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Abstract

Background In the present paper, we describe a model of
neurovisceral integration in which a set of neural structures
involved in cognitive, affective, and autonomic regulation
are related to heart rate variability (HRV) and cognitive
performance.

Methods We detail the pathways involved in the neural
regulation of the cardiovascular system and provide pharma-
cological and neuroimaging data in support of the neural
structures linking the central nervous system to HRV in
humans. We review a number of studies from our group
showing that individual differences in HRV are related to
performance on tasks associated with executive function and
prefrontal cortical activity. These studies include compar-
isons of executive- and nonexecutive-function tasks in
healthy participants, in both threatening and nonthreatening
conditions. In addition, we show that manipulating resting
HRV levels is associated with changes in performance on
executive-function tasks. We also examine the relationship
between HRV and cognitive performance in ecologically
valid situations using a police shooting simulation and a naval
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navigation simulation. Finally, we review our studies in
anxiety patients, as well as studies examining psychopathy.
Conclusion These findings in total suggest an important
relationship among cognitive performance, HRV, and
prefrontal neural function that has important implications
for both physical and mental health. Future studies are
needed to determine exactly which executive functions are
associated with individual differences in HRV in a wider
range of situations and populations.

Keywords Executive function - Prefrontal -
Heart rate variability - Cognition - Health

Introduction

Any comprehensive model of health must account for the
complex mix of cognitive, affective, behavioral, and phys-
iological factors that contribute to individual differences in
health and disease. For example, individual differences in
blood pressure, pulse pressure, and pulse wave velocity
have been related to cognitive function across the lifespan [1,
2]. Individual differences in autonomic balance have long
been linked to health and disease. For example, Stevo Julius
and colleagues have articulated a model of autonomic
imbalance and its relationship to cardiovascular disease [3].
Moreover, we have recently reviewed the literature on the
relationship between vagal function and the risk for
cardiovascular disease [4]. This review indicated that
decreased vagal function was associated with a range of
risk factors and that improvement of risk profiles was
associated with increased vagal function. Over the past few
years, our group has systematically investigated the role of
individual differences in vagal function, as indexed by heart
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rate variability (HRV), in cognitive performance. In this
work, we have linked vagally mediated HRV to a set of
neural structures that have been implicated in cognitive,
especially executive, function. Thus, vagally mediated HRV
may serve to index the functional capacity of a set of brain
structures that support the effective and efficient perfor-
mance of cognitive executive-function tasks including
working memory and inhibitory control. These studies of
the relationship between vagal function and cognition
parallel those that we have done on the relationship between
vagal function and emotional regulation and between vagal
function and physiological regulation [5, 6]. In the present
paper, we briefly outline the model and review our studies
that have shown that persons with greater vagally mediated
HRV perform better on executive-function tasks in a wide
range of situations. We hypothesize that this is due to the
ability of HRV to index important aspects of prefrontal
neural function.

More specifically, in the present paper, we describe a
model of neurovisceral integration in which a set of neural
structures involved in cognitive, affective, and autonomic
regulation are related to HRV and cognitive performance.
Neural network studies in humans have reported increased
activity in the prefrontal cortex during tasks involving
executive function and working memory [7]. Compte, Brunel,
Goldman-Rakic, and Wang [8] have proposed that the pre-
frontal cortex holds sensory information temporarily online
through sustained activity. This continued activation of a
neural network is essential for the linking of “input” with
“output” to achieve flexible responding to changing environ-
ments. As such, optimal prefrontal functioning is necessary
for the formation of associations and the representation of
acquired relationships between disparate pieces of informa-
tion, including information separated in time [9]. In addition,
these cortical regions are implicated in inhibitory functions
that are known to be critical for the performance of executive-
function tasks. Relatedly performance on working memory
tasks has been reported to be significantly related to
general intelligence as indexed by standard 1Q tests.

Direct and indirect pathways by which the frontal cortex
modulates parasympathetic activity via subcortical inputs
have been identified [10, 11]. A number of researchers have
hypothesized inhibitory cortical-subcortical circuits [12—
16]. However, Thayer and Lane [17] were the first to tie
these circuits to HRV.

We will provide an overview of the neural structures
linking the central nervous system (CNS) to HRV. Next, we
will review a number of studies from our group showing
that individual differences in HRV are related to perfor-
mance on tasks associated with executive function and
prefrontal cortical activity. We propose that these findings
have important implications for psychopathology and
health.
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The Central Autonomic Network

There is growing evidence for the role of the autonomic
nervous system (ANS) in a wide range of somatic and
mental diseases. The ANS is generally conceived to have
two major branches—the sympathetic system, associated
with energy mobilization, and the parasympathetic system,
associated with vegetative and restorative functions. Nor-
mally, the activity of these branches is in dynamic balance.
When this changes into a static imbalance, for example,
under environmental pressures, the organism becomes
vulnerable to pathology. Like many organs in the body, the
heart is dually innervated. Although a wide range of
physiologic factors determine cardiac functions such as heart
rate (HR), the ANS is the most prominent. Importantly, when
both cardiac vagal (the primary parasympathetic nerve) and
sympathetic inputs are blocked pharmacologically (for
example, with atropine plus propranolol, the so-called double
blockade), intrinsic HR is higher than the normal resting
HR [18]. This fact supports the idea that the heart is under
tonic inhibitory control by parasympathetic influences. Thus,
resting cardiac autonomic balance favors energy conservation
by way of parasympathetic dominance over sympathetic
influences. In addition, the HR time series is characterized
by beat-to-beat variability over a wide range, which also
implicates vagal dominance, as the sympathetic influence on
the heart is too slow to produce beat-to-beat changes [19].
Low HRV is associated with increased risk of all-cause
mortality, and low HRV has been proposed as a marker for
disease [4].

Investigators have identified functional units within the
CNS that support goal-directed behavior and adaptability.
One such entity is the central autonomic network (CAN)
[13, 14]. Functionally, this network is an integrated
component of an internal regulation system through which
the brain controls visceromotor, neuroendocrine, and behav-
ioral responses that are critical for goal-directed behavior,
adaptability, and health. Structurally, the CAN includes the
anterior cingulate, insular, orbitofrontal, and ventromedial
prefrontal cortices; the central nucleus of the amygdala
(CeA); the paraventricular and related nuclei of the hypo-
thalamus; the periaquaductal gray matter; the parabrachial
nucleus; the nucleus of the solitary tract (NTS); the nucleus
ambiguus (NA); the ventrolateral medulla; the ventromedial
medulla; and the medullary tegmental field. These compo-
nents are reciprocally interconnected such that information
flows bidirectionally between lower and higher levels of the
CNS. The primary output of the CAN is mediated through
preganglionic sympathetic and parasympathetic neurons that
innervate the heart via the stellate ganglia and vagus nerve,
respectively. The interplay of these inputs to the cardiac sino-
atrial node produces complex variability that characterizes
the HR time series [18]. Thus, the output of the CAN is
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directly linked to HRV. Notably, vagal influences dominate
cardiac chronotropic control [20]. In addition, sensory
information from peripheral end organs such as the heart
and the immune system are fed back to the CAN. As such,
HRYV is an indicator of central-peripheral neural feedback
and CNS-ANS integration.

Other functional units within the CNS serving executive,
social, affective, attentional, and motivated behavior in
humans and animals have been identified [15, 16, 21, 22].
Importantly for the present discussion, one such network,
termed the rostral limbic system (RLS), has been associated
with cognitive functions [22]. The RLS and its projections
regulate behavior by monitoring the motivational quality
of internal and external stimuli. The RLS network includes
the anterior, insular, and orbitofrontal cortices; amygdala;
periaquaductal gray; ventral striatum; and autonomic brain-
stem motor nuclei. Damasio [21] has recognized a similar
neural “emotion circuit,” for which there is considerable
structural overlap with the CAN and the RLS [17].

We propose that the CAN, the RLS network, Damasio's
“emotion circuit” [21], and related systems [15, 16] represent
a common central functional network recognized by different
researchers from diverse approaches. This CNS network is
associated with the processes of response organization and
selection and serves to control psychophysiological resources
in attention and emotion [23-25]. Additional structures are
flexibly recruited to manage specific behavioral adaptations.
This sparsely interconnected neural complex allows for
maximal organism flexibility in accommodating rapidly
changing environmental demands. When this network is
either rigidly coupled or completely uncoupled, the ability to
recruit and utilize appropriate neural support to meet a
particular demand is hampered, and the organism is, thus,
less adaptive.

Cortical Control of Cardiac Activity

HR is determined by intrinsic cardiac mechanisms and the
joint activity of the sympathetic nerves and parasympathetic
(vagus) nerves at the sinoatrial node. In healthy systems,
both branches of the ANS are tonically active with sympa-
thetic activity associated with HR acceleration and parasym-
pathetic activity associated with HR deceleration [19, 20].
Importantly, HR in many species, including humans, is under
tonic inhibitory control peripherally via the vagus [20, 26].
Both animal and human data suggest that cortical activity
modulates cardiovascular function. An extensive body of
research has been directed at identifying the pathways by
which this neural control is achieved. As noted above,
Benarroch [13, 14] has described the CAN. The output of the
CAN has connections to the sinoatrial node of the heart via
the stellate ganglia and the vagus nerve. Importantly, the
output of the CAN is under tonic inhibitory control via

GABAergic neurons in the NTS. Despite well documented
species differences, in many mammals, including primates
and humans, there appear to be both direct and indirect
pathways linking the frontal cortex to autonomic motor
circuits responsible for both the sympathoexcitatory and
parasympathoinhibitory effects on the heart [11, 17, 27-37].
Figure 1 provides a composite model based upon the extant
literature. (A similar model has been proposed for the
cortical regulation of blood pressure [38].) In this model,
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Fig. 1 A composite schematic diagram showing the pathways by
which the prefrontal cortex might influence control of HR. The
prefrontal, cingulate, and insula cortices form an interconnected
network with bidirectional communication with the amygdala. The
amygdala is under tonic inhibitory control via prefrontal vagal
pathways to intercalated cells in the amygdala. The activation of the
central nucleus of the amygdala (CeA) inhibits the nucleus of the
solitary tract (NTS: solid square), which in turn inhibits inhibitory
caudal ventrolateral medullary (CVLM) inputs to the rostral ventrolat-
eral medullary (RVLM) sympathoexcitatory neurons (solid square),
and simultaneously inhibits vagal motor neurons in the nucleus
ambiguus (NA) and the dorsal vagal motor nucleus (DVN). In addition,
the CeA can directly activate the sympathoexcitatory neurons in the
RVLM. The net effect of pharmacological blockade of the prefrontal
cortex would be a disinhibition of the CeA, leading to disinhibition of
medullary cardioacceleratory circuits and an increase in HR. Figure
adapted from Gianaros [38]
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prefrontal cortical areas, including the orbitofrontal cortex
and the medial prefrontal cortex, tonically inhibit the
amygdala via pathways to intercalated GABAergic neurons
in the amygdala [28, 35]. Moreover, activation (disinhibition)
of the CeA (the major efferent source of modulation of
cardiovascular, autonomic, and endocrine responses) may
lead to increased HR and decreased HRV by three routes: (1)
activation (disinhibition) of tonically active sympathoexcita-
tory neurons in the rostral ventrolateral medulla (RVLM) by
decreased inhibition from tonically active neurons in the
caudal ventrolateral medulla leading to a net increase in
sympathetic activity; (2) inhibition of neurons in the NTS,
which leads to inhibition of tonically active NA and dorsal
vagal motor nucleus (DVN) neurons, leading to a net
decrease of parasympathetic activity; and (3) direct activation
of sympathoexcitatory RVLM neurons leading to a net
increase in sympathetic activity ([33], Fig. 1, p. 453). How-
ever, this last route is a minor pathway associated with only a
small percentage of the fibers connecting the CeA with
the medullary ANS outputs. Thus, decreased activation
of the prefrontal cortex would lead to disinhibition of the
tonically inhibited CeA. This, in turn, would lead to a
simultaneous disinhibition of sympathoexcitatory neurons
in the RVLM via route number one, above, and an inhibition
of parasympathoexcitatory neurons via route number two,
above. Both would lead to an increase in HR and a con-
comitant decrease of vagally mediated HRV.

Importantly, modern retrograde viral staining studies in
rodents have identified similar pathways to be specifically
involved in the forebrain parasympathetic regulation of
heart activity [11]. Specifically, following pseudorabies virus
injections into the ventricular myocardium, labeled cardiac
vagal motorneurons and higher-order command cells were
found in the DVN, the NA, the NTS, the area postrema, the
ventrolateral reticular formation, the locus ceruleus, the
parabrachial nucleus, the periaquaductal gray, several
regions of the hypothalamus, the bed nucleus of the stria
terminalis, the CeA, the anterior cingulate cortex, the insula,
and the frontal cortex, among others. Consistent with the
above neural pathways, we showed that anterior cortical
activity tonically inhibits cardioacceleratory circuits in
humans based on an increase in HR and a decrease of HRV
during pharmacological inactivation of either cerebral hemi-
sphere [39].

Specifically, we have shown in a series of studies using
both pharmacological and neuroimaging approaches that
prefrontal cortical activity is associated with vagally medi-
ated HRV [39—44]. For example, human evidence for the
inhibitory role of the frontal cortex comes from a study of
HR and HRV before and after right- and left-side intra-
carotid sodium amobarbital injection [39]. Qualitatively
similar changes in HR were observed during each hemi-
sphere's injection. During 10-min inactivations of either
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hemisphere, HR increased, peaked at about minute three,
and gradually declined toward baseline values. These data
support the notion that cortical activity tonically inhibits
brainstem cardioacceleratory circuits. However, differential
hemispheric effects appeared, with larger and faster HR
increases during right-hemisphere inactivations. Concomi-
tant with these HR increases, vagally mediated HRV
decreased, mirroring the HR changes with respect to
differential hemispheric effects. Specifically, vagally medi-
ated HRV decreases were greater in the right-hemisphere
inactivations. These results support the anatomical and phys-
iological findings that right-hemispheric autonomic inputs
to the heart are associated with greater cardiac chronotropic
control.

Using neuroimaging, we [41-44] and others [45] have
provided evidence that activity of the prefrontal cortex is
associated with vagal function. For example, Lane, McRae,
Reiman, Chen, Ahern, and Thayer [42] have presented
evidence that medial prefrontal activity is associated with
HRV. To explore its central neural substrates, we correlated
a spectrally derived index of vagally mediated HRV (HF-
HRV) with measures of cerebral blood flow derived from
positron emission tomography in 12 healthy women. Happi-
ness, sadness, disgust, and three neutral conditions were each
induced by film clips and recall of personal experiences.
Interbeat intervals from the electrocardiogram during six
emotion and six neutral scans were derived and analyzed.
Across all conditions, HF-HRV correlated with blood flow in
the right superior prefrontal cortex (BA 8, 9), the left rostral
anterior cingulate cortex (BA 24, 32), the right dorsolateral
prefrontal cortex (BA 46), and the right parietal cortex (BA
40). Emotional arousal was associated with a decrease in
HRYV and concomitant decreases in brain activation in these
regions. These findings are consistent with a general
inhibitory role for the prefrontal cortex via the vagus, as
suggested by Ter Horst [10]. Taken together, these pharma-
cological blockade and neuroimaging studies provide sup-
port for the role of the prefrontal cortex in the modulation of
subcortical cardioacceleratory circuits via an inhibitory
pathway that is associated with vagal function and can be
indexed by HRV.

It has been proposed that the prefrontal cortex is taken
“offline” during emotional stress to let automatic, prepotent
processes regulate behavior [46]. This selective prefrontal
inactivation may be adaptive by facilitating predominantly
nonvolitional behaviors associated with subcortical neural
structures such as the amygdala to organize responses
without delay from the more deliberative and consciously
guided prefrontal cortex. In modern society, however,
inhibition, delayed response, and cognitive flexibility are
vital for successful adjustment and self-regulation, and
prolonged prefrontal inactivity can lead to hypervigilance,
defensiveness, and perseveration.
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Inhibition and the Right Prefrontal Cortex

One of the primary functions associated with the prefrontal
cortex is that of inhibition. Inhibition involves the sup-
pression of prepotent, irrelevant, or interfering stimuli or
impulses associated with concomitant excitatory processes
such that those processes that are not inhibited achieve a
processing advantage [47]. William James [48], among
others, noted the importance of the ability to selectively
attend to a subset of stimuli from a complex, dynamic
environment and juxtaposed this ability with the “confused,
dazed, and scatter-brain state.” In this way, inhibition serves
to “sculpt” excitatory neural action to produce context-
appropriate responses [17, 49, 50]. Failures of inhibition are
well documented in clinical psychology and are implicated
in psychopathological disorders such as anxiety, depression,
schizophrenia, obsessive-compulsive disorder, attention-
deficit disorder, and Parkinson's disease and other so-called
“disinhibition syndromes.” Inhibitory processes are a com-
ponent of many tasks associated with so-called executive
functions, including working memory, attentional set-shifting,
and response inhibition. The prefrontal cortex has also been
implicated in affective processes including emotional regula-
tion, affective set-shifting, and extinction, all of which also
rely heavily on inhibitory processes. It has been suggested
that there is a common inhibitory network associated with a
wide range of processes [51, 52]. As noted above, there are
pathways that have linked the prefrontal cortex with the
inhibition of medullary cardioacceleratory circuits. The
neurovisceral integration model proposes that all of these
processes of cognitive regulation, affective regulation, and
physiological regulation may be related to each other in the
service of goal-directed behavior [17]. In support of this idea,
we have shown that cognitive, affective, and physiological
regulation are all associated with vagally mediated cardiac
function, as indexed by HR and HRV [5]. Importantly, these
inhibitory functions have been linked with right-hemisphere
prefrontal activity [39, 51, 53].

There is a growing body of literature that suggests that
the right prefrontal cortex is preferentially related to in-
hibitory processes across a wide range of cognitive, motor,
and affective tasks [51, 53—57]. A recent report that directly
compared different modalities suggests that the right
prefrontal cortex is involved in response inhibition across
response modalities [52]. Given the predominant right-
hemispheric innervation of the sinoatrial node of the heart,
we have proposed that the well known right-hemisphere
advantage for emotion may be secondary to the relative
right-hemisphere innervation of the heart [39]. Similarly,
we have proposed that the relationship between executive-
function performance and HRV is related to the common
neural basis for both functions [5, 17, 50]. Therefore, the
right hemisphere may be a critical player in inhibitory

processes involved in cognitive, affective, and physiolog-
ical regulation [5, 17].

Our position, however, is to not overstate the evidence
for right-hemispheric control of cardiac function. For
example, the work of Bud Craig [58] has suggested that
cortical regulation of vagal function is predominantly left-
sided. It should be noted that patterns of cortical activation
associated with even the simplest of tasks are incredibly
dynamic and distributed [59]. Thus, simplistic models of
hemispheric activations based on neuroanatomical and
neuroimaging studies that do not take into account these
spatial and temporal patterns are bound to be incomplete.
Thus, we have suggested that a dynamical systems frame-
work might be appropriate [50, 60]. In this context, we have
proposed that a flexible network of neural structures that
can be differentially recruited in response to challenges
leads to “emergent” functional networks that are context-
specific [17].

In summary, the neurovisceral integration model has
identified a flexible neural network associated with self-
regulation and adaptability that might provide a unifying
framework within which to view the diversity of observed
responses across domains. Thayer and Lane [17] suggested
that a common reciprocal inhibitory cortico—subcortical
neural circuit serves as the structural link between psycho-
logical processes, like emotion and cognition, and health-
related physiological processes, and that this circuit can be
indexed with HRV. Thus, because of these reciprocally
interconnected neural structures that allow the prefrontal
cortex to exert an inhibitory influence on subcortical
structures, the organism is able to respond to demands
from the environment, and organize their behavior effec-
tively. In the next section we briefly review the evidence
for the relationship of HRV to cognitive regulation.

Attentional Regulation and Executive Function

Attentional regulation and the ability to inhibit prepotent
but inappropriate responses are important for health and
optimal performance in a complex environment. Many tasks
important for survival in today's world involve cognitive
functions such as working memory, sustained attention,
behavioral inhibition, and general mental flexibility. These
tasks are all associated with prefrontal cortex activity [46].
Deficits in these cognitive functions tend to accompany
aging, and are also present in negative affective states and
dispositions such as depression and anxiety. Stress can
also impair cognitive function and may contribute to the
cognitive deficits observed in various mental disorders
and in extreme environments. It is also possible that
autonomic dysregulation contributes to deficits in atten-
tion and cognitive performance. A series of experiments
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in our lab have been conducted to examine this issue, and
they are described below.

Recent research suggests that working memory may
form the core of a set of cognitive operations that are
essential for effective functioning in a complex environment
[46, 61, 62]. Cognitive functions, such as selective attention,
response selection, inhibition of prepotent responses, and
executive control, are all thought to depend upon working
memory [62]. Working memory involves the active short-
term storage, online processing, and manipulation of
information, and it is critically dependent upon inhibitory
neural processes for efficient function [7, 46]. Importantly,
the neural basis of working memory is thought to involve a
distributed network of structures incorporating the prefron-
tal cortex as an important focus [7, 46, 62].

HRYV and Executive Functions

As already mentioned, HRV has been related to the activity
of the prefrontal cortex [42], and the prefrontal cortex has
been inversely associated with activity in subcortical struc-
tures such as the amygdala [63]. Although HRV has shown a
relationship to prefrontal activity, in this paper, we will show
that HRV is also related to performance on abilities localized
in the prefrontal cortex. As such, we propose that HRV is
related to cognitive performance due to its ability to index
activity in prefrontal neural structures.

In order to function adequately, humans have to plan and
direct action and thought to perform goal-directed behavior
[54]. This involves executive control of behavior. Executive
functions are thought of as consisting of a central monitoring
system called the central executive, as well as a phonological
and visospatial short-term storage slave system [64]. The
aspects of executive control involve selecting, maintaining,
updating, and rerouting information [65]. This also involves
the ability to suppress irrelevant or interfering information.
Shimamura [65] pointed out that the executive functions
have a maintaining aspect, which means the ability to keep
a filter fixed across time, where attention and memory serve
as an executive function. Thus, both sustained attention and
working memory are core elements of executive functions.

One way to investigate sustained attention is by contin-
uous performance tests (CPT). These tests are playing an
increasing role in the assessment of attentional processes
[66]. The tasks involve higher mental workload levels, such
as memory search, choice reaction time, mental arithmetic,
time estimation, simple tracking, and grammatical reason-
ing [67]. Parasuraman, Warm, and Dember [68] suggested
that the increase in working memory load may be the key
factor in perceptual sensitivity or decrement during vigi-
lance tasks. Working memory is assumed to involve
moment-to-moment updating and rehearsal of information
to prolong storage [69]. Thus, working memory is seen as a
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very general resource that plays a role in a wide variety of
cognitive tasks. The executive is used for both storage and
processing. Consequently, when greater effort is required to
process information, less capacity remains for the storage of
that information [64]. There are individual differences in
memory capacity, and it is suggested that high-working-
memory-capacity individuals will also have more attention-
al resources. To understand the role of working memory in
normal human information processing, it is of importance
to go beyond the relationship between working memory
and cognitive performance and investigate exactly why
the relationship occurs [70]. The series of studies on the
relationship between HRV and cognitive functions could
shed some light on this.

In contrast to executive-function tasks, nonexecutive tasks
are based on processes driven automatically or reflexively by
stimulation. This occurs even when the person is instructed
to be passive toward the event. In accordance with Cowan
[71, 72], it could be argued that simple reaction time and
choice reaction time tasks are nonexecutive tasks since
they do not require short-term memory in addition to con-
trolled and focused attention, or manipulation of new
information. The main difference between the executive and
the nonexecutive tasks is that the executive tasks require
active attention, while nonexecutive task only require passive
attention toward the event [73].

As mentioned, neural structures involved in cognitive,
affective, and autonomic regulation are related to HRV and
cognitive performance. Traditionally, correlations have
been found between measures of cardiac vagal tone and
cognitive performance data. Only two exceptions of this
correlational approach were found outside our lab [74, 75].
One common approach to the studies of HRV and cognitive
functioning has been to view HRV as a dependent variable.
However, in a series of studies from our research group, we
have investigated the relationship between HRV and
executive- and nonexecutive-functions treating HRV as an
independent variable. Thus, the predictive power of HRV
on higher cortical functions could be further studied.

The use of HRV as an independent variable in studies of
self-regulation and health has several important implica-
tions. First, individual differences in resting HRV have been
associated with mortality and morbidity [4]. Specifically,
low levels of resting HRV have been linked with increased
mortality and morbidity. Second, resting levels of HRV
are a relatively stable individual difference variable. For
example, we have recently shown that resting HRV levels
in Caucasian and African Americans are fairly stable over
a one- and one-half-year period, whereas stress-evoked
levels were less stable [76]. Third, using both molecular
and behavioral genetic approaches, we and others have
demonstrated significant genetic influences on HRV [77—
80]. Importantly, the candidate genes that have thus far
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been identified also have been associated with prefrontal
cortical function. For example, we found evidence for the
angiotensin-converting enzyme insertion/deletion gene to
be associated with HRV. This gene has also been associated
with substance P in the brain and with cognitive function
[81]. Fourth, and perhaps most importantly, we have sug-
gested that HRV may be an endophenotype or intermediate
phenotype linked to a range of both psychological and
physiological processes that are important for health and
disease [82]. For example, we have suggested that low
HRYV may be an endophenotype for at least certain anxiety
disorders, such as panic disorder [83]. Whereas there is a
significant genetic component to HRV, it should be noted
that it is still possible to change one's level of HRV. Diet,
exercise, biofeedback, and stress reduction techniques
such as meditation are among several behavioral strategies
that can be used to increase one's resting levels of HRV
[82]. As such, individual differences in HRV represent a
potentially malleable substrate for a wide range of processes
associated with self-regulation, adaptation, and health. In the
following, we make the case for resting HRV as an important
factor in cognitive regulation and executive function.

HRYV and Sustained Attention and Working Memory

In a series of studies on military personnel, we studied
high- vs low-HRV personnel on attentional and memory
tasks. In a study by Hansen, Johnsen, and Thayer [84], the
personnel were allocated to high- or low-HRV groups based
on the median split on root mean square successive
difference recordings during a 5-min baseline. A total of
49 subjects participated in the study, and were presented
both a CPT (CALCAP Norland Software, Los Angeles,
CA, USA) and a two-back working memory test [85]. The
CPT test consisted of four tasks tapping both nonexecutive
and executive functions. The two nonexecutive functions
where simple reaction time and response latencies to specific
stimuli. The two executive tasks where detection of identical
stimuli and a simple addition task. The two-back task was a
standard memory task where subjects have to identify and
react to digits presented two trials back in a continuous flow
of digits. The results showed that the high-HRV group had
superior performance compared to the low-HRV group. On
the CPT, the high-HRV group showed faster reaction times
to correctly identified stimuli compared to the low-HRV
group (when pooling all subtests together). In addition, the
high-HRV group showed fewer false-positive responses
compared to the low-HRV group.

When separating the tasks into executive and non-
executive tasks, the high-HRV group showed better
performance on the executive-function tasks, on both the
reaction time and accuracy parameters. This was further
supported by the results from the working memory test

(two-back). The high-HRV group had better accuracy, as
reflected in detecting more true-positive responses com-
pared to the low-HRV group. No differences were found on
nonexecutive tasks. Thus, for the first time, support was
found for the specificity of the effect of HRV to those
cognitive tasks involving executive functioning.

If HRV is an essential index of adaptability of the
organism, the subjects showing a high level of HRV should
perform better under stressful conditions. Thus, the initial
findings were followed up in a second study where the
same cognitive tasks were investigated during stressful
conditions [86]. One way to enhance stress in humans is by
introducing aversive stimuli as a consequence of substan-
dard performance. In the second study, half the subjects
were introduced to a condition where they were told that
performance below a set standard on the same tasks as in
[84] would result in the administration of an electrical
shock to the fingers. The subjects were instructed that the
standard would vary, so in order to prevent shocks, a high
and stable performance would be required. The shock level
was individually determined before the administration of
the cognitive tests, with the instruction to the subject in the
threat condition that the shock should be unpleasant but not
painful. During actual testing, no shocks were delivered.
Sixty-five navy personnel participated in the study and
were allocated to four groups (threat of shocks vs no threat
and high vs low HRV). The HRV parameter was derived
from spectral analyses of the interbeat intervals. The results
from this study showed that subjects with high HRV had
better performance than subjects with low HRV during
nonthreat or normal conditions. This replicated the results
from the first study [84]. Furthermore, during the threat of
shock conditions, the low-HRV group showed faster mean
reaction time on a nonexecutive or easy task compared to
the high-HRV group. The experiment expanded knowledge
concerning different patterns regarding activation or arous-
al and performance on different tasks. Frankenhaeuser,
Nordhenden, Myrsten, and Post [87] and Broadbent [88]
emphasize individual differences in the patterns of changes
in physiology and performance on cognitive tasks. For
instance, subjects with high arousal performed better
compared to subjects with low arousal on simple tasks,
while low-aroused subjects performed better than high-
aroused subjects on more difficult tasks [87]. This is also in
accordance with Broadbent [88], who suggested that
subjects exposed to stress showed improved performance
on simple tasks. Thus, the findings suggested an interaction
between physiological characteristics of the individual,
environmental stress, and task difficulty converged to
account for individual differences in the ability to cope
with cognitive demands in stressful environments.

The results of the working memory task showed that the
high-HRV group had good and stable performance on
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accuracy data independent of environmental demands,
while the low-HRV group showed improved performance
on reaction time during threat of shock. The improvement
of the low-HRV group during threat-of-shock conditions
might be due to the fact that fear can facilitate the
processing of sensory information caused by an increase
in attention to the environment mediated by cortical arousal
[89]. The good and stable performance for the high-HRV
group on the cognitive tasks might be explained by the high
vagal tone being associated with the ability to self-regulate,
in addition to having a greater behavioral flexibility and
adaptability in a threatening environment. The low-HRV
group, on the other hand, is more dependent on environ-
mental stimulation in order to perform.

In order to further investigate the relationship between
HRYV and human responses to cognitive workload, salivary
cortisol sampled during the study of Hansen et al. [84] was
analyzed [90]. Cortisol was sampled during the morning
before the subjects had breakfast, 15 min before the
cognitive tests started (baseline), immediately after each of
the cognitive tests, and 15 min after the last test (recovery).
In addition, evening cortisol was sampled where half the
subjects gave saliva samples during the evening before
the test and half the subjects gave during the evening after
the test. As in the study of Hansen et al. [84], the subjects
were divided into a low-HRV group and a high-HRV group
based on the median score of the baseline HRV recordings.
Baseline recordings of HRV correlated negatively with
cortisol responses after the CPT, after a pop-out attention
test, and after recovery. Importantly, between-group anal-
yses showed no differences between the high- and the
low-HRV groups during morning, baseline, and evening
recordings, but cortisol levels during the cognitive tests,
as well as during recovery, were higher in the low-HRV
group compared to the high-HRV group. The study by
Johnsen et al. [90] showed that HRV was related to the
susceptibility to cognitive stress. This is evident not only in
performance data, as shown previously, but also in stress
responses measured in the endocrine system.

Since HRV was related to both performance and stress
responses, an important question would be if it is possible
to manipulate the HRV in order to produce changes in
performance on cognitive tasks. Previously, studies on HRV
have indicated that both pharmacological interventions [91,
92] and behaviorally based programs [93] are able to alter
HRV. Fitness or training programs induce adaptation of the
ANS, resulting in lowered resting HR, which is under
predominantly parasympathetic control [20]. On the other
hand, detraining is defined as the partial or total loss of
training-induced anatomical or physical adaptation, as a
consequence of a reduction or cessation of training. Hansen,
Johnsen, Sollers, Stenvik, and Thayer [94], focusing on
ecological validity, investigated the effect of a detraining
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paradigm on HRV using naval personnel. Thirty seven
subjects were exposed to an 8-week training program (3 h
per week of aerobic exercise). After the training program
ended, half the subjects were deployed on a 4-week naval
maneuver where no training was possible. The other half of
the subjects continued their exercise program.

Analyses of the training diary showed that the instruc-
tion was followed by the groups, and a manipulation check
showed that the trained group sustained their aerobic
capacity as indexed by VO2max, while the detrained group
decreased their VO2max from pretest (end of training
program, but before the 4-week maneuver) to the posttest
(end of the maneuver). Also, the detrained group showed
lower resting HRV, measured in the high frequency (HF)
power band, at the posttest. During the working memory
test and recovery, an interaction effect was found with a
decrease in HF power from pre- to posttest. This was evident
only for the detrained group.

The effects of detraining on cognitive functions showed
that the detrained group (low HRV) showed faster reaction
times to the nonexecutive-function tests, while the trained
group (high HRV) showed faster reaction time to the
executive-function tests measured on the posttest. The
accuracy data showed that the trained group showed an
increase from the pre- to the posttest in true positive responses
on the tasks tapping executive functions. This learning effect
was not evident in the detrained group. The study by Hansen
et al. [94] showed that HRV could be altered by behavioral
programs and that the manipulation of HRV also affects
cognitive functions. The effect on high-HRV subjects is
specific to executive-function tasks. By manipulating HRV
and observing corresponding changes in cognitive functions,
the hypothesized causal relationship between neural process-
es indexed by HRV and executive functions was strength-
ened. These results suggest that engaging in exercise may be
associated with improvements in executive functioning. In
fact, several researchers have noted that exercise improves
executive function and have identified the associated brain
regions, including many of those linked to HRV [95].

As mentioned, the central executive involves planning
and decision making. A core element of this involves
overriding prepotent tendencies, which involve the process-
es of inhibition, disinhibition, and excitation. Inhibition is
thought of as suppression of prepotent responses, while
disinhibition is the process in which subjects disengage
from inhibition in order to execute a response. Excitation
involves an execution of a proper response to a target
stimulus. These phenomena were studied in a Go—NoGo
task, and the results were reported in a study by Johnsen,
Hansen, Eid, Sollers, Hugdahl, and Thayer (unpublished
manuscript). Forty-six subjects characterized as either high
or low on HRV were administered a modified Go—NoGo
task. The subjects had to respond and inhibit their responses
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to culturally relevant (green—red circles) and neutral (blue—
pink circles) stimuli. The Go—NoGo task consisted of four
subtasks with trials consisting of circles presented in four
colors. During the first subtask, subjects were to respond to
a green circle and restrain from responding to a red circle.
This condition was called the GreenGo condition and
represented the culturally learned aspect of a green symbol
signaling activation of a response (or go), and the red
symbol representing inhibition (or stop). In the second
subtask, the subjects were to respond to a red circle and not
respond to a green circle. This subtask was called the
RedGo condition and represented the condition where the
subjects have to override the cultural effect of the symbols.
The third subtask (BlueGo) consisted of trials where the
subjects were to respond to a blue circle and inhibit
responding to a pink circle. This and the subtask where
subjects were to respond to pink circles and not respond to
blue circles (PinkGo) were neutral conditions unbiased by
cultural learning effects. The comparisons showed faster
reaction times in the high-HRV compared to the low-HRV
group on all the subtasks except for the GreenGo condition.
This included the RedGo, BlueGo, and the PinkGo
subtasks. The analyses of the accuracy data revealed higher
numbers of correct commissioned responses for the high-
HRYV group compared to the low-HRV group for the RedGo
subtask and fewer false omitted responses on the same task.
Furthermore, marginally fewer total errors were found in
the high-HRV group compared to the low-HRV group during
the RedGo subtest. The results were interpreted as the high-
HRV group showing increased ability to adapt to environ-
mental stimuli. This was especially the case when the
subjects had to override prepotent response tendencies and
the high-HRV group showed both higher excitatory ability
and disinhibition, compared to the low-HRV group.

HRYV and Situational Awareness

Adaptive human functioning involves using and combining
executive functions in a flexible manner in order to cope
with a rapidly changing dynamic environment. In this way,
the central executive would control and coordinate different
attentional and memory functions into higher-order cogni-
tive functions. One critical factor for the central executive
to make adequate decisions and actions in critical situations
is to generate and maintain situational awareness (SA) [96,
97]. SA refers to cognitive processes involved in perceiving
and comprehending the meaning of a given environment.
This in turn will lead to the ability to make timely and good
decisions, and a core element in order to make these
decisions is the ability to make projections of likely events
in the near future [98]. Thus, SA could be viewed as a
conscious, dynamic reflection of the situation, which
reflects the past, the present, and the future. A three-stage

model has been proposed, which emphasizes perception of,
and defining the situation, with some aspect of prediction of
the near future [99]. SA is closely linked to human
decision-making and performance and can be critical to
adaptive behavior in stressful and critical situations [98,
100]. As an example, Svensson and Wilson [101] showed
that mission complexity affects workload, which again
affects SA and performance. This link is often reported in
aviation accidents resulting from inadequate situational
assessment and awareness [102, 103].

In order to follow up on the studies by Hansen et al. [84,
94] (Johnsen et al., unpublished manuscript), the relation-
ship between HRV and SA was further investigated. This
was done in a study of training effects in a shooting
simulator at the Norwegian Police Academy [104]. The
study investigated 20 cadets involved in scenario-based
training compared to 20 matched controls involved in
regular shooting practice. While the scenario-based training
group practiced on simulated scenarios (shoot—no-shoot),
the control group practiced on the same aspects, but not in a
scenario context (i.e., moving targets, reversing target, shoot—
no-shoot instructions). Both groups trained in the same
simulator, for the same amount of time, and with the same
weapons, and the only manipulation was type of training. The
target session involved a scenario that included a baseline
period, a preparation phase (receiving information and orders,
preparing equipment, etc.), an execution phase, and a recovery
phase. The study reported higher SA scores in the scenario-
trained group compared to the control and a positive
correlation between SA scores and actual performance
measured as number of shots fired and number of hits on
target. When pooling the groups together, relationships
between HRV and SA scores were found. Positive correlations
were found between SA scores and baseline measures of HRV
and recordings during the preparation phase and during the
execution phase. Significant correlations were also found
between ratings of subjective evaluation of learning from the
experience and HRV measured at baseline, during the
preparation phase, as well as during the execution phase.
The study also reported a suppression of HRV from baseline
to the preparation phase and a further suppression of HRV
from the preparation phase to the execution phase, as well as a
return of HRV to baseline levels in the recovery phase. A
differential effect between the two groups was found where
the scenario-trained group did not show suppression of HRV
from the preparation phase to the execution phase. This was in
contrast to the control group, which showed this suppression.
Mental effort and anxiety have been closely related to HRV
[105, 106], and this could explain why the effect was most
dominant in the control group. A similar pattern was found
for the relation between HRV and learning. Since learning
would also rely on executive functioning, the previous
reported link between HRV and executive functioning could
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explain these results. The study by Saus et al. [104] revealed
a positive association between HRV and executive functions
in a virtual reality setting, which increases even further the
ecological validity of the tasks. The simulator gives us an
opportunity to test the relationship between HRV and
cognition in a setting with an increased degree of realism,
while exerting a high degree of experimental control. Thus,
HRV was positively related to SA, and SA was positively
related to performance.

The study by Saus et al. [104] was followed up by
another study whose main aim was to investigate predictors
of SA in navigation simulators [107]. Thirty six naval
cadets underwent a procedure of baseline, sailing in the
simulator, and recovery. In addition to revealing personality
factors of neuroticism, extraversion, and conscientiousness
as predictors of SA, HRV was also found to be related to
SA. HRV recorded during recovery showed a positive
correlation with SA measures. When separating the subjects
into high- vs low-SA groups, based on a median split, the
analyses further revealed that the high-SA group showed a
reduction in the HF power band of HRV from baseline
recordings to sailing and an increase in the recovery phase.
These results showed that the high-SA subjects were able to
modulate their internal environment in order to match
external demands. In contrast, the low-SA group had no
differentiation of their HRV from rest to execution of the
task and back to recovery.

HRYV and Psychopathology

So far, we have argued that HRV is related to successful
adaptation of well-functioning subjects since the use of
military and police personnel involves subjects screened for
comorbidity. In a series of studies from our laboratory,
HRV has also been investigated in relation to psychopa-
thology. A key aspect of these studies has been the high
ecological validity. For instance, Johnsen et al. [108] inves-
tigated odontophobics using a modified Stroop paradigm
while the subjects were situated in a dental treatment unit.
The study was conducted on 20 odontophobic patients, and
the results showed that resting HRV was able to predict
responses on the modified Stroop task. Dental anxiety
subjects with high HRV showed faster reaction time when
color-naming threat stimuli, as well as incongruent color
words, compared to odontophobics with low HRV. This
was explained by a lack of ability to modulate attentional
processes for the low-HRV group. Since the subjects have
to keep in mind the instruction of the color-naming task,
and override the automatic tendency of naming the content
of the word, this task has been regarded as an executive-
function task.

In a recent paper [109], we investigated HRV and its
relationship to psychopathy using Hare's four-facet model.
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In this model, psychopathic deviance could be separated
into four facets in which psychopathic subjects vary. One
facet is represented by interpersonal style. The core
characteristic of this facet is the manipulation of other
subjects, superficial charm, grandiose sense of self-worth,
and pathological lying. The second facet is called affective
style, which includes the lack of empathy and remorse or
guilt, often observed in this disorder. The third facet
encompasses the impulsive lifestyle, such as sensation-
seeking, parasitic lifestyle, lack of realistic goals, and
irresponsibility. The last facet represents antisocial behavior,
such as violence. As already outlined, HRV is closely linked
to executive functions, which involve abilities, reasoning,
problem-solving, and planning goal-oriented behaviors. In
addition, inhibition such as impulse control is also viewed
as an executive function [109]. Although both an anatom-
ical [111] and a functional link [112] between executive
functions and psychopathic disorder have been suggested,
others have not been able to report such a relation [113].
The subjects in the study by Hansen et al. [109] were
inmates in a prison, and all testing was performed inside the
prison, ensuring a high degree of ecological validity. The
procedure involved recordings of HRV during baseline,
cognitive testing of nonexecutive and executive functions,
and recovery. The regression analysis found that the
interpersonal facet showed a positive relationship with
HRYV during baseline. The interpersonal facet accounted for
29% of the total variance. The other facets had no
significant associations. It also turned out that the interper-
sonal facet, compared to the other facets, had the strongest
influence on HRV measured during the test conditions.
Here, the facet accounted for 15% of the variance. There
were no significant relationships between any of the facets
and recovery. Subjects with high scores on the interper-
sonal facet exhibited better performance on cognitive
tasks that taxed executive function compared to those
with low scores. Thus, the study suggests that it might be
useful to investigate the different dimensions of psychop-
athy in relation to underlying physiological and cognitive
characteristics, instead of the traditional view where the
disorder is considered to consist of one unique set of
characteristics.

Conclusions

In this paper, we have tried to present evidence in support
of the notion that resting levels of vagally mediated HRV
are associated with individual differences in cognitive
performance, particularly executive function. First, we
reviewed the neural basis for such an association in which
we showed that prefrontal neural function was related to
HRYV based on pharmacological and neuroimaging studies.
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As such, we proposed that HRV may serve as a peripheral
index of the integrity of CNS networks that support goal-
directed behavior. The similarity of the structures and
networks identified between those associated with the
physiological regulation of cardiac control and those
associated with cognitive regulation, particularly inhibitory
processes, suggests to us a common neural basis for these
functions. We then provided a review of the studies from
our group that have systematically examined the functional
relationship between HRV and executive function. Across
diverse tasks and populations, we have found evidence for
an association between higher levels of resting HRV and
superior performance on tasks that tap executive functions.
Importantly, these results contrast with those on nonexec-
utive function tasks to provide a degree of specificity that is
consistent with the neural structures that we and others have
shown to be associated with HRV and with executive
function. The importance of these findings for the under-
standing of the complex mix of cognitive, affective,
behavioral, and physiological factors associated with health
and disease should not be lost. By providing a common
neural basis for these diverse functions, the neurovisceral
integration model may serve as a unifying framework
within which to examine associations among these various
self-regulatory processes that together represent the com-
ponents of adaptability and good health.
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