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Abstract

We examined the neural correlates of resting cardiac vagal activity in a sample of 432 participants 

(206 male; 61 African American; mean age 42 years). Pulsed arterial spin labeling was used to 

quantify whole brain and regional cerebral blood flow at rest. High-frequency heart rate variability 

(HF-HRV) was used to measure cardiac vagal activity at rest. The primary aim was to determine 

whether brain regions implicated in regulating cardiac vagal reactions were also related to cardiac 

vagal activity at rest, and whether these associations varied by sex or race. Brain areas previously 

related to vagal reactivity were related to resting HF-HRV. Directionality of relationships differed 

between overall and regional flows. Some relationships were only observed in women and African 

Americans. There appears to be communality between brain regions associated with task-induced 

vagal reactivity and those associated with resting cardiac vagal activity.
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High-frequency heart rate variability (HF-HRV) is a purported noninvasive marker of 

postganglionic vagal traffic to the sinoatrial node and the final output of the so-called central 

autonomic network, which refers to a distributed group of cortical and subcortical brain 

regions that regulate autonomic outflow to the periphery (Akselrod et al., 1981; Benarroch, 

1993; Berntson et al., 1997; Lewis, Furman, McCool, & Porges, 2012; Porges, 2007; 

Shoemaker, Wong, & Cechetto, 2012; Thayer & Lane, 2000). Human neuroimaging studies 

of the neural correlates of HF-HRV have largely employed reactivity paradigms and have 

commonly reported correlations between task-evoked reductions in HF-HRV, presumably 

reflecting “vagal withdrawal,” and corresponding reductions in regional cerebral blood flow 

(Gianaros, van der Veen, & Jennings, 2004; Napadow et al., 2008). However, no studies to 
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our awareness have provided consistent evidence for a relationship between resting cardiac 

vagal activity and resting cerebral blood flow—which presumably reflects resting metabolic 

activity linked to neural function (Ye et al., 2000; cf. Cha et al., 2013). The distinction 

between rest and reactivity is important insofar as resting cardiac vagal activity has been the 

predominant vagal index used in epidemiological studies linking short-term estimates of 

HRV with diverse health outcomes and end points, such as all-cause mortality, 

cardiovascular disease, and inflammation (Britton et al., 2007; Y. W. Chang et al., 2012; 

Habib, 1999; Huston & Tracey, 2011; Marsland et al., 2007; Thayer, Yamamoto, & 

Brosschot, 2010). Thus, the present study extends prior work focused on reactivity to a focus 

on the neural correlates of resting cardiac vagal activity.

Neural Correlates of HF-HRV

Human evidence of the neural correlates of HF-HRV is largely based on neuroimaging 

studies using either functional magnetic resonance imaging (fMRI) or positron emission 

tomography (PET). One recent meta-analysis of neuroimaging studies of HF-HRV identified 

five brain regions in which changes in regional cerebral blood flow were related to task-

evoked changes in HF-HRV (Thayer, Åhs, Fredrikson, Sollers, & Wager, 2012). Three brain 

regions (i.e., ventromedial prefrontal cortex, encompassing the perigenual and subgenual 

portions of the anterior cingulate cortex, as well as the left sublenticular extended amygdala) 

were related to HF-HRV across all studies included in the meta-analysis. Moreover, HF-

HRV was related to regional cerebral blood flow during specific experimental paradigms, 

such as emotion (i.e., rostral medial prefrontal cortex) and cognitive/motor tasks (i.e., left 

posterior putamen).

A second recent meta-analysis of neuroimaging studies of HF-HRV differentiated brain 

regions associated with presumptive indicators of sympathetic and parasympathetic control 

(Beissner, Meissner, Bär, & Napadow, 2013). Brain regions generally associated with 

parasympathetic control included the hippocampal formation, amygdala, anterior insula, 

dorsal posterior cingulate cortex, primary motor cortex, superior temporal gyrus, and 

cerebellum. There is some overlap between these two meta-analyses in terms of the brain 

regions reportedly associated with cardiac vagal reactivity (e.g., left amygdala, regions of 

the cingulate), but it appears that these associations vary as a function of the domain of task 

during which the data were collected.

Limitations of Existing Neuroimaging Studies of Cardiac Vagal Function

While these meta-analytic results are informative, several characteristics of the studies 

included in these meta-analyses make the findings somewhat problematic to interpret and 

directly compare or integrate. For example, a wide variety of HF-HRV metrics were used, 

including spectral analysis, peak-to-valley, and an unorthodox method of orthogonalizing 

HF-HRV with respect to low frequency HRV (Allen, Chambers, & Towers, 2007; Critchley 

et al., 2003). As indicated above, it is also noteworthy that the majority of studies included 

in these meta-analyses identified brain regions in which task-evoked changes in neural 

activity (activation, deactivation) were correlated with task-evoked changes in HF-HRV 

(i.e., vagal withdrawal). Moreover, of these “reactivity” studies, several only presented task-
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evoked activation and deactivation patterns alongside task-evoked vagal reactions, rather 

than explicitly correlating HF-HRV with neuroimaging metrics (e.g., Goswami, Frances, & 

Shoemaker, 2011; Marci, Glick, Loh, & Dougherty, 2007). Thus, the findings outlined in 

these meta-analyses may only be relevant to domain-specific relationships with vagal 

reactivity, namely, vagal withdrawal, and not indicative of neural pathways generally related 

to resting cardiac vagal activity.

Furthermore, only eight studies were included in each meta-analysis with a median sample 

size of 12 subjects per study. Human neuroimaging studies are often characterized by small 

sample sizes (Button et al., 2013); however, this increases the probability of spurious 

correlations and limits the identification of between-subject effects (e.g., by sex, race). 

Moderating factors, such as sex and race, deserve attention for several reasons. For instance, 

sex differences have been reported in the neural correlates of HF-HRV (Nugent, Bain, 

Thayer, Sollers, & Drevets, 2011; Wong et al., 2007), and some evidence suggests that sex 

differences in HF-HRV may vary as a function of age (Kuo et al. 1999). Therefore, it is not 

clear how well the meta-analytic results reported above generalize across men and women.

An additional concern is that the participants in the studies included in these meta-analyses 

were predominantly of European descent. Race is an important issue regarding the neural 

correlates of cardiac vagal control given the consistent evidence of an increased risk for 

cardiovascular disease among African Americans (Karlamangla, Merkin, Crimmins, & 

Seeman, 2010). Some researchers have suggested that dysregulated autonomic functioning 

may be a potential mechanism underlying race differences in cardiovascular disease (Thayer 

et al., 2010). For example, some studies have reported significantly higher resting HF-HRV 

in African Americans compared to European Americans, despite racial differences in 

cardiovascular disease (Liao et al., 1995). These findings are paradoxical because higher 

HF-HRV is considered a cardioprotective factor, suggesting that resting HF-HRV may have 

different health implications for African and European Americans. Furthermore, racial 

differences in HF-HRV may also be paralleled by racial differences in neural correlates of 

resting cardiac vagal activity. Racial differences in the neural correlates of resting cardiac 

vagal control have yet to be examined.

Aims of the Current Study

Accordingly, we examined a relatively large sample of men and women of both African and 

European descent to determine the relationship between resting cardiac vagal activity, 

estimated via HF-HRV, and resting cerebral blood flow, estimated via pulsed arterial spin 

labeling (PASL). Whereas many prior reports of the neural correlates of HF-HRV reactivity 

have relied on change in the blood oxygenation level-dependent (BOLD) signal to estimate 

task-induced brain activation, PASL is a noninvasive brain imaging method capable of 

quantifying cerebral blood flow at rest, which is more tightly correlated with neuronal 

activity than the BOLD signal (Buxton & Frank, 1997; Pfeuffer et al., 2002). The majority 

of measures reported in brain imaging studies report relative measures rather than 

quantitative blood flow measures; hence, total cerebral blood flow was not reported in 

studies reviewed in the meta-analyses. Thus, one value of the current study was the 

comparison of total and proportional regional flows to resting HF-HRV.
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We sought to examine both regional and whole brain resting cerebral blood flow, as whole 

brain cerebral blood flow has been related to numerous cardiometabolic risk factors 

(Jennings et al., 2013). Furthermore, neuronal signaling mechanisms (e.g., nitric oxide), 

which govern whole brain cerebral blood flow via vasodilation of cerebral arteries, also 

influence cardiac vagal activity. For example, experimentally induced increases in total 

cerebral blood flow also increase HF-HRV (Chowdhary et al., 2000). Thus, higher levels of 

resting total cerebral blood flow may also be related to relatively higher levels of resting HF-

HRV.

Regarding the relationship between HF-HRV and regional cerebral blood flow, our analyses 

were largely guided by the two recent meta-analyses that identified specific brain regions 

commonly associated with task-induced vagal withdrawal (Beissner et al., 2013; Thayer et 

al., 2012). The vast majority of studies included in these meta-analyses reported that task-

induced decreases in HF-HRV were related to task-induced reductions in regional neural 

activity (Gianaros et al., 2004; Napadow et al., 2008). Relatively higher resting HF-HRV is 

typically associated with greater task-induced reductions in HF-HRV (i.e., ↑ HF-

HRVBaseline = ↓ HF-HRVTask; e.g., Salomon, 2005; cf. Park, Vasey, Van Bavel, & Thayer, 

2014). Presuming communality between neural regulation of resting HF-HRV and task-

induced reductions in HF-HRV (i.e., ↓ neural activityTask = ↓ HF-HRVTask), relatively lower 

levels of resting HF-HRV may be related to greater resting regional brain activation (↓ HF-

HRVBaseline = ↑ regional cerebral blood flowResting). Thus, we examined the relationship 

between resting HF-HRV with resting total and regional cerebral blood flows. A secondary 

and exploratory aim of this paper was to examine the extent to which these relationships 

varied as a function of sex and race.

Method

Participants

The present study examined 432 participants (206 male; mean age 42 years, standard 

deviation = 7 years, age range = 30–54; 362 European American, 61 African American, 5 

Asian, 2 multiracial, 2 other). Subjects were recruited via a mass mailing to residents of the 

Tri-County area in western Pennsylvania (Allegheny, Westmoreland, and Washington 

Counties) for participation in the Adult Health and Behavior study (see Table 1 for more 

sample characteristics; also see Gianaros et al., 2013). Mailing addresses were derived from 

lists obtained and purchased by the Department of Epidemiology, including public domain 

lists (e.g., Aldata, Info USA) and voter registration lists. A total of 177,415 residents were 

mailed the study advertisement, 8,957 (5%) responded to the advertisement, and 3,431 

(38%) were reached for a screening interview. The age range recruited for this study was 

30–55 years. Based upon laboratory and clinic assessments, participants were excluded if 

they had any of the following: history of cardiovascular disease/ heart surgery; prior stroke/

history of cerebrovascular disease; a neurological disorder, prior convulsions, or a 

concussion involving a loss of consciousness; chronic kidney/liver disease; cancer; insulin-

dependent diabetes/fasting glucose > 126mg/dL; high resting blood pressure (systolic/

diastolic ≥ 160/110mmHg); use of psychotropic, lipid-lowering, glucocorticoid, or 

cardiovascular (e.g., antihypertensive) medications; or a reported history of schizophrenia or 
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bipolar disorder. The study was approved by the University of Pittsburgh Institutional 

Review Board, and all participants gave informed consent.

HRV Protocol and Assessment

Heart rate variability (HRV) was derived from a continuous recording of a two-lead 

electrocardiogram (ECG) attached bilaterally to the wrists throughout a 5-min period of 

paced respiration (11 breaths/minute; ≈ 0.18 Hz). Pilot observations suggested that 11 

breaths/minute was a comfortable rate for most people. Participants were instructed to 

breathe naturally in response to two auditory tones signaling them to inhale and exhale. 

Respiration was monitored using a thoracic strain gauge. During the paced respiration, 

participants were seated and asked to remain stationary in a temperature-controlled 

recording chamber to control for the effects of individual differences in breathing frequency 

and movement on HRV (Berntson et al., 1997). HRV was also collected during spontaneous 

breathing, though the results were not substantially different when unpaced HRV was used 

in the analyses, and HRV collected during paced breathing was more normally distributed 

(less skewed and kurtotic).

The ECG was collected in the morning, on average 2 weeks prior to the neuroimaging 

session. Participants were asked to not drink caffeine for 4 h, avoid alcohol or exercise for 

12 h, and abstain from over-the-counter medications for 24 h. ECG signals were digitized at 

a sampling rate of 1000Hz (LabView acquisition software, National Instruments 

Corporation, Austin, TX). An interbeat-interval time series was derived from the ECG, 

corrected for artifacts in the R wave detection process, and the band-limited variance within 

the high frequency (0.12–0.40 Hz) was extracted using PhysioScripts (Christie & Gianaros, 

2013).

Pulsed Arterial Spin-Labeling Acquisition

The neuroimaging session was collected under similar restrictions as the ECG session. 

Participants were asked to not drink caffeine for 4 h, avoid alcohol or exercise for 12 h, and 

abstain from over-the-counter medications for 24 h. The average scan time started at roughly 

1 pm. Resting perfusion images were collected on a 3T Trio TIM whole-body scanner 

(Siemens, Erlangen, Germany) using a 12-channel phased-arrayed head coil and a PASL 

sequence. Interleaved perfusion images with and without arterial spin labeling were obtained 

over a 5-min, 28-s period using gradient-echo echo-planar imaging (EPI). The PASL 

sequence employed a modified version of the flow-sensitive alternating inversion recovery 

method (Kim, 1995), specifically applying a saturation pulse 700 ms after an inversion 

pulse. To reduce transit artifact, a 1,000-ms delay separated the end of the labeling pulse and 

the time of image acquisition. Resting perfusion image acquisition parameters were field of 

view (FOV) = 240 × 240mm, matrix = 64 × 64, repetition time (TR) = 4,000 ms, echo time 

(TE) = 18ms, and flip angle (FA) = 90°. Twenty-one slices (5mm thick, 1-mm gap) were 

acquired sequentially in an inferior-to-superior direction, yielding 80 total perfusion images 

(40 labeled, 40 unlabeled, 2 initial discarded images allowing for magnetic equilibration), 

and the acquisition time of each slice was 45 ms. A 24 s of equilibrium magnetization of 

brain (two sets of 21 slices; TR = 8,000ms; all other parameters are described as above) 

provided two images for baseline cerebral blood flow quantification.
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Preprocessing of Perfusion Images

Resting perfusion images were preprocessed with computational routines implemented in 

Statistical Parametric Mapping software (SPM8; Wellcome Trust Centre for Neuroimaging, 

London, UK). For preprocessing, the MPRAGE (magnetization-prepared rapid gradient-

echo) image was segmented into gray and white images. Resting perfusion images were 

realigned to the first image of the series. The baseline images were realigned to the first of 

the perfusion images, and one averaged baseline image was then calculated from the two 

realigned images for later use for cerebral blood flow imaging reconstruction. Each 

individual’s realigned gray image was coregistered to the respective mean perfusion image. 

The 80 realigned perfusion images and one averaged baseline image were then smoothed 

with a 12-mm full-width at half-maximum (FWHM) isotropic Gaussian kernel. Cerebral 

blood flow was then calculated. The realigned and smoothed 40 labeled and 40 unlabeled 

perfusion images were submitted to pairwise subtraction (e.g., the even-numbered 

unlabeled/control image is subtracted from odd-numbered labeled image). Subtraction 

images were converted to an absolute cerebral blood flow image series using a validated 

algorithm (Wang et al., 2003). This perfusion series was then averaged; generating for each 

individual a single resting voxelwise cerebral blood flow image and a global cerebral blood 

flow value, both in units of mL/100 g/min. After the perfusion reconstruction step, an 

individual’s mean cerebral blood flow images and structural gray image were then spatially 

normalized to the International Consortium for Brain Mapping 152 template (Montreal 

Neurological Institute; MNI) of gray image with voxel size of 3×3×3mm using a trilinear 

interpolation method. These steps resulted in a normalized mean cerebral blood flow image 

for each participant.

Regions of Interest

A total of 14 regions of interest (ROI) were selected with a spherical shape (10-mm radius) 

centered at MNI coordinates derived from two recent meta-analyses of human neuroimaging 

studies of central autonomic pathways (see Table 2; Beissner et al., 2013; Thayer et al., 

2012). Labels for each ROI were derived by converting the MNI coordinates to Talairach 

coordinates using mni2tal, and then finding the nearest gray matter region using the 

Talairach client (Brett, 1999; Lancaster et al., 1997, 2000). Thus, the names for each ROI 

included in the present paper may differ somewhat from the labels reported in the meta-

analyses upon which they were based. ROIs were normalized by dividing the resulting 

regional values by total cerebral blood flow, resulting in a proportional metric (see online 

supporting information Table S1 for means and standard errors of raw and proportional 

ROIs). While such a correction has been called into question in the literature regarding 

correlations between two resting state networks (Murphy, Birn, & Bandettini, 2013; 

Murphy, Birn, Handwerker, Jones, & Bandettini, 2009), we corrected for total cerebral 

blood flow because of its high correlation with regional flows. Furthermore, our analyses 

were aimed at the relationship between HF-HRV and regional cerebral blood flow, rather 

than the correlation between estimates of regional cerebral blood flow.
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Statistical Approach

To examine the relationship between HF-HRV and cerebral perfusion, linear regression 

models were computed with HF-HRV as the predictor and cerebral blood flow as the 

outcome. Separate regression models (15 total) were computed in SPSS 21 for total cerebral 

blood flow and each of the 14 ROIs. To test for sex and race differences in the relationship 

between HF-HRV and cerebral blood flow, a hierarchical regression approach was used. 

The Z score of HF-HRV and all cerebral blood flow values were first computed to allow for 

an accurate calculation of standardized (β) regression weights (Friedrich, 1982). First-order 

terms were entered into the initial step of the model (zHF-HRV and sex/race), and their 

multiplicative terms were added in the second step (i.e., zHF-HRV * race, zHF-HRV * sex; 

Aiken, & West, 1991). Significant interaction terms indicated that the relationship between 

HF-HRV and cerebral blood flow differed by sex/race, and were subsequently probed by 

computing simple slopes for the respective groups (men, women; European Americans, 

African Americans).

In addition to the ROIs outlined in Table 2, exploratory whole brain analyses were 

conducted using the same regression approach discussed above. The primary goal of these 

whole brain analyses was to determine whether HF-HRV was related to any additional brain 

regions not examined in the ROI analysis. In SPM 8, cerebral blood flow images were 

masked using an absolute threshold of zero and normalized using proportional scaling to 

conform to the ROI analyses. For the main effect of HF-HRV on brain perfusion, cerebral 

blood flow images were thresholded at p<.001, uncorrected, with a minimum cluster size of 

10 contiguous voxels. A relaxed threshold (p<.005) was used when testing interactions 

between HF-HRV and race/sex. Familywise error-corrected p values are reported for each 

significant cluster. MNI coordinates at peak activity of each significant cluster were 

converted to Talairach coordinates using mni2tal (Brett, 1999). Labels from the resulting 

Talairach coordinates were determined by finding the nearest gray matter region using the 

Talairach client, similar to the ROI analyses explained above (Lancaster et al., 1997, 2000).

In the initial stages of the composition of this paper, we examined the effect of a number of 

variables potentially influencing the relationships between HF-HRV and cerebral blood 

flow: age, systolic blood pressure (mmHg), smoking status (nonsmoker/exsmoker vs. 

current smoker), and physical activity (Paffenbarger, Blair, Lee, & Hyde, 1993). Systolic 

blood pressure, smoking status, and physical activity had no appreciable effects on our 

findings, and were subsequently dropped from our statistical models. However, age was 

related to both HF-HRV (r = .40, p<.001) and cerebral blood flow in several regions. 

Controlling for age in our regression models reduced the magnitude of five of the reported 

main effects between HF-HRV and cerebral blood flow, which are noted in Table 2. We also 

controlled for demographic variables (see Table 1) that differed by group (sex/race) to see if 

any of our reported sex or race differences were accounted for by their statistical control. 

However, all sex and race by HF-HRV interactions remained significant and appear to be 

independent of the demographics we measured.
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Results

Whole Sample Analyses: HF-HRV and Brain Perfusion

Table 2 shows the MNI coordinates and β weights representing the standardized 

relationships between perfusion in each brain region tested and resting HF-HRV. Overall, 

there were main effects and/ or interactive effects of resting HF-HRV on perfusion in the 

whole brain and 10 of the 14 ROIs examined (see Table 2).

Total cerebral blood flow was positively related to HF-HRV, β = .149, t(430) = 3.13, p = .

002, R2 = .022. HF-HRV had a negative main effect on four ROIs in the left hemisphere: left 

parahippocampal gyrus (BA 34) [β=−.123, t(430) = 2.56, p = .011, R2 = .015], left putamen 

[β=−.138, t(430) = 2.88, p = .004, R2 = .019], left amygdala [β=−.123, t(430) = 2.56, p<.011, 

R2 = .015], and the left insula (BA 13) [β=−.154, t(430) = 3.22, p = .001, R2 = .024]. HF-

HRV also had a negative main effect on four ROIs in the right hemisphere: right insula (BA 

13) [β = 2.096, t(430) = 2.00, p = .046, R2 = .009], right hippocampus [β=−.125, t(430) = 

2.60, p = .009, R2 = .016], right superior temporal gyrus (BA 22) [β=−.131, t(430) = 2.74, p 

= .006, R2 = .017], and the right superior temporal gyrus (BA 44) [β=−.183, t(430) = 3.85, 

p<.001, R2 = .033].

HF-HRV and Brain Perfusion as a Function of Race

In addition to the whole sample regression analyses reported above, race differences in the 

relationship between resting HF-HRV and brain perfusion were investigated. The interaction 

between race and HF-HRV was significantly related to total cerebral blood flow, as well as 

cerebral blood flow in two ROIs (see Table 2). The relationship between total cerebral blood 

flow and HF-HRV varied as a function of race (β=−.275, t(419) = 2.25, p = .025), with the 

interaction term significantly improving model fit (ΔR2 = .012, R2 = .034, F(3,419) = 4.98, 

p<.001). Simple slope testing revealed that higher resting HF-HRV was related to greater 

whole brain perfusion in European Americans (β = .206, t(419) = 3.80, p<.001), but not 

African Americans (β=−.069, t(419) = .628, p = .530). The relationship between HF-HRV 

and proportional cerebral blood flow in the dorsal anterior cingulate varied as a function of 

race (β=−.365, t(419) = 3.03, p = .003), with the interaction term significantly improving 

model fit (ΔR2 = .022, R2 = .022, F(3,419) = 3.20, p = .023). Simple slope testing indicated 

that higher resting HF-HRV was related to less perfusion in African Americans (β=−.321, 

t(419) = 2.98, p = .003), but not European Americans (β = .044, t(419) = .821, p = .412). 

Finally, the relationship between HF-HRV and proportional cerebral blood flow in the 

ventral anterior cingulate varied as a function of race (β=−.320, t(419) = 2.66, p = .008), 

with the interaction term significantly improving model fit (ΔR2 = .017, R2 = .019, F(3,419) 

= 2.77, p = .041). Simple slope testing showed that higher resting HF-HRV was related to 

less perfusion in African Americans (β=−.243, t(419) = 2.25, p = .025), but not European 

Americans (β=−.077, t(419) = 1.448, p = .148).

HF-HRV and Brain Perfusion as a Function of Sex

In light of the differential effects by race reported above and the relatively small number of 

African American males in the current sample (n = 21), sex differences in the relationship 

between HF-HRV and perfusion were investigated in European American subjects only (n = 
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362, 183 females). The interaction between sex and HF-HRV was significantly related to 

proportional cerebral blood flow in three ROIs (see Table 2). The relationship between HF-

HRV and proportional cerebral blood flow in the left parahippocampal gyrus varied as a 

function of sex (β = .294, t(358) = 2.75, p = .006), with the interaction term significantly 

improving model fit (ΔR2 = .020, R2 = .036, F(3,358) = 4.45, p = .004). Simple slope testing 

revealed that higher resting HF-HRV was related to less perfusion in women (β=−.261, 

t(358) = 3.53, p<.001), but not men (β = .032, t(358) = .419, p = .676). The relationship 

between HF-HRV and proportional cerebral blood flow in the left amygdala also varied as a 

function of sex (β = .283, t(358) = 2.64, p = .008), with the interaction term significantly 

improving model fit (ΔR2 = .019, R2 = .034, F(3,358) = 4.19, p = .006). Simple slope testing 

indicated that higher resting HF-HRV was related to less perfusion in women (β=−.252, 

t(358) = 3.39, p<.001), but not men (β = .031, t(358) = .407, p = .685). Finally, the 

relationship between HF-HRV and proportional cerebral blood flow in the right 

hippocampus varied as a function of sex (β = .270, t(358) = 2.54, p = .012), with the 

interaction term significantly improving model fit (ΔR2 = .017, R2 = .045, F(3,358) = 5.66, p 

= .001). Simple slope testing showed that higher resting HF-HRV was related to less per-

fusion in women (β=−.273, t(358) = 3.70, p<.001), but not men (β = .004, t(358) = .048, p 

= .962).

Exploratory Whole Brain Analyses

The relationship between HF-HRV and perfusion was further investigated using exploratory 

whole brain analyses to determine whether HF-HRV was related to any brain regions in 

addition to the 14 ROIs previously identified in the literature. For the whole sample, two 

additional clusters of voxels were negatively correlated with HF-HRV (see Table 3). These 

regions included a cluster of voxels centered at the left putamen and a cluster of voxels 

centered at the right precentral gyrus (BA 6) that also extended into the right postcentral 

gyrus (BA 43; see Figure 1). While the left putamen was included in the meta-analyses ROIs 

analyzed above, the region of the putamen found in these exploratory analyses was more 

posterior/left lateralized.

Similar exploratory whole brain analyses were conducted with the sample narrowed to only 

European and only African American subjects to determine whether the relationship 

between HF-HRV and perfusion varied as a function of race in any additional brain regions. 

The interaction between race and HF-HRV predicted one cluster of voxels centered in the 

left ventromedial prefrontal cortex (vmPFC), which revealed that HF-HRV was negatively 

correlated with cerebral blood flow in the vmPFC for African Americans, but not European 

Americans (see Figure 2). This region was centered in the vmPFC but also extended into the 

ventral and dorsal anterior cingulate. No additional brain regions were found in which HF-

HRV correlated with perfusion as a function of sex.

Effect of Covariates

The role of several covariates was examined with respect to the relationship between HF-

HRV and perfusion. Our main effects reported in Table 2 were independent of smoking 

status, blood pressure, and physical activity. However, five of the eight relationships 

between HF-HRV and region perfusion were no longer significant after controlling for age, 
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suggesting that a mechanism related to aging may explain some of the reported relationships 

between HF-HRV and perfusion. The three regions robustly related to HF-HRV independent 

of age were the left insula (BA 13), right hippocampus, and right superior temporal gyrus 

(BA 41). In light of the racial differences in our sample characteristics noted in Table 1, we 

also determined whether the racial differences in the relationship between HF-HRV and 

perfusion were independent of age, body mass index (BMI), blood pressure, years of 

schooling, median household income, and physical activity. However, none of these 

covariates accounted for the racial differences reported herein.

Discussion

The aim of the present study was to examine the relationship between resting cardiac vagal 

activity, estimated via HF-HRV, with resting cerebral blood flow, estimated via pulsed 

arterial spin labeling. Based on previous neuroimaging studies of autonomic reactivity, we 

tested the hypothesis that higher resting HF-HRV would be related to lower resting regional 

cerebral blood flows. Specifically, we tested the correspondence between resting HF-HRV 

and whole brain perfusion, as well as several brain regions outlined in human neuroimaging 

studies of cardiac vagal reactivity (Beissner et al., 2013; Thayer et al., 2012). Our study 

offers empirical evidence connecting relatively higher resting cardiac vagal activity with 

greater total cerebral blood flow, and less cerebral blood flow in some, but not all, tested 

brain regions. Overall, we found at least partial support for common putative regulatory 

brain regions between resting HF-HRV and 10 of the 14 brain regions reported in the 

aforementioned meta-analyses of reactive vagal control. We found no support for the 

relationship between resting HF-HRV and resting perfusion in the cerebellar declive, dorsal 

posterior cingulate, or the left precentral gyrus. However, exploratory analyses did show that 

perfusion in the right pre- and postcentral gyrus was negatively related to resting HF-HRV. 

In addition, we found evidence of both race and sex differences in the relationship between 

resting HF-HRV and brain perfusion. Finally, controlling for age accounted for five of the 

eight regional relationships reported between HF-HRV and cerebral for the whole sample.

Resting Cardiac Vagal Activity and Whole Brain Perfusion: Possible Mechanisms

There are several mechanisms for the relationship between higher resting cardiac vagal 

activity and greater whole brain perfusion. Three possibilities can be briefly noted. First, 

regional cerebral blood flow is primarily determined by momentary metabolic demand and 

regulated via local signaling mechanisms, such as nitric oxide released from activated 

neurons (Attwell et al., 2010). Nitric oxide participates in the vasodilation of cerebral 

microvessels and the autoregulation of total cerebral blood flow (Kobari, Fukuuchi, Tomita, 

Tanahashi, & Takeda, 1994), and has been related to brainstem regions of autonomic 

cardiovascular control, including the nucleus ambiguus and the nucleus tractus solitarius 

(see review by Chowdhary & Townend, 1999). Nitric oxide has been shown to augment 

cardiac vagal activity in humans, as indexed via HF-HRV (Chowdhary et al., 2000). Thus, a 

coordinated physiological substrate of vasodilation of cerebral microvessels and autonomic 

cardiovascular control via the action of nitric oxide is consistent with our finding that total 

cerebral blood flow is associated with higher resting cardiac vagal activity.
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Second, direct autonomic innervation of the cerebral vasculature is another potential 

pathway connecting total cerebral blood flow and cardiac vagal activity. Cerebral arteries 

are innervated by both sympathetic (superior cervical ganglion) and parasympathetic 

projections (otic and sphenopalatine ganglia; Goadsby & Edvinsson, 2002; Ter Laan, van 

Dijk, Elting, Staal, & Absalom, 2013), and cerebral arteries contain both adrenergic and 

cholinergic receptors, which modulate vascular tone and cerebral blood flow (Hamner, Tan, 

Lee, Cohen, & Taylor, 2010; Hamner, Tan, Tzeng, & Taylor, 2012; Ter Laan et al., 2013). 

Sympathetic modulation of vascular tone and cerebral blood flow may be inversely related 

to excitation of cardiac vagal neurons, and ultimately HF-HRV via sympathetic 

neuromodulating effects acting on the cholinergic vagal neurons in the nucleus ambiguous 

(Bateman, Boychuk, Philbin, & Mendelowitz, 2012; Boychuk, Bateman, Philbin, & 

Mendelowitz, 2011). Our finding that higher HF-HRV is related to greater whole brain 

perfusion may be indicative of diminished sympathetic adrenergic inhibition in the nucleus 

ambiguus and less sympathetic adrenergic vasoconstriction of cerebral arteries, resulting in 

higher resting cerebral perfusion.

Finally, total cerebral blood flow and resting cardiac vagal control may be related to a third, 

unknown variable. Emerging evidence suggests that total cerebral blood flow is a biomarker 

of cardiovascular risk (Jennings et al., 2013). Similarly, low levels of HF-HRV have been 

related to cardiovascular disease (Thayer et al., 2010). Experimental evidence is needed to 

decipher the extent to which the relationship between total cerebral blood flow and resting 

cardiac vagal activity can be explained by the aforementioned mechanisms.

Regional Perfusion and HF-HRV

In our whole sample analyses, we found evidence that resting cardiac vagal activity was 

related to resting perfusion in 8 of the 14 brain regions reported in meta-analyses of central 

autonomic regulation. Specifically, when assessed as a proportion of mean total cerebral 

blood flow, less relative perfusion was related to greater resting cardiac vagal activity in the 

left amygdala, left putamen, right hippocampus, left parahippocampal gyrus, left and right 

insula, and two subregions of the right superior temporal gyrus. Each of these areas showed 

regional cerebral blood flows lower than the mean total cerebral blood flow (see supporting 

information Table S1). Thus, the current negative correlations suggest that relatively more 

regional cerebral blood flow was associated with relatively less HF-HRV. This is generally 

suggestive of an inhibitory action of these cortical areas on medullary control of HF-HRV. 

Such control during the resting state contrasts with the control implied by the reactivity 

relationships in the studies reviewed by the two meta-analyses. Many of the studies included 

in these meta-analyses showed that task-induced reductions in neural activity were related to 

relative task-induced decreases in HF-HRV. In other words, task-induced neural activation 

was related to task-induced increases in HF-HRV. Thus, these results suggest that, while 

many regional brain structures associated with cardiac vagal withdrawal are also associated 

with resting HF-HRV, there may be functional differences between resting and reactive 

cardiac vagal control. However, this interpretation is speculative as our data did not include 

reactivity measures. Additionally, the proportional cerebral blood flow values in the current 

report are not directly comparable to the relative scores reviewed in the aforementioned 

meta-analyses.
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The possible regulatory differences are interesting in the context of the relationship between 

resting HF-HRV and reactive HF-HRV. For example, prior work has shown that resting 

cardiac vagal activity is negatively correlated with cardiac vagal reactivity, such that higher 

cardiac vagal activity at rest is associated with greater task-induced vagal withdrawal 

(Demaree, Pu, Robinson, Schmeichel, & Everhart, 2006; Salomon, 2005). However, task-

induced vagal withdrawal has been shown to be positively correlated with task-induced 

reductions in regional cerebral blood flow (Gianaros et al., 2004; Napadow et al., 2008). For 

example, greater vagal withdrawal during working memory tasks was positively correlated 

with decreases in regional cerebral blood flow in the left insula and left amygdala-

hippocampal complex (Gianaros et al., 2004). Our results suggest that task-induced vagal 

withdrawal would be most pronounced among those individuals with relatively less resting 

blood flow in these areas relative to their mean total cerebral blood flow. Thus, we might 

impute that lower resting cerebral blood flow in these areas functionally maintains high 

levels of resting cardiac vagal activity, while subsequent inhibition of these areas induces 

cardiac vagal withdrawal. This inference is consistent with the notion that higher resting 

cardiac vagal activity is related to both lower regional perfusion at rest and greater task-

induced regional activation (O’Connor, Gundel, McRae, & Lane, 2007).

In the meta-analysis from which many of the brain regions tested in the current study were 

derived, Beissner et al., (2013) posited that, independent of task domain, the core of the 

central autonomic network consists of the left amygdala, right and left insula, and the 

midcingulate. Conversely, the meta-analysis by Thayer et al. (2012) concluded that the brain 

regions associated with cardiac vagal reactivity across all tasks included the left amygdala, 

subgenual anterior cingulate, and pregenual anterior cingulate. The findings from the present 

study support the conclusion that the left amygdala is generally associated with cardiac 

vagal activity, even during a resting state. However, in line with the disagreement between 

the two meta-analyses in terms of which specific region(s) of the cingulate are related to 

parasympathetic control of the heart, our whole sample analyses failed to show an 

association between resting HF-HRV and perfusion in the anterior cingulate/medial 

prefrontal regions. Our analysis of race differences (discussed below), however, did show 

that in African Americans low resting cardiac vagal activity was related to greater perfusion 

in regions of the anterior cingulate and ventromedial prefrontal cortex (BA 10), suggesting 

that sample composition might contribute to differences between studies (for a discussion of 

dorsal/ventral brain regions and sympathetic/parasympathetic control, see Wager et al., 

2009).

These discrepancies might also be an artifact of task-induced reciprocal sympathetic 

activation, resulting in a difficulty to statistically differentiate brain regions exclusively 

associated with parasympathetic and sympathetic activity (Berntson, Cacioppo, & Quigley, 

1991). For example, the meta-analysis by Beissner et al. (2013) showed evidence that 

activity in the midcingulate and subgenual anterior cingulate was related to sympathetic 

reactivity (quantified via skin conductance), but not cardiac vagal reactivity (quantified via 

HF-HRV). Conversely, the meta-analysis by Thayer et al. (2012) only examined studies 

reporting HF-HRV, and thus couldn’t distinguish central regulation of different branches of 

the autonomic nervous system. Furthermore, it isn’t clear whether the meta-analytic 

techniques employed by these studies are capable of accurately distinguishing between brain 
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regions associated with sympathetic and parasympathetic regulation. Moreover, skin 

conductance is not a measure of cardiac sympathetic activity, and comparison of the neural 

correlates of cardiac vagal activity and skin conductance is reminiscent of Cannon’s 

incorrect notion of nonspecific, diffuse sympathetic arousal (see review by Friedman, 2010). 

Thus, experiments involving autonomic blockade and neuroimaging methods may be 

required to provide more convincing evidence than statistical separation of central regulation 

of sympathetic and parasympathetic activation.

Race Differences in the HF-HRV/Perfusion Relationship

The present study found that in African Americans total cerebral blood flow was not related 

to resting cardiac vagal activity, yet relatively high resting cardiac vagal activity was related 

to less regional perfusion in regions of the midcingulate, with perfusion in the medial 

prefrontal cortex trending toward significance. Resting cardiac vagal activity was not related 

to perfusion in these regions for European Americans. Considering the majority of studies 

examined in the aforementioned meta-analyses consisted of people of predominantly 

European descent, these findings are relatively novel. Furthermore, current understanding of 

the role of cortical and subcortical structures in autonomic regulation may offer a potential 

explanation for these racial differences. For example, regions of the cingulate and medial 

prefrontal cortex are thought to tonically inhibit sympathoexcitatory neurons in the rostral 

ventrolateral medulla and disinhibition of the vagal efferents in the nucleus ambiguus 

(Charney, 2003). Thus, the present findings suggest that African Americans with lower 

resting cardiac vagal activity also have greater resting perfusion in brain regions associated 

with regulation of sympathetic activity and perhaps processing emotional salience (Kober et 

al., 2008). However, the present study did not include a metric of resting cardiac 

sympathetic activity, so this proposed explanation is speculative.

We also reported racial differences in several sample characteristics. Compared to European 

Americans, African Americans were relatively older, had higher BMI and blood pressure, 

were less physically active, and had fewer years of schooling and lower median household 

income. We added each of these variables as covariates to our regression models, but our 

reported race differences remained significant. Thus, the present data do not explain why 

these associations were only present for African Americans, but hopefully these findings 

inspire future research on racial differences in central autonomic control, which may have 

implications for health disparities in cardiovascular disease.

Sex Differences in the HF-HRV/Perfusion Relationship

Sex differences were found in three of the eight brain regions reported in the whole sample 

analyses in which a significant relationship was found between regional perfusion and 

resting cardiac vagal activity. Specifically, in women but not men relatively high resting 

cardiac vagal activity was related to lower resting cerebral blood flow in regions of the 

medial temporal lobe, namely, the left parahippocampal gyrus, right hippocampus, and left 

amygdala. These findings are somewhat consistent with prior reports of sex differences in 

the neural correlates of emotion processing and task-induced autonomic reactivity. For 

example, in a study of sex differences in regional brain activation during emotion regulation, 

women who exhibited greater responses in the left amygdala during an emotion regulation 
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task also reported more negative emotion following the task (Mak, Hu, Zhang, Xiao, & Lee, 

2009). In a study of sex differences in the neural correlates of autonomic arousal, task-

induced regional cerebral blood flow in the amygdala was positively correlated with vagal 

reactivity in women, yet negatively correlated in men (Nugent et al., 2011). While we did 

not replicate the negative relationship in men, this discrepancy may be due to differences 

between neural regulation of resting autonomic function and task-induced reactivity.

Our findings are also somewhat consistent with prior reports of sex differences in the neural 

correlates of baroreflex cardiovascular control and cardiovascular responses to brief 

isometric exercise. For example, in a study of sex differences in forebrain neural patterns 

associated with baroreceptor unloading, women exhibited attenuated heart rate, sympathetic 

nerve, and amygdala responses during 35mmHg of lower body negative pressure 

(Kimmerly, Wong, Menon, & Shoemaker, 2007). In a study of sex differences in neural 

responses to an isometric handgrip task, women exhibited attenuated heart rate and blood 

pressure responses, as well as differential activation in a number of brain regions, including 

the right hippocampus and left parahippocampal gyrus (Wong et al., 2007). One speculative 

mechanism underlying sex differences in central autonomic control is estrogen. For 

example, intravenous injection of estrogen has been shown to attenuate cardiovascular and 

ventilatory responses to central command (Hayes, del Pino, & Kaufman, 2002). 

Furthermore, injection of estrogen into central autonomic nuclei reportedly reduce renal 

nerve outflow and increase cardiac vagal efferent activity (Saleh, Connell, & Saleh, 2000). 

Thus, a neurobiological basis of sex differences in central autonomic control may be at least 

partially explained by the influence of central and peripheral levels of circulating sex 

hormones, such as estrogen.

Limitations

While the present study extends prior work on the neural correlates of cardiac vagal 

reactivity to a focus on the neural correlates of resting cardiac vagal activity, there are 

certain limitations to the interpretation of our findings. For example, HF-HRV and cerebral 

blood flow were collected in separate laboratory sessions, roughly 2 weeks apart, which may 

have attenuated the strength of the reported associations by introducing random error. 

Furthermore, it is not exactly clear how to interpret resting cerebral blood flow as a metric of 

neural activity. While we offer speculation on the inverse association between resting HF-

HRV and regional cerebral blood flow, for example, the absence of task-evoked changes in 

cerebral blood flow in our study limited our interpretations. In addition, our analysis of 

between-subject correlations with PASL estimates of cerebral blood flow differs from that 

taken by other recent research, which has examined within-subject correlations between 

resting-state fluctuations in the BOLD signal and spontaneous changes in HF-HRV (e.g., C. 

Chang et al., 2013), making comparisons between studies difficult. Given the observational 

nature of our study, in addition to currently available methods in human research, we were 

restricted in our ability to differentiate afferent versus efferent contributions to the 

associations reported herein. Thus, while brain-body relationships are often described from a 

top-down perspective, it is important to remember that afferent vagal fibers likely play a 

large role in brain-heart neural communication. Furthermore, the role of the sympathetic 

nervous system was not assessed in our study. Thus, it remains unclear whether the brain 
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regions we examined are related to reciprocal sympathetic and parasympathetic control. 

Lastly, our examination of sex and race differences were conducted in independent analyses, 

thus the sex and race differences we report are potentially confounded with each other. 

While the sample size and composition limited our power to test for a three-way interaction, 

it is important to note that such an interaction between sex and race could exist and deserves 

future attention.

Conclusion

Recent neuroimaging studies of central autonomic pathways have often neglected to 

distinguish between task-induced cardiac vagal withdrawal and resting vagal activity. The 

goal of the present study was to determine whether brain regions reportedly associated with 

vagal reactivity were also associated with resting vagal activity, and examine the extent to 

which these associations varied as a function of sex and race. The results reported here show 

that many of the brain regions positively correlated with vagal reactivity during tasks 

involving cognitive, sensory/motor, and emotion processing are also negatively correlated 

with resting vagal function. Furthermore, some of these relationships may only be present in 

women and African Americans. Concurrent quantitative measures of regulatory brain 

regions associated with resting cardiac vagal/sympathetic activity and cardiac vagal 

withdrawal/sympathetic activation are critical to understand the excitatory/inhibitory 

relationships in these two functional states. While this study describes these relationships 

and their caveats, experimental manipulation of the potential mechanisms hypothesized 

herein are worthy of future attention.
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Figure 1. 
Exploratory whole brain analyses of the main effect of resting HF-HRV revealed a negative 

correlation between resting HF-HRV and perfusion in two clusters of voxels centered in the 

right precentral gyrus (BA 6) and left putamen. A: Precentral gyrus. B: Putamen. Blue 

crosshairs are centered at the voxel of peak activity.
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Figure 2. 
Exploratory whole brain analyses of the interaction between race and HF-HRV revealed a 

negative correlation for African Americans only between resting HF-HRV and perfusion in 

a cluster of voxels centered in the left ventromedial prefrontal cortex (BA 10). This cluster 

also extended into the ventral (BA 24) and dorsal anterior cingulate (BA 32). MNI 

coordinates of peak activity: x = −12, y = 38, z = −14; cluster size = 12,717mm3; Z value of 

peak activity = 3.529; FWE corrected cluster p value = .02. Blue crosshairs are centered at 

the voxel of peak activity.
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