicators are associated. A strong 

association between DMN functionality and individual levels of HF-HRV might indicate, 

for example, that the DMN relates to an anabolic/energy recovery state that includes the 

enhancement of vagal influence on the heart. Likewise, covariation between the DMN and 

HF-HRV may reflect coordinated metabolic processes that function to restore/enhance 

energy. For example, HF-HRV has been postulated to maximize the exchange of oxygen 

through reduction of pulmonary deadspace (Giardino, Glenny, Borson, & Chan, 2003; Ito et 

al., 2006; Yasuma & Hayano, 2004), though some questions about this mechanism exits (Sin 

et al., 2010; Tzeng, Sin, & Galletly, 2009). The sensitivity of vagally-induced heart rate 

reactions to event salience might further suggest relationships between the SN and HF-HRV, 

as might the seeming overlap between nodes of the SN and areas related to autonomic 

control.

In view of these open possibilities, the aim of the current research was to test the association 

between individual differences in HF-HRV and resting state activity in two intrinsic 

networks of the brain that the literature would appear to implicate in autonomic control: the 

DMN and SN. To our knowledge, only indirect observations have been previously made of 

the association between HF-HRV and the DMN (Dhond, Yeh, Park, Kettner, & Napadow, 

2008; van Buuren et al., 2009). For example, Ziegler, Dahnke, Yeragani, and Bar (2009) 

related 4 s averages of heart rate at rest to activation in an area typically included in the 
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DMN, the medial prefrontal cortex, but did not specifically assess network identity or heart 

rate variability. One exception is Chang et al.’s close examination over time within a rest 

period of covariation between HF-HRV and brain activation within subjects (Chang et al., 

2013). These investigators found within-subject relationships between amygdala and dorsal 

anterior cingulate seed regions and areas in thalamus, brainstem, putamen, and dorsolateral 

prefrontal cortex. They did not observe significant between-subject correlations of HF-HRV 

with regional brain activation among the 35 men studied.

In our larger sample here, our aim was to test ‘trait-like’ relationships between degree of 

resting HF-HRV and the strength of functional interconnections among areas forming the 

DMN and SN. Between-subject/trait relations are important due to the literature relating 

such individual differences in HF-HRV to physical and mental health (Huston & Tracey, 

2011; Montano et al., 2009; Thayer et al., 2010). Two hypotheses were entertained. The first 

suggests that the between-subject strength of connectivity between all DMN nodes would 

relate positively to the amplitude of resting HF-HRV. The second suggests covariance 

between connectivity strength of only a subset of nodes of the DMN regions shared with the 

SN and hence responsible for the putative ‘shifting’ of function away from rest/restoration 

common to DMN and HF-HRV. Support for the first hypothesis would suggest a common 

functional process regulating both DMN connectivity and vagal activation. Support for the 

second hypothesis would suggest that the psychophysiological functions associated with 

DMN connectivity and HF-HRV are differentially controlled, but share a sensitivity to a 

shift in orientation away from rest/restoration. Support for the second hypothesis would also 

be consistent with the SN’s relationship to autonomic response supporting action (Hermans, 

Henckens, Joels, & Fernandez, 2014; Uddin, 2015) and the known vagal activation during 

transient focused attention or attentional orienting (Graham & Clifton, 1966; J. R. Jennings 

& M. W. van der Molen, 2005)

We first test the hypothesis that during a resting behavioral state, connectivity within the 

DMN network as a whole will directly relate to HF-HRV, such that individual differences in 

strength of mean connection with the DMN (or SN) should relate to the amplitude of HF-

HRV across individuals. Absence of such an overall correlation might suggest that DMN 

functionality will have differential connectivity, such that some nodes of the network will 

more directly relate to HF-HRV than other nodes. Selection of which nodes to test in 

pursuing our second aim was based on areas showing overlapping presence in both our 

derived DMN and SN. We anticipated such overlap in the medial prefrontal cortex (mPFC), 

as it is identified as important both as a node in the DMN, in the SN, and as related to HF-

HRV (Gianaros and Wager, 2015; Thayer et al.,2012). Anatomically, the mPFC is known to 

connect to pre-autonomic cell groups in hypothalamus, periaqueductal gray, and brainstem. 

As importantly, the mPFC is a node in the SN (Seeley et al., 2007). If diffuse attention is a 

major aspect of the functionality of the DMN, then the overlapping membership of mPFC in 

the two networks would provide an anatomical site for shifting from DMN activation to SN 

activation. We anticipated that the connectivity of the mPFC node localized within the DMN 

via independent component analysis would be positively related to individual differences in 

resting HF-HRV; and that connectivity of this mPFC region within the SN would similarly 

be positively related to HF-HRV. Finally, exploratory questions were then asked to examine 

any statistically strong relationships that would suggest hypotheses for later research. For 
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example, does HF-HRV relate to connectivity of other nodes of the DMN or SN on a voxel-

wise basis?

Method

Participants

Data were collected from two projects, the Adult Health and Behavior Project, phase II 

(AHAB-II) and the Pittsburgh Imaging Project (PIP). Table 1 shows the demographic and 

general characteristics of the participants. As the table indicates, the samples were quite 

similar, with some differences in gender distribution that contributed to minor differences in 

waist circumference and systolic blood pressure. The two groups were aggregated to 

improve the statistical power. For image quality control, participants who had no more than 

5% outliers in the BOLD image time series were selected for finding resting state network. 

An outlier images was detected when the mean signal intensity was 6 SD outside of the 

global signal intensity or the movement displacement was more than 2mm from the previous 

volume. We carried out the outlier identification using Artifact Detection toolbox (http://

web.mit.edu/swg/software.htm). 219 participants (107 for AHABII and 112 for PIP) passed 

quality control (27 individuals failed to pass our threshold), among those passing our 

threshold, 208 had HF-HRV data (98 for AHAB and 110 for PIP). The combination of the 

two samples was supported by a two sample Kolmogorov-Smirnoff test asking whether the 

distribution of log HRV values was different between the two samples. With our standard 

control for age and gender, the resulting Kolmogorov-Smirnoff Z of 1.25 was not significant 

(p>.05). Supplementary figure, Figure S1 shows the distribution of HRV for each of the 

studies.

To be eligible to participate in AHAB-II, individuals had to be between the ages of 30-54 

years and working at least 25 hours per week outside of the home (a sub-study involving this 

cohort was focused on the association between occupational stress and cardiovascular 

disease risk). Individuals were excluded from participation if they (a) had a history of 

cardiovascular disease, schizophrenia or bipolar disorder, chronic hepatitis, renal failure, 

major neurological disorder, chronic lung disease, or stage 2 hypertension (SBP/DBP ≥ 

160/100); (b) consumed alcohol ≥ 5 portions 3-4 times per week; (c) took fish-oil 

supplements (because of the requirements for another substudy); (d) were prescribed insulin 

or glucocorticoid, anti-arrhythmic, antihypertensive, lipid-lowering, psychotropic, or 

prescription weight-loss medications; (e) were pregnant; (f) had less than 8th grade reading 

skills; or (g) were shift workers. Requirements for PIP were essentially the same, however, 

the employment, fish oil and shift work requirements were absent. Both studies were 

approved by the Institutional Review Board of the University of Pittsburgh; all participants 

provided written informed consent and were paid for their participation. For further sample 

descriptions see (P. J. Gianaros et al., 2014; Ryan, Sheu, Verstynen, Onyewuenyi, & 

Gianaros, 2013).

Procedure

Prior to both HRV and MRI scan sessions participants were required to abstain from 

caffeine, tobacco, or strenuous exercise for at least 3 hours and to abstain from alcohol and 

Jennings et al. Page 5

Psychophysiology. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://web.mit.edu/swg/software.htm
http://web.mit.edu/swg/software.htm


taking over the counter medications for at least 12 hours. A rest period of five minutes with 

eyes opened was administered during the MRI scanning session. This period was identical 

between studies and occurred prior to tasks that were administered during the remainder of 

the scanning session. AHAB II subsequently administered tasks related to emotion and 

reward processing and emotion regulation; PIP subsequently administered cognitive conflict 

tasks designed to be moderately stressful.

Resting state networks

We applied group probabilistic independent component analysis (ICA) (Beckmann and 

Smith, 2004 and Beckmann et al., 2005) to extract the networks of interest, namely DMN 

and SN. Other networks, such as the occipital visual network, resulting from the ICA were 

also reviewed and compared with publicly reported networks for result verification. ICA is a 

multivariate exploratory data analysis method that isolates latent factors. Here, the voxel-

wise BOLD signal was modeled as a linear mixture of the signals from a set of ‘hidden’ 

structures (networks), which were characterized by statistically independent non-Gaussian 

components. The BOLD time series images of the 219 participants were concatenated to 

construct the spatial-temporal data matrix Y, which is modeled as the product of a mixing 

matrix X and a set of independent components B namely, Y=XB+e, where the rows of B 

represent components and e is Gaussian noise. The matrix, B was solved by finding an 

unmixing matrix W,WY=B, that optimizes the independence of the components. We used 

FSL’s MEOLODIC toolbox (Beckmann & Smith 2004, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

MELODIC), which utilizes the FastICA algorithm to define the non-Gaussianity by 

negative-entropy and solves the optimization model via fixed-point iteration method 

(Hyvarinen and Oja 2000).

Individual functional connectivity with the DMN and SN

ICA components (individual functional connectivity maps) were determined by dual 

regression (Filippini et al., 2009). Specifically, individual temporal mixture weights for all 

components were estimated first by the regression of individual BOLD time series images 

on the components attained from the group analysis, and then the individual functional 

connectivity measures were estimated by the regression of BOLD images on the mixture 

time series. All the signals were z-transformed before further analysis to avoid tissue 

variation among participants. The test-retest reliability of ICA metrics using approaches 

similar to those we employed has been reported as moderately strong (ICC>0.4) (Guo et al., 

2012). The individual functional connectivity maps of the DMN component and the SN 

component were used for the correlation analysis with HRV. The overall strength within the 

DMN or SN was measured by the mean connectivity strength within the networks.

Seed-based functional connectivity

Associations calculated using the procedures just described identified a region of interest in 

the mPFC that was common to both DMN and SN (see below). We applied seed based 

functional connectivity to examine the association of HRV and functional connectivity 

within this mPFC region-of-interest (ROI). Individual voxel-wise functional connectivity 

was assessed by a general linear model, with the mean time series in the mPFC ROI as an 
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independent variable. Before the assessment, the time series in each voxel was de-trended, 

de-spiked, mean-centered, and adjusted for the confounding covariance due to movement, 

physiological noise, and hemodynamic response using regression. The movement 

parameters estimated from realignment were used as movement regressors. The 

physiological noise was modeled by the component-based method (Behzadi et al., 2007), 

with 3 principal components of BOLD time series from a white matter mask and 2 principal 

components from a CSF mask. The masks were constructed by using the SPM MNI 

templates of 95% and 75% probability maps for white matter and CSF respectively; they 

were further eroded to avoid partial volume effects. The hemodynamic response was 

modeled by the SPM default hemodynamic response function and its derivative. After the 

adjustment, the BOLD signals were band-pass filtered (0.008-0.15HZ).

Random Effects and Correlation Analyses

Voxel-wise random effects analysis of connectivity estimates and their correlation with HF-

HRV were executed with GLMs implemented in SPM8 and statistically tested at a false 

positive rate of 0.05 by either family-wise correction threshold implemented in SPM8 or by 

simulation using 3dClustSim in AFNI (http://afni.nimh.nih.gov), which used a combined 

threshold of the voxel p-value and a contiguous cluster size threshold.

Heart rate variability

HF-HRV was derived from a modified lead II electrocardiogram in the AHAB study and 

from beat-by-beat peripheral pulse signals in PIP. In AHAB II, participants were seated in a 

temperature and sound-controlled chamber. After a 10-minute rest period, two successive 5-

minute, resting ECG recordings were obtained. During the first, subjects were instructed to 

relax and breathe at a comfortable rate. During the second recording period, the subjects' 

respiratory rate was paced at 11 breaths per minute by playing a high-pitched tone during the 

inhalation period and a low-pitched tone during the exhalation period. Both the ECG and the 

derived IBI time series were processed and artifact corrected using automated algorithms 

and were confirmed by visual inspection of all data. Recording periods were divided into 

three 90-second epochs and were retained or excluded based on percent artifact (> 20% 

artifact excluded) and length (> 10% missing excluded). Variables were then averaged 

across retained epochs (HF was natural log transformed prior to averaging). HRV processing 

was performed using the band limited variance technique as described in J. J. Allen, 

Chambers, and Towers (2007). Data from 98 AHAB participants passed quality control and 

were included in the study. Implementation of this procedure was performed via Christie 

and Gianaros (2013). The pulse data from PIP was transformed to an IBI series and then 

processed to derive HF-HRV with the same software. In the PIP study, beat-to-beat pulse 

intervals (PIs; the time in ms between heart beats) were collected while participants rested 

inside a mock MRI scanner replica. For the replica protocol, participants were placed on the 

mock scanner bed and fitted with an appropriately-sized finger cuff for beat-to-beat pulse 

monitoring using a Finometer® PRO (FMS, Finapres Measurement Systems, Arnhem, 

Netherlands). Digitized pulse signals were visually inspected and scored offline using 

locally-developed scripts and with BeatScope® software provided with the Finometer®. 

Estimates were averaged over the last 5min of an 8-min resting baseline. After quality 

checking, 101 PIP participants were included in the study. Derivation of HF-HRV from 
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pulse data during behavioral resting states has been successfully validated against 

electrocardiogram data, e.g. (J.R. Jennings, Westerveldt, & Ackles, 1987). Note that the 

reclining posture was present during data collection of the PIP study. This posture might 

alter levels of HF-HRV observed relative to the sitting posture of the AHAB study 

(Berntson et al., 1994)

Results

Resting State Network- group ICA result

The group ICA revealed 19 components determined by Laplace approximation to the 

Bayesian evidence of the model order. These 19 components are illustrated in supplemental 

Figure, Figure S2. Typical resting state networks, such as the visual and somatomotor 

networks, were readily apparent from visualization. Some variation in networks between 

studies occurs, so a close examination of the obtained networks was required to 

appropriately identify the DMN and SN. Figure 1 (A) and (B) shows the DMN and SN 

networks derived from our sample (these networks are indicated as number 9 and 11 in 

supplemental Figure 1). By using cross-correlation, our components were compared with the 

masks generated from two publically available resting state brain network data archives 

(Yeo et al.,2011: 7 resting networks, Laird., et al.,2011: 20 intrinsic resting networks). 

Components #9 and #11 closely matched the DMN and SN (for cross-correlation results, see 

Table S2). Accordingly, the DMN and SN of this sample was determined from component 

#9 and #11 respectively, with a z-statistic threshold of z > 4 (see Figure 1). A region in the 

mPFC showed overlapping connectivity in both the DMN and SN (see Figure 2 (A). This 

region was masked as an ROI for latter analyses in line with our study hypotheses.

Does HRV associate with global measures of DMN or SN connectivity?

The global connectivity within each network was assessed by the mean connectivity over all 

voxels within the DMN and SN. The global DMN connectivity between subjects ranged 

from 0.42 to 2.24 (z-statistics) with a mean = 1.03 and SD = 0.30. Global SN connectivity 

between subjects ranged from 0.34 to 2.48 with mean = 0.97 and SD=0.31. The DMN 

connectivity within subject variability (SD) ranged from 0.5 to 2.48; the within subject SN 

connectivity SD ranged from 0.37 to 2.19. The range of between subject connectivity values 

was judged sufficient to identify relationships with between subject variations in HF-HRV. 

The divergence in within subject variability suggested, however, that regions varied in 

connectivity and did so differently in different individuals, i.e., overall mean connectivity 

may be a limited measure. In fact, the correlations between HF-HRV and global DMN or 

SN were not significant (DMN: r=0.08, p=0.26; SN: r=0.06, p=0.37). This suggests that 

diffuse or aggregate connectivity strength of these two intrinsic networks does not relate to 

HF-HRV.

The connectivity of individual regions within either the DMN or SN did show modest 

relationships with HF-HRV. A mPFC region (BA 32, perigenual anterior cingulate) showed 

a significant positive correlation with HF-HRV in its connectivity within both the DMN (r=.

27) and SN (r=.29). A region in the insula showed a similar (r=.26) correlation, but only 

with the DMN. Positive correlations of essentially the same magnitude with SN connectivity 
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were shown by the posterior cingulate, insula, precentral gyrus, thalamus and superior 

occipital gyrus. These relations and the details of the voxel-wise regression results are 

shown in supplementary table S3. These areas are comparable to those identified previously 

as showing associations of cerebral blood flow to HF-HRV by Allen et al. (2015). 

Correlations were of comparable magnitude with the connectivity of each of the areas, i.e. 

no area showed a relationship that was statistically stronger than any other area. The dual 

relationship of the mPFC area with SN and DMN was novel, however, and further 

examined.

mPFC connectivity and HF-HRV

A region in the mPFC, largely encompassing the perigenual portion of the anterior cingulate 

cortex (pgACC), extending into Broadmann area 10, showed significant connectivity 

strength with both the DMN and SN (z-score >4, see Figure 2 (A), supplementary table S3). 

To further explore this region, mean DMN connectivity and mean SN connectivity were 

extracted from this region for each participant. The aim of this was to see if variability in the 

network connectivities of this area common to the DMN and SN related to HF-HRV. 

Participants’ mean DMN connectivity in the ROI ranged from 0.2 to 2.60. The mean SN 

connectivity in the ROI ranged from 0.23 to 3.50 . One outlier that was 3SD from the mean 

was excluded from further analysis. The connectivity with DMN and SN in this mPFC 

region was correlated (r = 0.27, p<0.001). The connectivity strengths with DMN and SN in 

this mPFC region were also associated with HF-HRV (see Figure 2 (B) and (C); r=0.157, 

p=0.024 for DMN and r=0.147 p=0.035 for SN). Heart rate, as opposed to HF-HRV, was 

not significantly related to the connectivity of this mPFC region, although partialling out the 

effect of heart rate for the correlation of HF-HRV and the DMN did reduce the correlation 

slightly to r=0.115 for DMN and r=0.139 for SN. Heart rate was examined as a simpler 

measure than HF-HRV and one that has been interpreted as less specific to vagal control.

Result of seed based connectivity with the mPFC seed

Given the relationships between DMN and SN connectivities of the mPFC and HF-HRV, we 

then tested the functional connectivity of this specific region. The whole brain voxel-wise 

correlation map with the seed is shown in Figure 3. The result shows that mPFC 

connectivity is observed not only with anticipated regions within both DMN and SN, but 

also with frontal lobe regions, such as the lateral prefrontal cortex. Regions showing 

significant resting state connectivity with this region (r>0.25, FWE p<0.05) include the 

posterior cingulate, bilateral insula (anterior and posterior), medial temporal lobe, superior 

frontal lobe, caudate, and amygdala.

Do areas exhibiting seed-based connectivity with the mPFC also relate to HRV?

Figure 4 shows regions in DMN and SN where the connectivity with the mPFC seed 

positively correlated with HF-HRV (threshold at voxel-wise p<0.01) tested at a false 

positive rate of alpha α < 0.05. These included the pgACC, dorsal ACC, mid ACC, and left 

superior temporal gyrus extending into the left insula. Table 2 summarizes the cluster sizes, 

the peak z-values, and the coordinates of these regions. The significance levels were 

corrected for multiple comparisons in the search region that combined DMN and SN (# of 

voxels = 27959) using simulation by 3dClustSim. Based on the data variance, the simulation 
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result indicated that a combination of a height threshold of p<0.01 and contiguous cluster 

size of 151 voxels or more would achieve a false positive rate of α=0.05. An area typically 

related to autonomic control, the anterior insula, was also identified but failed to pass our 

significance threshold. This area was further identified in the whole brain analysis described 

in the supplementary material (see Figure S3 (B) x=42). The whole brain exploratory results 

for the correlation between mPFC connectivity and HF-HRV are reported in the 

supplemental figure, Figure S3 and supplemental tables, Table S2 and Table S3.

Discussion

A primary aim of the present study was to examine whether HF-HRV covaried with DMN 

connectivity. Despite the seemingly similar psychophysiological states implied by their 

conceptual descriptions, our results failed to show any overall association between HF-HRV 

and DMN. Individual levels of HF-HRV failed to correlate with mean levels of connectivity 

within the DMN. We did observe, however, associations between connectivity and a number 

of regions previously known to relate to HRV (B. Allen, Jennings, Thayer, Gianaros, & 

Manuck, 2015; Beissner, Meissner, Bar, & Napadow, 2013; P.J. Gianaros & Wager, 2015; 

Wager et al., 2009). Positive associations were observed between connectivity of the mPFC 

and dACC, pgACC and marginally, anterior insula; while negative associations were seen, 

marginally, with the brainstem (see supplemental material). In a sample of 27 adults, Kano 

et al. (2014) reported a negative association between a putative indicator of cardiac vagal 

activity derived from a phase shift analysis of inter-beat intervals and resting blood flow in 

the cerebellum and a more dorsal cingulate region assessed via arterial spin labeling, not 

resting state fMRI BOLD connectivity. This work emphasized the importance of the 

cerebellum and ACC, but otherwise seems only marginally relevant to our finding. In short, 

connectivity within the DMN overall is unrelated to individual differences in HF-HRV, but 

a limited number of regions do show a shared neural substrate between these resting states.

Our results do little to clarify the similarity or differences of psychological states related to 

DMN or HF-HRV. The psychological state related to either HF-HRV or the DMN has not 

been definitively established. More attempts to understand the functional significance of the 

DMN have been made (Anticevic et al., 2012; Laird et al., 2013; Leech & Sharp, 2014; 

Northoff, Qin, & Nakao, 2010; Qin & Northoff, 2011). Andrews-Hanna (2012), see also 

(Buckner et al., 2008), reviews these studies and alternative views that the DMN reflects an 

idling, metabolic recovery state, passive attention to the external environment or attention to 

internalized, self-directed thought. Complementary reviews also establish that preceding 

conditions/experience modulate the DMN and that level of DMN activation can modulate 

subsequent task activation (Northoff et al., 2010). Finally, recent work suggests that modest 

levels of DMN activity may facilitate relative routine behavior, albeit behavior requiring 

attention to the environment and simple responding (Esterman, Noonan, Rosenberg, & 

Degutis, 2013). The literature clearly suggests a role for internal mentation, but it is unclear 

that the resting/default brain state is composed solely of such mentation—a role for 

metabolic recovery or diffuse attention has not been excluded. Our results suggest, however, 

that to the extent HF-HRV reflects vagal metabolic rest and recovery, the DMN is not 

primarily regulating such rest/recovery.
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Despite a voluminous literature on resting HRV, little empirical evidence exists on how this 

measure relates to concurrent psychological states or processes as opposed to trait or clinical 

assessments of depression or anxiety, e.g., (Kemp, Quintana, Felmingham, Matthews, & 

Jelinek, 2012; Nahshoni et al., 2004; Wang et al., 2013). Measures of mood concurrently or 

preceding resting HRV measures show weak positive relationships with positive/happy 

moods (Ingjaldsson, Laberg, & Thayer, 2003; Pieper, Brosschot, van der Leeden, & Thayer, 

2010) and inverse relationships with negative moods/prior experience (Dywan, Mathewson, 

Choma, Rosenfeld, & Segalowitz, 2008; Fabes & Eisenberg, 1997; Ingjaldsson et al., 2003; 

T. W. Smith et al., 2011). A somewhat different type of state, inferred rather than 

subjectively expressed—flexibility, behavioral regulation or readiness to react to the 

environment—has been related to higher HF-HRV (Beauchaine, 2001; Butler, Wilhelm, & 

Gross, 2006). Engagement in virtually any task typically reduces HF-HRV (Stephen W. 

Porges, 2007). Increased HF-HRV has been observed during emotional self-regulation, 

perhaps, particularly in social situations (Butler et al., 2006; Stephen W. Porges, 2007). This 

observation is potentially related to the interpretations reviewed above for the DMN.1 It is 

important to note, however, that there are few studies and even fewer with substantial 

sample sizes that relate positive affective and social experiences to HF-HRV. Accordingly, 

more research is clearly needed. Beyond this, the literature appears mute on whether the 

biologically based view of vagal activation as restorative/relaxing is related to any 

perception of heightened restoration/relaxation during periods of high amplitude HF-HRV. 

The available empirical evidence appears to suggest that high amplitude HF-HRV is 

associated with a positive mood, absence of negative affect, and an alert readiness to engage 

with the physical and social environment.

Switching, SN, DMN, and HF-HRV

Regions seemingly sharing correlations between DMN connectivity and HF-HRV can be 

characterized as both related to autonomic nervous system control and to areas in the SN 

(Seeley et al., 2007). Initial work on the SN and a model of the functioning of this network 

(Menon & Uddin, 2010) suggested that the SN functioned to detect significant 

environmental events and switch between DMN function and active processing of events in 

an executive control network, e.g. switching to executive control after an error (T. E. Ham et 

al., 2013). The SN was linked to autonomic nervous system function in that both affect and 

orienting to the environment relate to sensitivity to environmental challenges. Our extraction 

of the SN in our results showed that one area related to HF-HRV was also jointly observed 

in both the SN and the DMN, the pgACC within the mPFC. Interestingly, this area, when 

subjected to Transcranial Magnetic Stimulation, has been shown to induce switching 

between DM and executive control networks (Chen et al., 2013); related work supports the 

same interpretation based on inferences from a Granger causality model (Goulden et al., 

2014). The possible further significance of this area is suggested by the observed 

relationships between a similar cingulate area and the cortisol response to stress in 

adolescents (Thomason, Hamilton, & Gotlib, 2011) and relationships between post traumatic 

stress severity and SN/DMN connectivity strength (Sripada et al., 2012).

1We thank Dr. Julian Thayer for assistance with the literature on this issue.
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Future work may more clearly implicate the insula’s relationship the mPFC area sharing 

connectivity with the DMN and SN. We observed connectivity to the insula, but this area 

was only marginally related to HF-HRV. Relatively posterior areas of the insula appear to be 

closely related to visceral sensory function; while more anterior areas may be more related 

to emotional salience and attention control—interpretations drawn from brain resting state 

connectivity as well as active engagement of these areas (Cauda et al., 2012; Cauda et al., 

2011; Craig, 2009).

Limitations

Although benefitting from a large sample size formed from two studies, the studies did 

differ somewhat in methodology. Assessment of networks and HRV was done separately in 

the two studies. However, the similarity of results suggested that combination of the samples 

was appropriate. The benefits of added power and resolution also appeared to outweigh any 

true effect of the methodological differences between studies. Heart rate variability was 

assessed in seated postures in AHAB, but reclining in PIP. This may have led to somewhat 

different levels of HF-HRV between the studies although individual differences in level are 

less likely to be altered by posture. The PIP study derived heart rate variability from a pulse 

signal. Despite validation of such measurement, the use of electrocardiographic signals is 

more common and likely slightly more precise. As noted, measures of heart rate variability 

were not concurrent with brain measures. Though concurrent measurement would aid 

interpretation of the concurrence of brain and cardiac measures, heart rate variability in the 

literature is uniformly assessed under conditions similar to those used in the current studies. 

To the extent that individual differences in HRV are trait differences, the current measures 

generalize better to the extant literature than would HRV measures from the scanner 

environment. Questions about the psychological state related to either DMN or HF-HRV 

were not directly addressed with the current data; our brain data were collected without an 

explicit interest in perceptions related to resting states. The other limitation of the study was 

that the data were acquired from a 5 minute scan. Although estimated functional 

connectivity has been found to be stable with a 5 minute-acquisition (see VanDijk et al., 

2010), recent studies (Birm et al., 2013, Gozaler-Casilo et al., 2014) suggested that 10 

minutes of acquisition or more could produce more stable results. Connectivity estimates 

derived from ICA were, however, shown to have occasion-to-occasion test-retest 

repeatability using a 6.5 minute scan (ICC>0.4, Zuo et al., 2010).

Conclusions

The brain control of resting states represented by the DMN and HF-HRV is largely separate 

and non-overlapping. Functional orientation away from psychophysiological states related to 

DMN and HF-HRV may, however, share regulation by a mPFC area common to both the 

DMN and SN and related to HF-HRV. Specific assessment during such switching of the 

relevant brain areas as well as the heart rate responses is necessary to support this 

interpretation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Default Mode Network (threshold at z>4 from component #9); included regions of 

posterior cingulate (BA31,23), hippocampus, amygdala, medial orbital frontal gyrus 

(BA10,24,25, and 32), mid frontal gyrus(BA8,9) L/R mid temporal gyrus (BA20,37), L/R 

inferior orbital frontal gyrus (BA11,47), temporal lobe, parietal lobe and angular gyrus (B) 

Salience Network (threshold at z>4 from component #11) includes L/R insula(BA13,22,47), 

L/R mid inferior frontal gyrus (BA10), thalamus and L/R putamen and caudate.
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Figure 2. 
(A) mPFC region of interest (yellow), which is the intersection of default mode network 

(red) and salience network (green). Total volume: 13032 mm3, center of mass (mm): 

(1,46,-3), x: -14 to 14 mm, y: 30 to 60 mm, and z: -14 to 18mm. (B) Correlation of mean 

DMN connectivity in the ROI and HF-HRV. (C) Correlation of mean SN in the ROI and 

HF-HRV (n=207).
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Figure 3. 
Functional connectivity map with mPFC seed. Threshold at correlation coefficient r >0.25. 

Regions include areas in DMN: medial frontal lobe (BA8,9,10,11), anterior cingulate 

(BA24, 24,32), posterior cingulate (BA31,23) and L/R parahippocampus; in SN: L/R insula 

(BA13,47), L/R superior temporal gyrus. It also includes areas outside the DMN and SN, 

such as superior frontal gyrus.
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Figure 4. 
(A) ROI Search regions (white): combined DMN and SN, # of voxels=27959, voxel 

size=2mm3(B) Regions in which the connectivity with mPFC seed at rest associated with 

high frequency heart rate variability (threshold at T>2.34, p<.01); the associations were 

tested with a false positive detection rate of α =0.05 (corrected threshold using 3dClustSim) 

The regions shown are 1) pgACC, 2) dACC, 3) MCC, and 4) left temporal gyrus extending 

into the left insula. See Table 2 for detailed coordinates.
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Table 1

Demographic Data: AHAB II (n=98) and PIP (n=110)

Overall AHABII PIP

Age,yrs; M(SD) 41.19(7.01) 41.45(7.97) 40.88(6.04)

Gender (M/F)a 100/108 37/61 63/47

Race (White/non-White) 163/45 80/18 83/27

Education Level
(HS/College/Graduate) 10/112/86 4/53/41 6/59/45

Yrs of School; M(SD) 17.65(3.05) 17.74(3.06) 17.57(3.06)

Smoking(non/former/current Smoker) 134/50/24 60/27/11 74/23/13

Waist, inches; M(SD)a 35.03(5.23) 34.11(5.27) 35.85(5.07)

BMI, kg/mm2; M(SD) 26.75(4.93) 26.22(5.16) 27.21(4.70)

SBP, mmHg; M(SD)a 119.47(9.79) 116.32(9.75) 122.19(9.03)

DBP, mmHg; M(SD) 73.15(8.63) 72.44(8.47) 73.76(8.76)

Resting HF HRV,HZ-
in natural log scale; M(SD) 5.5(1.47) 5.72(1.34) 5.32(1.55)

Mean Interbeat Interval, msec; M(SD) 907.19(145.19) 902.32(155.17) 911.53(136.26)

BDI, M(SD) 3.64(3.76) 3.88(3.76) 3.44(3.75)

STAI; M(SD) 32.52(8.15) 32.34(8.79) 32.67(7.58)

a
AHABII and PIP samples are not statistically different, except for a relatively greater number of females in AHABII (chi-square test, p<.05) and 

greater waist circumference and SBP in PIP relative to AHABII (t-test, p<.05).
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Table 2

Regions in which the connectivity with mPFC seed correlated with high frequency heart rate variability 

(Search regions: DMN and SN)

Cluster Size Peak coordinates Peak Z-value

Threshold at
T=2.34, p=0.01 X y Z

Cingulate Gyrus (dACC) BA24, 32 401 −2 16 28 3.76

Cingulate Gyrus (MCC) BA24 157 0 −12 40 3.42

Cingulate Gyrus (pgACC) BA32, 24 152 −4 46 2 3.39

Left Inferior Frontal

Gyrus; Superior Temporal
Gyrus, Insula

BA22,
BA44 221 −58 8 4 3.34
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