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Abstract
An individual's tendency to show exaggerated or otherwise dysregulated cardiovascular reactions to
acute stressors has long been associated with increased risk for clinical and preclinical endpoints of
coronary heart disease (CHD). However, the ‘brain-body’ pathways that link stressor-evoked
= cardiovascular reactions to CHD risk remain uncertain. This review summarizes emerging
L neuroimaging research indicating that individual differences in stressor-evoked blood pressure
; reactivity (a particular form of cardiovascular reactivity) are associated with activation patterns in
> corticolimbic brain areas that are jointly involved in processing stressors and regulating the
c cardiovascular system. As supported empirically by activation likelihood estimates derived from a
g meta-analysis, these corticolimbic areas include divisions of the cingulate cortex, insula, and
n amygdala—as well as networked cortical and subcortical areas involved in mobilizing hemodynamic
§ and metabolic support for stress-related behavioral responding. Contextually, the research reviewed
g here illustrates how behavioral medicine and health neuroscience methods can be integrated to help
@ characterize the ‘brain-body’ pathways that mechanistically link stressful experiences with CHD
=. risk.
5 i
Keywords
amygdala; blood pressure reactivity; coronary heart disease; cingulate cortex; insula; health
neuroscience; stress
< .
T Introduction
g Psychological stress has long been implicated in the development of coronary heart disease
> (CHD), the leading public health burden in industrialized nations (Brotman et al., 2007; Holmes
=1 et al., 2006; Krantz et al., 1988; Manuck et al., 1988; Osler, 1897). As a slowly developing
g chronic illness, CHD results chiefly from a progressive narrowing of the blood vessels that
% supply oxygenated blood to the heart. Beginning early in life and progressing over a period of
) decades, this vessel narrowing can ultimately lead to several clinical endpoints, including an
g inadequate ejection of blood from the heart (heart failure), non-fatal and fatal heart attacks
8 (myocardial infarctions), irregular cardiac rhythms (arrhythmias), and chest pain (angina)
=
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caused by an insufficient supply of blood to cardiac tissue (ischemia). A major contributor to
CHD is atherosclerosis, a degenerative and inflammatory syndrome promoting the vascular
accumulation of cholesterol and cellular waste products that remodel peripheral blood vessels
and impair coronary vessel functioning and blood flow dynamics (Libby, 2002; Libby and
Theroux, 2005; Rosamond et al., 2008). It is also important to note here that the clinical
expression of many late-stage CHD endpoints and events, particularly acute coronary
syndromes, depends not only on the severity of cumulative atherosclerotic progression and
vessel narrowing over the lifespan, but also on the vulnerability of metabolically-active
atherosclerotic plagues (atheromata) to acute rupture and consequent thrombosis (blood
clotting that obstructs vessel blood flow) (Buja and Willerson, 1981; Davies and Thomas,
1985; Falk, 1983; Fuster, 1994; Lefkowitz and Willerson, 2001; Libby, 1995, 2001). Moreover,
it is now widely recognized that the likelihood that such vulnerable plaques will rupture and
trigger the expression of clinical CHD events may be increased in the context of abnormal
vascular and vasomotor dynamics evoked by acute environmental, emotional, and behavioral
stressors that are of personal relevance to the individual (Bhattacharyya and Steptoe, 2007;
Steptoe and Brydon, 2009; Strike and Steptoe, 2005).

It is well established that the developmental progression of atherosclerosis and the related
expression of late-stage CHD endpoints noted above have manifold and interacting genetic,
biological, behavioral, social and environmental risk factors. Together, however, many primary
and secondary risk factors (e.g., a family history of CHD, smoking, hypertension, dyslipidemia,
an imprudent diet, and a lack of regular physical activity) do not fully account for all newly
diagnosed (incident) CHD events among men and women, although such risk factors may be
prevalent among patients with existing CHD (Anderson et al., 1991; Beaglehole and Magnus,
2002; Greenland etal., 2002; Greenland et al., 2003; Khot et al., 2003; Magnus and Beaglehole,
2001). In part, this has focused attention on other suspected factors that could plausibly
influence CHD risk trajectories. Many of these factors include genetic polymorphisms that
contribute to the regulation of lipoprotein levels, blood coagulation, blood pressure, immune
function, and vessel biology, as well as biomediators of inflammation, hemostasis, thrombosis,
fibrinolysis, lipid metabolism, and molecular oxidation processes affecting endothelial
function (Lefkowitz and Willerson, 2001; Wood, 2001).

As stated above, psychological stress is another potential CHD risk factor that has received
appreciable attention in clinical and epidemiological studies in humans and translational studies
in nonhuman animals (for recent reviews, see Brotman et al., 2007; Holmes et al., 2006). A
particular stress-related factor long implicated in CHD risk is an individual's tendency to show
large-magnitude or so-called ‘exaggerated’ cardiovascular reactions to acute stressors (Krantz
and Manuck, 1984; Manuck, 1994; Obrist, 1981; Schwartz et al., 2003; Treiber et al., 2003).
More precisely, several (although not unequivocal) lines of evidence suggest that exaggerated
stressor-evoked cardiovascular reactions predict (1) an accelerated progression of
atherosclerosis in humans and nonhuman primates; (2) the premature development of high
blood pressure (hypertension) and other precursors to CHD; and (3) the likelihood of having
a future coronary event (e.g., myocardial infarction) (Schwartz et al., 2003; Treiber et al.,
2003). As reviewed below, however, the neurobiological or ‘brain-body’ pathways that couple
the central nervous system processing of acute stressors with the peripheral expression of
cardiovascular reactions implicated in CHD risk remain largely uncertain (Lane et al., 2009z;
Lane et al., 2009b; Lovallo, 2005; Lovallo and Gerin, 2003; Soufer et al., 2002). Arguably,
delineating these neurobiological pathways may aid not only in developing brain-based
strategies for augmenting CHD risk stratification and prediction, but also in furthering a
mechanistic understanding of stress-related processes contributing to CHD vulnerability.

In view of these possibilities, this review (1) describes for non-specialists some fundamental
conceptual and measurement issues regarding the construct of stressor-evoked cardiovascular
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reactivity as a biobehavioral dimension of individual differences; (2) highlights clinical,
epidemiological, and translational evidence indicating that individual differences in stressor-
evoked cardiovascular reactivity are associated with CHD risk; and (3) summarizes emerging
neuroimaging evidence suggesting that individual differences in stressor-evoked blood
pressure reactivity (a specific form of cardiovascular reactivity) may be mediated in part by
alterations in the functionality of corticolimbic brain circuits that are jointly involved in
processing acute stressors and regulating the cardiovascular system.

Cardiovascular reactivity: concepts and metrics

Operationally, ‘cardiovascular reactivity’ is defined as a change in hemodynamic activity from
aresting (baseline) state to a subsequent behavioral state involving a psychological or physical
challenge (Obrist, 1981). In human laboratory studies, such challenges are nominally referred
to as stressors, and they often require individuals to complete acutely demanding tasks that (1)
entail negative or positive consequences of motivational or personal relevance, and that (2)
prompt behavioral coping responses that enable successful task performance and engagement
(Kamarck and Lovallo, 2003). Among the most common and frequently standardized
psychological stressors used to evoke cardiovascular reactivity are those that require solving
difficult mental arithmetic problems; preparing and delivering speeches on interpersonally
distressing topics; and engaging in effortful or frustrating cognitive tasks that tax executive
control processes (e.g., anagram, working memory, inverted or mirror-image tracing, and
Stroop color-word interference tasks). Also common are physical stressors that involve
immersing a limb in painfully cold water or squeezing a handgrip dynamometer to maintain a
constant amount of muscular tension over a prolonged period of time (isometric exercise). For
most individuals, such stressors will evoke measurable cardiovascular changes from a baseline
state; however, it has long been recognized that individuals differ markedly in the magnitude,
patterning, and duration of these cardiovascular changes. Moreover, some individuals appear
to have a trait-like (dispositional) tendency to reliably express relatively large-magnitude
(exaggerated) and sometimes prolonged stressor-evoked increases in cardiovascular activity,
which are implicated in CHD risk.

It is important to recognize here, however, that cardiovascular reactivity patterns may vary not
only as a function of presumptive dispositional tendencies, but also as a function of the
experimental dimensions of evocative stressors (Kamarck and Lovallo, 2003). For instance,
stressors can require either active or passive coping behaviors, and they can be dimensionally
categorized as more or less psychological or physical in nature (Obrist, 1981). Critically, from
a neurobiological perspective, such stressor dimensions could plausibly recruit dissociable
brain circuitries and pathways supporting divergent or even comparable patterns of observable
cardiovascular reactions. Hence, passively coping with the physical pain imposed by
immersing one's hand in cold water may evoke a rise in blood pressure because of an increase
in vascular resistance due to a temperature-induced stimulation of alpha-adrenergic receptors
located on peripheral blood vessels. By contrast, actively coping with the psychological
demands imposed by a frustrating cognitive challenge, such as the Stroop color-word
interference task, may evoke an equivalent rise in blood pressure because of a mixed increase
in cardiac output and vascular resistance resulting from a centrally-orchestrated stimulation of
beta- and alpha-adrenergic receptors located on the myocardium and blood vessels,
respectively. Thus, selecting stressor tasks and interpreting cardiovascular changes evoked by
particular stressors should be grounded by the caveat that different stressors can evoke different
(and sometimes comparable) patterns of cardiovascular reactivity (e.g., equivalent rises in
blood pressure) via diverse neurobiological and peripheral response mechanisms. In extension,
such mechanisms may differ in their predictive relevance for CHD risk (Kamarck and Lovallo,
2003; Obrist, 1981).
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Another noteworthy issue in this context is that quantifying cardiovascular reactivity accurately
is complicated by physiological factors and statistical issues related to the reliable measurement
of change. More precisely, the magnitude and even direction of change from a baseline (or
resting) state in a given cardiovascular parameter often depends on the initial level of that
parameter. This baseline dependency is conventionally referred to as the principle of initial
values, according to which higher absolute levels of a given physiological parameter will tend
to predict subsequently smaller and often directionally negative evoked changes in that
parameter (Berntson et al., 1994; Stern et al., 2001; Wainer, 1991; Wilder, 1967). Conversely,
lower absolute levels of a given physiological parameter will tend to predict larger and often
directionally positive evoked changes in that parameter. Hence, some statistical control or
quantification of baseline dependency is generally recommended for studies of cardiovascular
reactivity. A final salient methodological issue to be noted is the often reduced statistical
reliability of change scores, which are routinely used to quantify cardiovascular reactivity. At
present, there is cumulative evidence from cardiovascular reactivity research that change scores
computed by subtraction procedures (e.g., subtracting baseline from task levels of a
cardiovascular parameter) and regression procedures (e.g., regressing task on baseline levels
and retaining the residual values) show adequate statistical (test-retest) reliability when such
scores are averaged across multiple stressors sharing similar task dimensions (Kamarck et al.,
1992; Kamarck and Lovallo, 2003; Llabre et al., 1991; Manuck et al., 1995a). Following
psychometric principles, such averaging minimizes nuisance or error variance attributable to
the idiosyncratic features of particular stressors, along with measurement and testing occasions;
such averaging also maximizes the likelihood of capturing the dispositional properties of a
given cardiovascular reactivity measure, which are thought to be of most importance for
predicting CHD risk across individuals (Kamarck and Lovallo, 2003). Again, however,
averaging procedures implemented to improve the reliability of reactivity measures should be
guided by the consideration that each stressor task used for averaging should share as many
experiential and standardized experimental aspects as are feasible.

Common parameters of cardiovascular reactivity: importance of blood

pressure reactivity in CHD risk

The most common parameters of cardiovascular reactivity assessed in laboratory
psychophysiological studies are stressor-evoked changes in blood pressure (systolic, diastolic,
and mean arterial pressure), heart rate, stroke volume (the amount of blood ejected from the
ventricles with each contraction of the heart), cardiac output (the average amount of blood
ejected from the heart per minute), total peripheral resistance (the sum of systemic resistance
to blood flow), and time intervals within the cardiac cycle reflecting myocardial performance
(e.g., pre-ejection period [PEP] and left ventricular ejection time [LVET])L. In the context of
this review, it is important to note that measures of blood pressure and heart rate are presently
the most amenable to monitoring in neurcimaging paradigms. This is because of the wide
availability of recording equipment compatible with imaging environments, particularly
magnetic resonance scanning environments. Measurement of other cardiovascular parameters
noted above generally require the use of impedance cardiography or other methodologies that
presently pose safety and related challenges for physiological monitoring in the imaging
environment (Gray et al., 2009a;Lane et al., 2009a;Lane et al., 2009b). Further, as detailed
next, individual differences in blood pressure reactivity in particular appear to be most

LAnother common cardiovascular parameter measured in clinical and epidemiological studies of CHD risk is left ventricular ejection
fraction (LVEF), or the fraction of the end-diastolic volume that is ejected from the left ventricle with each heartbeat. Most laboratory
studies of stressor-evoked cardiovascular reactivity, however, do not typically assess LVEF because it is not generally justified for non-
patient samples and because it is estimated by methodologies requiring trained medical technicians (e.g., echocardiography, cardiac MRI,
computed axial tomography imaging, ventriculography, single photon emission computed tomography, and other methodologies for the
assessment of myocardial performance).
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consistently associated with prospective risk for atherosclerosis, precursors to CHD, and
clinical CHD events in clinical and epidemiological studies (Treiber et al., 2003). Accordingly,
the remainder of this review will focus largely on stressor-evoked blood pressure reactivity in
the context of CHD risk.

Stressor-evoked blood pressure reactivity and CHD risk: epidemiological and
translational evidence

A change in blood pressure is a core facet of the prototypical cardiovascular reaction to an
acute stressor (for an accessible review, see Herd, 1991). Broadly stated, an acute stressor-
evoked blood pressure reaction results from net changes in autonomic (sympathetic and
parasympathetic) nervous system activity that alter cardiac output and peripheral vascular
resistance among other hemodynamic parameters. Such changes generally serve to shunt blood
from the viscera toward large muscle groups, presumably to provide metabolic support for
adaptive behavioral action (e.g., the fight-or-flight response) (Cannon, 1928, 1932; McEwen,
1998, 2007; Obrist, 1981; Sapolsky et al., 2000). As noted above, some individuals have a
reliable tendency to express relatively large rises in blood pressure that are viewed to exceed
the metabolic demands of a given stressor (Obrist, 1981). Indeed, this exaggerated
cardiovascular response tendency appears to be a trait-like dispositional characteristic of some
individuals (Allen et al., 1987; Cohen and Hamrick, 2003; Fauvel et al., 1996; Gerin et al.,
1993; Kamarck et al., 1994; Kamarck and Lovallo, 2003; Llabre et al., 1991; Manuck et al.,
1995a; Sherwood et al., 1990), which may be partially heritable (De Geus et al., 2007; Turner
and Hewitt, 1992) and predictive of atherosclerotic and CHD risk early in development
(Matthews et al., 2006; Roemmich et al., 2009). Moreover, individuals expressing exaggerated
stressor-evoked cardiovascular reactions, particularly exaggerated blood pressure reactions,
appear to be at elevated risk for precursors to CHD and related endpoints in later life. For
example, otherwise healthy individuals who express exaggerated stressor-evoked blood
pressure reactions in comparison with their less reactive counterparts are at prospective risk
for hypertension (Bedi et al., 2000; Knox et al., 2002; Matthews et al., 2003; Matthews et al.,
1993; Menkes et al., 1989; Ming et al., 2004; Stewart et al., 2006), stroke (Everson et al.,
2001), myocardial infarction (Alderman et al., 1990; Manuck et al., 1992), and premature
atherosclerosis in major arteries (Treiber et al., 2003; Jennings et al., 2004; Matthews et al.,
2006). In a recent review of these and other epidemiological observations, it was concluded
that “...cardiovascular reactivity can predict the development of some preclinical...states and
perhaps even new clinical events in some patients with essential hypertension or coronary heart
disease. However, much more information is needed concerning moderating and potentially
confounding variables before the robustness of the positive relationships can become clinically
useful” (Treiber et al., 2003; p. 46). As detailed below, one such ‘moderating’ variable may
entail inter-individual variation in the functionality of corticolimbic brain circuits that are
jointly involved in stressor processing and cardiovascular regulation.

Further, although it is presently unknown (and the subject of much debate) whether
exaggerated, prolonged, or otherwise dysregulated stressor-evoked blood pressure or
additional cardiovascular reactions contribute causally to CHD risk, it is plausible that such
reactions may increase CHD risk by promoting structural, particularly atherogenic, changes in
vascular tissue (Krantz and Manuck, 1984; Manuck, 1994; Manuck et al., 1986; Manuck et al.,
1995b; Schwartz et al., 2003; Treiber et al., 2003). For example, the repeated expression of
exaggerated stressor-evoked blood pressure reactions may injure the endothelial (inner) layer
of peripheral blood vessels via turbulent (non-laminar) blood flow patterns that promote shear
stress, particularly at vessel bifurcations. The atherogenic effects of such injuries could include
an increased permeability of the endothelium to circulating lipoproteins; a release of mitogenic
substances by newly regenerated endothelial cells; a proliferation of intimal smooth muscle
cells; and a disruption of the lipid metabolism of endothelial cells (Beere et al., 1984; Gordon
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et al., 1981; Shafi et al., 1989). Hence, endothelial injury in the aorta or coronary arteries can
(1) be induced by stressors that elicit large rises in blood pressure and can (2) be prevented by
beta-adrenergic (sympathetic nervous system) blockade (Strawn et al., 1989; Strawn et al.,
1991). Moreover, acute stressors can trigger clinical events in those with preclinical or
established CHD by pressor-related hemodynamic or vasoconstrictive factors. For instance,
acute rises in blood pressure may rupture vulnerable plaques, leading to thrombus formation
or embolization (Kop, 1999, 2003; Krantz et al., 1999; Strike and Steptoe, 2004). In aggregate,
itis thus reasonable to speculate that a dispositional tendency to repeatedly express exaggerated
or prolonged stressor-evoked cardiovascular—particularly blood pressure—reactions may
have damaging effects on the vasculature, possibly increasing atherosclerotic and related CHD
risk.

A potential role for corticolimbic systems in stressor-evoked blood pressure
reactivity and CHD risk

Despite the clinical and epidemiological evidence reviewed above, little is known about the
human neural systems that link the central processing of acute stressors with individual
differences in cardiovascular reactivity and associated CHD risk. Hence, only a small number
of neuroimaging studies have investigated the functional neural correlates of blood pressure
and other forms of stressor-evoked cardiovascular reactivity. Moreover, there are even fewer
conceptual frameworks focusing specifically on the putative neural origins of individual
differences in cardiovascular reactivity, particularly as formulated within the context of CHD
risk. Importantly, such models are necessary for guiding and developing hypothesis-driven
studies that extend existing human and translational animal studies on the neural regulation of
cardiovascular stress reactivity.

One such conceptual model of cardiovascular reactivity proposed by Lovallo and colleagues
(Lovallo, 2005; Lovallo and Gerin, 2003) integrates the cognitive concepts of stressor appraisal
theory (Holroyd and Lazarus, 1982; Lazarus and Folkman, 1984) with neurobiological
concepts derived from early animal research on the central neural control over the
cardiovascular stress response (Bard, 1928; Cannon, 1928, 1932). According to cognitive
stressor appraisal theory as it is generally applied in behavioral medicine, ‘stress’ is a
transactional process arising from real or perceived demands that can be evaluated (appraised)
as threatening or benign, depending on the adaptive coping resources available to an individual
(Cohen et al., 2007; Monroe, 2008). Furthermore, the biological, behavioral, and other coping
responses and reactions that ensue from such appraisal processes are held to influence risk for
and resilience against ill health, including CHD (cf., McEwen, 2007; McEwen and Gianaros,
in press). As viewed from Lovallo's conceptual model, the stressor appraisal processes noted
above and the resulting neural commands for integrated peripheral physiological (e.g.,
cardiovascular) and behavioral stress reactions are instantiated in rostral or corticolimbic brain
systems that are located above the level of the hypothalamus in the neuroaxis. Hence, according
to this model, individual differences in stressor-evoked cardiovascular reactivity could
originate specifically from altered stressor-related activity along three reciprocally interacting
‘levels-of-response’, which are heuristically organized from (1) corticolimbic systems to (2)
midbrain and brainstem relay pathways and neuromodulatory systems to (3) peripheral target
organs (i.e., the heart and vasculature). Here, corticolimbic systems support the evaluative
(cognitive) appraisal of self-relevant psychological and environmental demands (stressors).
After appraising such demands, corticolimbic systems are hypothesized to reciprocally signal
with midbrain and brainstem relay pathways and neuromodulatory systems to generate
adaptive coping behaviors that are integrated with metabolically supportive changes in target
organ reactivity (e.g., peripheral changes in cardiac output and vasoconstriction underlying net
increases in blood pressure). An individual's tendency to express increased stressor-evoked
neural activation in corticolimbic systems could therefore mediate the peripheral expression
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of exaggerated cardiovascular reactivity. The specific corticolimbic systems implicated by
Lovallo's model in the regulation (generation, representation, and termination) of stressor-
evoked cardiovascular reactions include networked divisions of the cingulate and medial
prefrontal cortices, amygdala, and septal nuclei. Specific relay pathways and neuromodulatory
systems by which the above corticolimbic systems may interactively regulate the acute
expression of cardiovascular reactions include the hypothalamus, ventral tegmentum, pontine
raphe, and locus ceruleus. It is important to note again here, though, that Lovallo's conceptual
model was derived from an inferential synthesis of cognitive stressor appraisal theory with
laboratory work on cardiovascular reactivity: The model was not based explicitly on evidence
from human in vivo neuroimaging and patient lesion studies of stressor-evoked cardiovascular
and autonomic nervous system reactivity. By comparison, much of this neuroimaging and
lesion evidence was incorporated into a complementary neurobiological model of emotional
and cognitive integration developed by Critchley and colleagues (Critchley, 2005; Critchley
et al., 2000; Critchley et al., 2003).

According to this latter model, functional subdivisions of several corticolimbic brain systems
emphasized by Lovallo and colleagues, chiefly the cingulate and medial prefrontal cortices,
insula, and amygdala, are posited to play instrumental and interactive roles in calibrating
autonomic and cardiovascular reactions with contextually adaptive behavior to meet the
metabolic demands of emotional and cognitive challenges. This model has been substantiated
by several neuroimaging studies showing that behaviorally-evoked changes in cardiovascular
(e.g., blood pressure, heart rate) and cardiac-autonomic (e.g., heart rate variability) activity are
correlated directly with neural activity within areas of the cingulate and medial prefrontal
cortices, often in interaction with activity in the insula, amygdala, and relay regions of the
thalamus, hypothalamus, midbrain and brainstem (e.g., Critchley, 2005; Critchley et al.,
2000; Critchley et al., 2003; Gianaros et al., 2005a; Gianaros et al., 2007; Gianaros et al.,
2008; Gianaros et al., 2004; Gray et al., 2009b; Lane et al., 2001; Matthews et al., 2004; Mujica-
Parodi et al., 2009; O'Connor et al., 2007; Wager et al., 2009a; Wager et al., 2009b). Providing
additional support for this model, parallel studies of patients with lesions to the cingulate cortex
further implicate this particular corticolimbic system as being critical for coordinating
autonomic and cardiovascular adjustments with emational and cognitive behaviors (Critchley,
2005; Critchley et al., 2003), which are relevant to stress-related processes.

In synthesis of the models above and prior work in nonhuman animal models, there are thus
conceptual and empirical grounds to posit that corticolimbic systems—particularly the
cingulate, insula, and amygdala—are involved in regulating stressor-evoked blood pressure
and other cardiovascular reactions. In extension, it is reasonable to speculate that an individual's
dispositional tendency to express increased stressor-evoked activity in these corticolimbic
systems could relate to the peripheral expression of exaggerated cardiovascular reactions,
possibly conferring heightened CHD risk. Although the complex and interacting variables
contributing to the expression of such centrally mediated dispositional response tendencies are
likely numerous, they are broadly assumed here to arise from heritable factors, cumulative and
unique developmental life experiences, and personal learning histories impacting stress
sensitivity and reactivity over the lifespan (cf., Boyce and Ellis, 2005; Ellis et al., 2005; Lane
et al., 2009a; Lovallo, 2005; McEwen, 2007).

Elaborating on these notions, we next focus on how areas of the cingulate cortex, insula, and
amygdala may be functionally involved in mediating individual differences in stressor-evoked
cardiovascular reactivity, particularly by highlighting their putative support of stress-related
cognitive and behavioral response processes. We also speculate on some of the circuitries and
pathways by which these systems may generate, represent, and terminate stressor-evoked
cardiovascular reactions. We conclude with a quantitative summary of the available
neuroimaging studies suggesting that stressor-evoked blood pressure reactivity is associated
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with concurrent functional neural activity in cortical and subcortical areas presumably involved
in evaluative stressor-processing, adaptive behavioral responding, and concurrent
cardiovascular control.

Functional roles of the cingulate, insula, and amygdala in stressor-evoked
blood pressure reactivity

Cingulate cortex

The cingulate cortex is a medial cortical brain system that supports cognitive, emotional,
nociceptive, skeletal-motor, and visceromotor processes. Regional cingulate differences in
cellular architecture and projections to and from other brain areas define three putatively
distinct functional subdivisions, nominally labeled as (1) a rostral (perigenual) affective
division encompassing cytoarchitectual areas 24a-c, 25 & 32; (2) a dorsal (supragenual)
cognitive-motor division encompassing areas 24b’-c’ & 32'; and (3) a caudal (retrosplenial)
evaluative-monitoring division encompassing areas 23, 29, 30, & 31 (Bush et al., 2000;
Devinsky et al., 1995; Paus, 2001; Vogt, 2005; Vogt et al., 1992; Vogt et al., 1995). In addition
to supporting cognitive- and emotion-related functions, evidence summarized below implicates
cingulate subdivisions in mediating stressor-evoked blood pressure reactivity.

The perigenual anterior cingulate cortex (pACC) is viewed to support several stress-related
functions, including the appraisal of salient environmental events, the subjective experience
of aversive behavioral states, and the regulation of behavioral and autonomic responses to
aversive stimuli (Bush et al., 2000; Critchley, 2005; Paus, 2001; Phillips et al., 2003; Vogt,
2005; Wager et al., 2009a; Wager et al., 2009b). For example, imaging evidence demonstrates
that the pACC is engaged by negative mood induction procedures, anticipatory anxiety, and
contexts involving the threat of negative social evaluation (George et al., 1995; Mayberg et al.,
1999; Straube et al., 2009; Wager et al., 2009a; Wager et al., 2009b), by the presence of
distracting emotional information during demanding cognitive task performance (Mohanty et
al., 2007), and by committing self-relevant and negatively evaluated errors during frustrating
cognitive tasks (Kiehl etal., 2000). Complementing this work, both animal and human findings
document an important role for the pACC in supporting stressor-evoked autonomic and
cardiovascular reactivity. This role of the pACC is instantiated through its reciprocal circuitry
with the orbital and medial prefrontal cortex, insula, amygdala, and cell groups in the thalamus,
hypothalamus, periaqueductal grey (PAG), pons, medulla, and the pre-sympathetic
intermediolateral (IML) cell column of the spinal cord (Barbas, 2000; Barbas et al., 2003;
Buchanan and Powell, 1993; Chiba et al., 2001; Critchley, 2005; Freedman et al., 2000; Ongiir
et al., 1998; Ongir and Price, 2000; Vogt, 2005). As such, the pACC—along with networked
areas of the dorsal and posterior cingulate cortex discussed next—may provide for an interface
between self-relevant stressor appraisal processes and concurrent cardiovascular control.

Avreas in the dorsal anterior cingulate (JACC) are conventionally viewed to support processes
related to attention, effortful executive control, and conflict and error monitoring. These
processes are instantiated by dense reciprocal circuitry with the lateral prefrontal cortex, motor
and supplementary motor cortex, and posterior parietal cortex (Vogt and Pandya, 1987). A
conventional view is that dACC areas monitor for conflicts between competing streams of
incompatible information, which foster the potential for behavioral error (Botvinick et al.,
2001; Hester et al., 2004; Holroyd and Coles, 2002; Ridderinkhof et al., 2004a; Ridderinkhof
et al., 2004b). After conflict detection, dACC areas engage prefrontal, motor, and parietal
cortices to resolve conflicts and minimize behavioral error by modulating attention, working
memory, and mator control processes (Koski and Paus, 2000; Paus, 2001; Paus et al., 1998).
Growing evidence also implicates dACC areas in stress-related behavioral processes associated
with physiological reactivity. For example, dACC areas are engaged by states of pain-related
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anxiety (Ochsner and Gross, 2005; Vogt et al., 2003), intentional regulation of autonomic
activity (Critchley et al., 2001, 2002), awareness of subjective emotional experiences (Lane et
al., 1998), and even social rejection associated with activation of the hypothalamic-pituitary-
adrenal stress response axis (Eisenberger etal., 2007). Hence, consistent with the neuroimaging
evidence reviewed below and the conceptual frameworks reviewed above (Critchley, 2005;
Lovallo, 2005), the dACC may be important for generating autonomic and cardiovascular
responses via projections to networked cortical and subcortical areas to support volitional,
cognitive, and emotional behaviors, all processes that are key for mediating stressor-evoked
blood pressure reactivity.

The posterior cingulate cortex (pCC) is viewed to support self-relevant evaluative processes
related to cognition and emotion, including (a) maintaining a general representation of the
environment, (b) appraising the emotional salience of environmental events, and (c) monitoring
the environment for threatening or otherwise stressful stimuli (Gusnard et al., 2001; Maddock,
1999; Vogt and Laureys, 2005; Vogt et al., 2006). These processes are supported principally
by reciprocal circuitry between the pCC, pACC, and parahippocampal cortices (Vogt and
Laureys, 2005; Vogt et al., 2006). In support of its putative role in evaluative appraisal
processing, a recent meta-analysis (Maddock, 1999) implicates the pCC in association with
the automatic appraisal of unpleasant, particularly self-relevant, stimuli. Considerable human
neuroimaging evidence also indicates that the pCC is a major component of a distributed
network of functionally and anatomically connected brain systems (including dorsal and
ventral medial prefrontal cortex, medial and lateral parietal cortex, and areas of the medial and
lateral temporal cortex) that all show coherent and relatively high levels of metabolic activity
during resting states (Buckner et al., 2008; Fox and Raichle, 2007; Fox et al., 2007; Greicius
et al., 2003; Greicius et al., in press; Gusnard et al., 2001). Activity in components of this so-
called ‘default mode network’ is thought to foster inwardly directed attention to self-referential
multimodal and interoceptive (e.g., autonomic) information (Nagai et al., 2004). In addition,
there is substantial evidence that when cognitive effort and attentional resources are redirected
to the external environment to support goal-directed behaviors, activity in the pCC and other
components of the default mode network is markedly curtailed, possibly as a means of
attenuating incompatible neural activity supporting a self-referential focus in order to meet the
demands of environmental challenges and execute outwardly directed action (Buckner et al.,
2008; Gusnard et al., 2001).

Although the pCC does issue light projections to areas such as the PAG (An et al., 1998), it
generally lacks the more direct connections with pre-autonomic and cardiovascular regulatory
cell groups that are characteristic of other corticolimbic areas emphasized here; namely, the
pACC, dACC, insula, and amygdala. Nevertheless, several neuroimaging studies demonstrate
that stressor-evoked autonomic and cardiovascular reactions are observed in conjunction with
changes in pCC activity (e.g., Gianaros et al., 2007; Gianaros et al., 2005b; Gianaros et al.,
2008; Wong et al., 2007). For example, individuals classified as stable and high blood pressure
reactors have been shown to express enhanced pCC activation to a Stroop color-word
interference stressor, as compared with their less reactive counterparts who consistently
showed expected patterns of deactivation in the pCC during effortful task performance
(Gianaros et al., 2005b). One interpretation of these particular findings is that high blood
pressure reactors may be unable to effectively curtail pCC activity when faced with behavioral
challenges, facilitating a generalized form of environmental processing and monitoring for
threatening or otherwise stressful stimuli. While a linear relationship between inter-individual
variation in stressor-evoked blood pressure reactivity and pCC activation (or lesser
deactivation) has also been observed in two subsequent studies (Gianaros et al., 2007; Gianaros
et al., 2008), the functional significance of the pCC in autonomic and cardiovascular control
remains uncertain. An interesting hypothesis compatible with the interpretation of pCC
functionality outlined above was recently posited by Wong and colleagues (2007) in an fMRI
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study of exercise related autonomic cardiovascular control. Specifically, Wong et al.
demonstrated that an effortful isometric handgrip exercise evoked both (1) transient increases
in heart rate and blood pressure and (2) decreases in the activity of the pCC and ventromedial
prefrontal cortex among healthy young men and women. However, fine-grained analyses of
the blood-oxygenated level dependent (BOLD) time series data revealed that activity changes
in the ventromedial prefrontal cortex, but not the pCC, were directly associated with time-
related and exercise-induced changes in heart rate. Thus, Wong et al. posited that pCC activity
may be suspended during effortful behavioral tasks, such as isometric exercise, and that this
activity change is not instrumental for associated task-related changes in autonomic or
cardiovascular function. Hence, in view of existing evidence and known neuroanatomical
connections of the pCC, activity in this region is likely to correspond to the evaluative appraisal
of self-referential information, and possibly environmental contexts and stressors, which may
indirectly (or spuriously) relate to autonomic and cardiovascular functioning because of
concurrent changes in the activity of ventromedial and other visceromotor cortices, which do
project to subcortical areas and circuitries proximally involved in autonomic and
cardiovascular control (cf., O'Connor et al., 2007).

Broadly stated, the insula expresses efferent and afferent connections that are comparable to
those of the anterior cingulate and other regions of the orbital and medial prefrontal cortex,
including connections with the amygdala, hypothalamus, thalamus, PAG, pons, nucleus tractus
solitarius (NTS), and medullary and brainstem areas that control pre-autonomic nuclei
innervating peripheral target organs (e.g., the heart and vasculature) (Augustine, 1996;
Cechetto, 1994; Ongiir and Price, 2000; Verberne and Owens, 1998). Further, multi-synaptic
afferent relays from all peripheral target organs project to the insula along a caudal-to-rostral
extent. These afferent projections are routed via the NTS, parabrachial pontine nuclei, ventral
posterior and mediodorsal thalamic nuclei, and the lateral hypothalamic area, thus providing
the insula with an ascending or “viscerotopic’ map of the body (Craig, 2003, 2005). Such a
map has been posited to support the integration of interoceptive information with the appraisal
of emotion-related stimuli and contextually-adaptive behavioral and autonomic responses
(Craig, 2005; Critchley, 2005; Paulus and Stein, 2006). Similar to areas of the cingulate, the
insula is engaged by behavioral challenges that elicit aversive errors (Klein et al., 2007) and
by negative emotional stimuli and associated behavioral states (Feldman-Barrett and Wager,
2006; Phan et al., 2002; Taylor et al., 2003).

Longstanding lesion, stimulation, neuroanatomical tracing, and in vivo brain imaging evidence
derived from humans and animals strongly implicates the insula in autonomic and
cardiovascular regulation, particularly via the efferent and modulatory afferent sympathetic,
parasympathetic, and baroreflex pathways described below (Allen and Cechetto, 1992, 1993;
Allen et al., 1991; Cechetto, 1994; Cechetto and Chen, 1990; Oppenheimer, 1993; Ruggiero
etal., 1987; Verberne and Owens, 1998; Yasui et al., 1991). Moreover, clinical evidence from
patient populations has revealed that ischemic strokes selectively involving the insula elevate
risk for cardiac arrhythmias (Cheung and Hachinski, 2000; Colivicchi et al., 2004, 2005),
directly implicating the insula in the expression of clinically relevant late-stage CHD endpoints.
Across prior human and animal studies, there is also some evidence to suggest that the insular
regulation of autonomic and cardiovascular function may be lateralized, with the left insula
being more involved in regulating parasympathetic cardiovascular control and in mediating
depressor responses and the right insula in sympathetic cardiovascular control and in mediating
pressor responses (Craig, 2005; Kimmerly etal., 2005; Oppenheimer etal., 1992; Oppenheimer
etal., 1996). However, not all human neuroimaging evidence on stressor-evoked blood
pressure reactivity is consistent with this generalization. For example, bilateral (Gianaros et
al., 2005a; Gianaros et al., 2008) and left unilateral (Gianaros et al., 2007) insular activation
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has been associated with blood pressure reactivity evoked by a Stroop color-word interference
stressor. Also, there is recent evidence that heightened levels of resting neural activity in the
right insula prospectively predict subsequently greater stressor-evoked blood pressure
reactions across individuals, possibly reflecting an individual's “preparedness” to exhibit
heightened sympathetically-mediated pressor reactivity (Gianaros et al., 2009). In view of this
evidence, the existing neuroimaging literature hinders precise predictions regarding a potential
lateralized insular regulation of stressor-evoked blood pressure reactivity per se. Nonetheless,
it is clear from both human and animal work that the insula is involved in regulating stressor-
evoked blood pressure changes via efferent and afferent signaling with networked cortical and
subcortical areas important for autonomic and cardiovascular control (cf., Harper et al.,
1998; Harper et al., 2000; Henderson et al., 2002; King et al., 1999; Lamb et al., 2007).

As a complex cell assembly, a critical function of the amygdala in stressor-related processing
involves the assignment of behavioral salience or relevance to environmental events (Davis
and Whalen, 2001; LeDoux, 2003; Sah et al., 2003b; Zald, 2003). The amygdala supports such
processing by integrating multimodal sensory inputs from distributed cortical, thalamic, and
brainstem afferent relays. More precisely, sensory input is relayed through thalamic and
cortical-thalamic pathways to the basolateral area via the lateral nucleus, basolateral nucleus,
and accessory basal nucleus (LeDoux, 2003; Sah et al., 2003a, b). From the basolateral nucleus,
behaviorally-relevant sensory signals are relayed to the central nucleus. As a primary output
nucleus, the central nucleus relays commands for adaptive changes in behavior and supporting
physiological adjustments via the stria terminalis to lateral and paraventricular hypothalamic
nuclei and to periaqueductal, medullary, and pre-autonomic nuclei. Importantly, the central
nucleus is also networked with cortical areas that are involved in stressor-related processing
and autonomic-cardiovascular control, specifically areas of the pACC, dACC, and insula
(Amaral and Price, 1984; McDonald, 1998; Morecraft et al., 2007; Price, 2003). Hence, the
amygdala is broadly thought to be instrumental for interrelating cortical processes supporting
the coordination of stressor-evoked changes in behavior and cardiovascular reactivity
(Berntson et al., 1998; Dampney, 1994; Saper, 2002; Smith and DeVito, 1984; Smith et al.,
1984; Westerhaus and Loewy, 2001). Also noteworthy in the context of CHD risk, central
nucleus lesions blunt exaggerated stressor-evoked blood pressure reactions in rats genetically
prone to hypertension (Galeno et al., 1984; Sanders et al., 1994) and prevent the development
of hypertension induced by chronic stress (Fukumori et al., 2004) and fear conditioning
(Baklavadzhyan et al., 2000).

A specific pathway by which the amygdala can regulate blood pressure reactivity is via its
influence over the baroreflex (Berntson et al., 1998; Dampney, 1994; Saha, 2005). The
baroreflex is a negative-feedback control mechanism that constrains arterial pressure around
a regulatory set point by modulating efferent autonomic outflow (for review, see Eckberg,
1992). Specifically, the baroreflex controls beat-by-beat changes in blood pressure by adjusting
parasympathetic and sympathetic control over heart rate, cardiac output, and vascular
resistance. As a negative-feedback loop, the baroreflex relies on afferent projections from
stretch-sensitive cardiopulmonary mechanoreceptors (baroreceptors) and chemoreceptors that
signal changes in blood pressure to the NTS (see Figure 1). Afferent activation of the NTS in
turn activates vagal nuclei in the medulla and, via signaling with the caudal ventrolateral
medulla, inhibits pre-sympathetic nuclei in the rostroventrolateral medulla and IML column.
In effect, these dynamic changes in autonomic control adjust heart rate, cardiac output, and
vascular resistance to maintain blood pressure variations within a homeostatic range to match
ongoing metabolic demands (Dampney, 1994; Guyenet, 2006).
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As illustrated in the schematic model depicted in Figure 1, the amygdala can gate or suppress
the sensitivity of the baroreflex via projections that inhibit the NTS and that activate the
rostroventrolateral medulla (Berntson et al., 1998;Dampney, 1994;Saha, 2005;Saper, 2002).
These projections are routed partly through the hypothalamus, PAG, and pons—core
components of the circuitry emphasized in the models of Lovallo and Critchley (Critchley,
2005;Lovallo, 2005). Important in the present context, these amygdala projections are
paralleled by similar projections from areas within the cingulate and medial prefrontal cortex
and insula, which can also gate the baroreflex on exposure to acute stressors, allowing blood
pressure to exceed its regulatory set point via descending (efferent) central mechanisms
(Berntson et al., 1998;Dampney, 1994;Saper, 2002). In view of this control circuitry, it has
been hypothesized that the amygdala and networked corticolimbic areas could partly underlie
individual differences in cardiovascular reactivity and related CHD risk by linking stressor-
related processing with mechanisms such as baroreflex gating (Berntson et al., 1998). Indeed,
the sensitivity of the baroreflex is suppressed (gated) by psychological stressors in humans
(Reyes del Paso et al.;Steptoe and Sawada, 1989), and suppressed baroreflex sensitivity has
been associated with the severity of preclinical atherosclerosis in otherwise healthy adults (e.g.,
Gianaros et al., 2002) and with prospective risk for clinical CHD events in epidemiological
and patient samples (De Ferrari et al., 2007;La Rovere et al., 1998;La Rovere et al.,
2008;Schwartz et al., 1992).

Putative role of ascending mechanisms in stressor-evoked blood pressure

reactivity

In addition to the stressor-evoked efferent (or descending) corticolimbic control mechanisms
and associated clinical observations reviewed above, it is important to consider the modulatory
role of visceral afferent (or ascending) influences of baroreflex and related interoceptive
information on the neural circuitry depicted in Figure 1. In particular, there is translational
evidence consistent with early speculations by James (1884) that visceral afferent, including
ascending autonomic and baroreceptor, activity can influence a range of centrally-mediated
cognitive, emotional, and behavioral processes via delimited feedback mechanisms (Adam,
1998;Berntson et al., 2003;Cameron, 2002;Craig, 2003;Critchley, 2005;Dworkin, 1993). In
rats, for instance, baroreceptor activation can decrease cortical arousal (Adam, 1998;Dworkin,
1993) and inhibit the processing of nociceptive stimuli (Dworkin et al., 1979). In humans,
baroreceptor activation may similarly influence nociceptive processing (Edwards et al.,
2002), particularly via corticolimbic and brainstem pathways (Gray et al., 2009b).
Functionally, these cardiovascular and visceral feedback mechanisms have been implicated
not only in adaptive stressor responding, but also risk for hypertension, a primary precursor of
CHD (McCubbin, 1993;Rau and Brody, 1994;Zamir and Maixner, 1986). More broadly,
ascending cardiovascular and visceral afferent information arising from both the sympathetic
and parasympathetic autonomic branches may impact other central processes supporting
stressor-related cognitive functions and behavioral responses, including amygdala-mediated
attention, memory and arousal processes (Cahill and McGaugh, 1998;Kapp et al.,
1992;McGaugh et al., 1996) and cortically-mediated decision-making processes important for
guiding adaptive behaviors (Bechara et al., 1999).

The primary node in the brainstem that is instrumental for relaying ascending visceral afferent
information, particularly baroreceptor information, to higher-level corticolimbic systems
involved in blood pressure control is the NTS (Berntson et al., 2003; Dampney, 1994; Guyenet,
2006), as noted above (Figure 1). Specifically, afferent traffic originating from blood pressure
changes that are detected by peripheral arterial baroreceptors in the carotid sinus and aortic
arch is transmitted via the glossopharyngeal and vagal nerves, which terminate within the NTS.
From the NTS, multi-synaptic projections are issued not only to medullary and pre-autonomic
brainstem, midbrain, and hypothalamic cell groups, but also higher-level corticolimbic
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systems, particularly the amygdala, insula, and areas of the cingulate, medial and orbital
prefrontal cortices (Allen and Cechetto, 1992, 1993; Allen et al., 1991; Berntson et al., 2003;
Buchanan and Powell, 1993; Dampney, 1994; Dampney et al., 2002; Dampney et al., 2003;
Verbene and Owens, 1998). Viewed as components of an integrated control circuitry relying
on nested feedforward and feedback pathways, these higher-level corticolimbic systems may
thus integrate and represent afferent visceral information regarding dynamic (e.g., stressor-
evoked) blood pressure changes in the service of adaptive and dynamic cardiovascular
regulation (Dampney, 1994; Dampney et al., 2002). For example, afferent traffic triggered by
stressor-evoked rises in blood pressure may be relayed via the NTS for representation by
higher-level corticolimbic areas. In turn, this stressor-evoked visceral afferent information may
modulate ongoing corticolimbic activity in a positive or negative feedback manner, which
could further modulate descending corticolimbic signaling with midbrain and brainstem
circuits. This modulated signaling resulting from ascending visceral feedback could serve to
adjust ongoing autonomic, neuroendocrine, and cardiovascular functioning—which, in
aggregate, could impact the magnitude and even duration of stressor-evoked blood pressure
changes. Thus, higher-level corticolimbic areas should not be viewed only in light of their
putative descending influences over stressor-evoked blood pressure reactivity, but also in view
of ascending processes and the possibility that visceral afferent traffic may serve to affect the
magnitude and duration (e.g., recovery to baseline) of stressor-evoked blood pressure reactions
through positive and negative feedback mechanisms. In this respect, one speculative possibility
is that individuals with a dispositional tendency to show exaggerated or prolonged stressor-
evoked blood pressure or other cardiovascular and autonomic reactions linked to CHD risk
may also exhibit dysregulated patterns of feedback and feedforward connectivity between
higher-level corticolimbic systems and lower-level midbrain and brainstem circuits, which may
reflect impairments in efferent and visceral afferent regulatory mechanisms (Gianaros et al.
2008; see below). Notably, such dysregulated connectivity may correspond to CHD relevant
impairments in what has been referred to recently as neurovisceral integration (Thayer and
Lane, 2007, 2009).

In view of the frameworks and concepts reviewed above, we next review available human
neuroimaging studies that have specifically correlated stressor-evoked blood pressure reactions
with neural activation in the corticolimbic brain systems and circuitries emphasized herein.
We note that the activation patterns reported in these correlational studies are likely to reflect
integrated aspects of ascending and descending mechanisms underlying stressor-evoked blood
pressure reactivity. Following this review, we close by underscoring open questions,
methodological developments, and empirical studies that are needed to further develop a
mechanistic understanding of the neural pathways that bind psychological stress,
cardiovascular reactivity processes, and CHD risk.

Neuroimaging studies of stressor-evoked blood pressure reactivity and CHD

risk

As reviewed above and illustrated in Figure 1, divisions of the cingulate, insula, and amygdala
may be viewed as core—albeit not exclusive—components of network of corticolimbic
systems involved in mediating stressor-evoked changes in cardiovascular activity, particularly
changes in blood pressure. To our knowledge, however, there have been only four human
neuroimaging studies published to date that offer direct, but provisional, support for this view
(Critchley et al., 2000;Gianaros et al., 2005a;Gianaros et al., 2007;Gianaros et al., 2008; see
Table 1). In these studies, stressor-evoked changes in blood pressure were directly correlated
with concurrent changes in functional neural activity. Two studies reviewed first (Critchley et
al., 2000;Gianaros et al., 2005a) tested for correlations between concurrent changes in stressor-
evoked blood pressure and functional neural activity on a within-person basis. In other words,
multiple (repeated) observations of blood pressure and functional neural activity were obtained
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over the course of a scanning session, correlated with one another on an individual basis, and
then aggregated across individuals. The remaining two studies (Gianaros et al., 2007;Gianaros
et al., 2008) tested for correlations between stressor-evoked blood pressure reactivity and
functional neural activity on a between-person basis. In these studies, one composite (averaged)
measure of blood pressure reactivity was correlated with one composite measure of neural
activationacross individuals. As yet, no neuroimaging studies to our knowledge have employed
mediation or path analytic analyses to statistically and simultaneously model both within- and
between-person variation in neural activity linked to stressor-evoked blood pressure reactivity,
as has been done for stressor-evoked heart rate reactivity (Wager et al., 2009a;Wager et al.,
2009b). Also, we note that many published studies have investigated changes in functional
neural activity resulting from exposure to blood pressure challenges involving exercise,
respiratory maneuvers, cold pressor stimuli, and sophisticated experimental manipulations,
such as baroreceptor unloading (e.g., Harper et al., 1998;Harper et al., 2000;Henderson et al.,
2002;Kimmerly et al., 2005;King et al., 1999;Lamb et al., 2007;Williamson et al., 1997;Wong
et al., 2007). However, these studies did not specifically employ experimental manipulations
that engaged the psychological stress processes noted earlier in this review and generally
suspected in stress-related CHD risk. Critically, though, these other studies converge with the
meta-analytic findings reviewed below to indicate that activity in areas of the cingulate and
medial prefrontal cortices, insula, amygdala, and other networked cortical, midbrain,
brainstem, and cerebellar areas is reliably linked to blood pressure and other cardiovascular
responses to diverse behavioral and physiological challenges. Hence, it would appear at present
that many of the core components of the central network for autonomic and cardiovascular
control are commonly involved in mediating reactivity processes evoked by wide ranging
environmental, behavioral, and physiological challenges via the efferent and afferent
mechanisms noted above and detailed in prior translational work (Berntson et al., 1998,
2003;Cechetto, 1994;Dampney, 1994;Jé&nig, 2006;Saper, 2002;Verbene and Owens,
1998;Westerhaus and Loewy, 2001).

Meta-analytic summary of neuroimaging studies of stressor-evoked blood
pressure reactivity

For a descriptive and quantitative summary, we executed a meta-analysis of the four
neuroimaging studies reviewed below (see Tables 1 and 2; Figures 2 and 3; and Supplementary
Methods available online). For this meta-analysis, we used the method of activation likelihood
estimation (Laird et al., 2005; Turkeltaub et al., 2002) to assess the cross-study concordance of
brain areas in which greater stressor-evoked neural activation correlated with greater blood
pressure reactivity. We emphasize that this descriptive summary is based on only four studies
that differed in terms of the imaging modalities employed, the blood pressure measures
obtained, the populations and sample sizes tested, and stressor tasks used to evoke reactivity.
Further, this summary focuses only on patterns of neural activation, not deactivation, linked
to stressor-evoked blood pressure reactivity. This is because deactivation patterns were not
explored in three out of the four studies. We note that patterns of deactivation will be important
to assess in future studies in this area, as these deactivation patterns may reflect what have been
termed “disinhibition” mechanisms involved in peripheral stress reactivity (Pruessner et al.,
2007;Wager et al., 2009a;Wager et al., 2009b). Hence, the summary below should be viewed
cautiously as an early abstraction of available neuroimaging results bearing on the neural
regulation of stressor-evoked blood pressure reactivity. In aggregate, however, this summary
does provide initial support for the notion that the corticolimbic areas emphasized above—
namely, the cingulate, insula, and amygdala—may represent core, but clearly not exclusive,
components of a broader neural circuitry mediating stressor-evoked blood pressure reactivity.
More practically, this meta-analysis (specifically the coordinates provided in Table 2) could
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be used to aid empirically in targeting specific regions-of-interest in future studies of stressor-
evoked blood pressure reactivity and related CHD risk.

Within-individual neuroimaging studies of stressor-evoked blood pressure

reactivity

In a positron emission tomography study of six men (mean age, 35 years), Critchley and
colleagues (2000) tested whether changes in mean arterial pressure correlated with concurrent
changes in functional neural activation evoked by two stressors, a frustrating mental arithmetic
task and an isometric handgrip task. An explicit aim of this study was to isolate neural activity
patterns that covaried directly with stressor-evoked blood pressure changes during the
performance of both stressor tasks. Results showed that increased mean arterial pressure
evoked by the stressors correlated on a within-individual basis with increased cerebral blood
flow to the perigenual and mid-anterior areas of the cingulate cortex, the orbitofrontal cortex,
postcentral gyrus, insula, and cerebellum (see Table 2 in Critchley et al., 2000)—providing the
first human neuroimaging evidence in support of the view that these brain regions may initiate
or represent increases in blood pressure to behavioral stressors.

These findings were replicated and extended in a subsequent functional magnetic resonance
imaging (fMRI) study of twenty older adults (9 men, 11 women; mean age, 64 years) (Gianaros
et al., 2005a). In this study, participants completed a performance-titrated Stroop color-word
interference task, which had been adapted specifically from a Stroop task used in previous
epidemiological studies of stressor-evoked blood pressure reactivity and CHD risk (Debski et
al., 1991; Jennings et al., 2004; Kamarck et al., 1997; Kamarck et al., 1992). Results showed
that increased mean arterial pressure evoked by the Stroop stressor correlated on a within-
individual basis with greater activation in the perigenual and mid-anterior cingulate cortex
(areas 24 and 32), insula, medial and lateral prefrontal cortex, supplementary motor area, and
regions of the temporal, inferior parietal, and occipital cortex. Subcortical regions in which
greater activation correlated with increased mean arterial pressure included the basal ganglia,
lentiform area bordering the extended amygdala and caudate, thalamus, cerebellum, and PAG
(see Table 2 of Gianaros et al., 2005).

Collectively, the results of these two studies provided an initial characterization of the brain
systems putatively involved in regulating blood pressure reactions to behavioral stressors in
humans. Interestingly, both studies provided evidence for an association between stressor-
evoked blood pressure reactivity and activation of areas in the cingulate cortex and insula.
Further, as motivated by these two particular within-individual studies, the two studies
reviewed next directly examined the covariation between individual differences in stressor-
evoked blood pressure reactivity and concurrent functional neural activity. From the
perspective emphasized in this review, such studies are needed to directly examine the putative
neural processes linking stressor-evoked blood pressure reactivity with relative CHD risk
across individuals.

Between-individual neuroimaging studies of stressor-evoked blood pressure

reactivity

In an fMRI study of individual differences in stressor-evoked blood pressure reactivity, 46
postmenopausal women (mean age, 68 years) performed a similar version of the Stroop color-
word interference task described above (Gianaros et al., 2007). Across individuals, a larger
task-induced rise in systolic and diastolic blood pressure covaried with heightened activation
of the pACC, extending into area 10 of the medial prefrontal cortex. Further, a larger stressor-
evoked increase in systolic and diastolic pressure covaried with heightened activation of the
insula, pCC (extending from area 31 into the precuneus), the lateral prefrontal cortex, and
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cerebellum (see Table 2 in Gianaros et al., 2007). Moreover, blood pressure reactions evoked
by the Stroop stressor in a separate laboratory testing session correlated with reactions evoked
in the fMRI testing session, providing support for the notion that the individual differences in
stressor-evoked blood pressure reactivity evoked by this particular stressor task were stable
(reliably elicited) across testing settings. In this study, however, no associations were observed
between individual differences in stressor-evoked blood pressure reactivity and activation in
other corticolimbic regions thought to be involved in cardiovascular regulation, particularly
the amygdala, midbrain and brainstem areas. These null findings, however, were attributed to
the scanning sequence and field of view coverage used in this particular study. Hence, in a
follow-up neuroimaging study described next, this study was extended to show that individual
differences in stressor-evoked blood pressure reactivity covaried across individuals not only
with amygdala activation, but also patterns of functional connectivity between the amygdala,
pACC and pons.

Specifically, in a study of 32 young adults (12 men, mean age 20 years), a region-of-interest
approach was implemented to test directly whether individual differences in stressor-evoked
blood pressure reactivity covaried with amygdala activation, as well as functional connectivity
with corticolimbic and subcortical areas implicated in stressor processing and cardiovascular
regulation (Gianaros et al., 2008). Here, mean arterial pressure and concurrent fMRI signal
changes were monitored during the performance of the Stroop color-word stressor task used
in the two studies described above (Gianaros et al., 2005a; Gianaros et al., 2007). Individuals
who exhibited greater stressor-evoked blood pressure reactivity showed greater stressor-
evoked pACC, pCC, insula, and amygdala activation and a stronger positive functional
connectivity between the amygdala and pACC and between the amygdala and pons.
Collectively, these findings supported the notion that individual differences in stressor-evoked
blood pressure reactivity are correlated not only with patterns of co-activation in corticolimbic
systems, but also the functional interactions between these systems. As noted above, these
functional interactions may correspond to efferent feedforward and afferent feedback
mechanisms involved in central autonomic and cardiovascular control.

In particular, one set of functional connectivity findings from this study indicated that the pons
may represent a relay area that specifically links individual differences in stressor-evoked
amygdala activity with the peripheral expression of blood pressure reactions. This notion is
supported by neuroanatomical evidence that the amygdala expresses reciprocal connections
with pontine cell groups critical for cardiovascular control (Dampney, 1994; Hopkins and
Holstege, 1978; Miller et al., 1991). Further, the pons is known to relay afferent cardiovascular
information to higher levels of the neuroaxis, including the amygdala (Dampney, 1994). In
view of this circuitry, one possibility is that individual differences in blood pressure reactivity
could result from differential signaling between the amygdala and pre-autonomic areas such
as the pons. Hence, stronger efferent amygdala-pre-autonomic signaling could reflect stronger
descending commands for rises in blood pressure during acute stressful experiences. In parallel,
stronger afferent pre-autonomic-amygdala signaling could reflect stronger ascending negative-
feedback to the amygdala that functionally curtails excessive blood pressure rises. The latter
possibility may account for the finding reported by Gianaros et al (2008) that individuals
showing more negative amygdala-pons connectivity showed less (smaller magnitude) blood
pressure reactivity. A critical limitation hindering support for these inferences, however, was
that the connectivity measures obtained in that study did not distinguish efferent from afferent
signaling patterns linked to blood pressure changes, which were measured on a minute-by-
minute basis. Hence, and important direction for future research will be to employ effective
connectivity procedures (Friston, 1994) and continuous (beat-by-beat) blood pressure
monitoring methods (Gray et al., 2009b) to parse transient efferent from afferent neural
signaling patterns in the amygdala and pre-autonomic areas putatively involved in
cardiovascular control.
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Also reported by Gianaros et al. (2008) was that greater mean arterial pressure reactivity varied
with greater pACC activation and with more positive amygdala-pACC functional connectivity
across individuals. As reviewed above, the amygdala and areas of the anterior cingulate cortex,
such as the pACC, are densely networked and considered as components of a corticolimbic
circuitry that orchestrates adaptive and integrated neurobehavioral and visceromotor stress
responses (cf., Bush et al., 2000; Devinsky et al., 1995; Paus, 2001; Vogt, 2005). Furthermore,
evidence from fear-conditioning and emotion-regulation literatures suggests that subdivisions
of the anterior cingulate cortex, particularly in the perigenual area, may regulate amygdala
activity (Etkin et al., 2006; Ochsner and Gross, 2005; Quirk and Beer, 2006). Hence, if
regulatory amygdala-pACC signaling modulates visceromotor reactivity to behaviorally-
salient stimuli, then the differential coupling between these areas may partly influence
individual differences in stressor-evoked blood pressure reactivity. Consistent with this notion,
individuals who expressed more negative amygdala-pACC connectivity expressed less
stressor-evoked blood pressure reactivity. However, as for the findings linking amygdala-pons
connectivity with stressor-evoked blood pressure reactivity, these interpretations should be
taken as provisional until future studies replicate both sets of observations and explicate the
specific nature of amygdala-pACC and amygdala-pons signaling described above.

Here, it is noteworthy that pursuing such questions regarding corticolimbic connectivity in
addition to activation patterns per se may prove useful in understanding the pathophysiological
processes underling CHD risk. For example, it was recently demonstrated that individuals who
exhibit heightened amygdala activation to threatening emotional stimuli (i.e., facial
expressions of fear and anger) also show increased intima-media vessel wall thickness in the
carotid arteries, which is a surrogate measure of preclinical atherosclerosis that predicts clinical
endpoints of CHD (Gianaros et al., in press). Moreover, in that study, it was demonstrated that
increased intima-media thickness was associated with a pattern of functional connectivity
between the pACC and amygdala which paralleled the connectivity patterns observed in
association with exaggerated blood pressure reactivity described above. Hence, those
individuals showing increased intima-media thickness exhibited a stronger and more positive
connectivity between the pACC and amygdala. In general, these lines of evidence thus suggest
that alterations in corticolimbic functionality, including alterations in co-activation and
connectivity, may impact atherosclerotic disease processes and consequent CHD risk via
stress-related processes such as blood pressure reactivity.

Summary and future directions

Only recently have neuroimaging methods and theoretical frameworks been directed at
understanding the neurobiological or ‘brain-body’ pathways linking the central processing of
psychological stressors to the regulation of blood pressure and other cardiovascular reactions
implicated in CHD risk (Critchley, 2005; Lane et al., 2009a; Lane et al., 2009b; Lovallo,
2005; Soufer et al., 1998). The early neuroimaging evidence and models summarized here
suggest that several corticolimbic brain areas, including areas of the cingulate cortex, insula,
and amygdala, are involved in regulating at least one stress-related risk factor for CHD:
stressor-evoked blood pressure reactivity. Nevertheless, it is important to re-emphasize that
CHD is aslowly developing and chronic illness with many interacting genetic, developmental,
biobehavioral, social and environmental risk factors that are still being defined. Moreover,
stress-related factors relevant to CHD risk can be conceptualized and measured at multiple
levels of analysis, over multiple time scales, and throughout multiple stages of life in different
demographic, ethnic, and socioeconomically stratified populations of individuals who vary in
their risk for CHD. In this regard, one salient concluding point is that future neuroimaging
studies in this area should employ prospective study designs that (1) account for the interactive
neurobiological effects of multiple CHD risk factors in large and representative populations
and that (2) include assessments of social and developmental factors related to the progression
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and expression of CHD endpoints across the lifespan. Also important for future neuroimaging
studies in this area will be to address the following fundamental, but still open questions:

1. How are the implicit and explicit appraisal and coping processes that presumably
underlie individual differences in stressor-evoked cardiovascular reactivity
instantiated in corticolimbic brain systems involved in central cardiovascular
regulation?

2. Howdo alterations in the functionality and even morphology of corticolimbic systems
and circuitries interact with specific genetic, developmental, biobehavioral, social and
environmental factors to influence CHD risk?

3. How might markers of corticolimbic functionality (e.g., stressor-evoked activation
and connectivity patterns) and morphology (e.g., volume and structural connectivity)
aid in understanding CHD etiology and enhancing CHD risk stratification?

4. How are efferent vs. afferent neural activity patterns in corticolimbic brain areas and
subcortical circuitries differentially associated with blood pressure and other
cardiovascular and autonomic changes evoked by behavioral stressors, particularly
within the broader context of CHD risk?

5. Are similar brain systems involved in the expression of (a) other cardiovascular and
peripheral physiological reactivity parameters and (b) clinical CHD events, including
ischemia and reversible left ventricular dysfunction precipitated by emotional stress
(Wittstein et al., 2005)?

6. Could CHD risk stratification and prediction be aided by the application of (a)
cardiovascular and autonomic monitoring methods that allow for fine-grained
temporal physiological monitoring (Gray et al., 2009b) and (b) advanced statistical
methods that allow for the mediational modeling of both within-person and between-
person variance in stressor-evoked neural activation patterns linked to reactivity and
recovery processes (Wager et al., 2009a; Wager et al., 2009b)?

At minimum, addressing these interdependent questions with the cross-disciplinary integration
of behavioral medicine and health neuroscience methods holds promise for characterizing the
neurobiological mechanisms by which stressful experiences affect CHD risk.

Supplementary Material
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Figure 1.

Conceptual diagram summarizing selected brain systems wherein the processing of stressor-
related information may relate to the expression of stressor-evoked blood pressure reactivity.
Although the model is anatomically incomplete, key areas implicated by animal and human
evidence are included. PVN, paraventricular nucleus; LHA, lateral hypothalamic area; NTS,
nucleus tractus solitarius; DVN, dorsal vagal nucleus; NA, nucleus ambiguous; CVLM, caudal
ventrolateral medulla; RVL, rostral ventrolateral medullary; IML, intermediolateral cell
column; HR, heart rate; BRS, baroreflex sensitivity; CO, cardiac output; TPR, total peripheral
resistance. Blocked endpoints denote inhibitory influences; arrowed endpoints denote
excitatory influences. Broken gray lines correspond to ascending (afferent) visceral input,
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particularly from peripheral baroreceptors. This model was derived explicitly from the work

of Berntson et al. (1998), Dampney (1994), Saha (2005), Saper (2002) and Westerhaus and
Loewy (2001).
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Within-Individual Studies Between-Individual Studies
@ Critchley et al., 2000 QO Gianaros et al., 2007
@ Gianaros et al., 2005 @ Gianaros et al., 2008
Figure 2.

Lateral and medial surface projections of foci where a significant positive correlation between
stressor-evoked neural activation and blood pressure reactivity has been reported in
neuroimaging studies reviewed in the text (see Tables 1-2). These foci (47 in total, not all
visible in this figure) were submitted to a meta-analysis using the activation likelihood
estimation method.
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Figure 3.

Meta-analytic activation likelihood estimation map thresholded at a corrected false discovery
rate of g = 0.05 (or p-value of 0.0038). This map illustrates clusters wherein greater neural
activation correlated with greater stressor-evoked blood pressure reactivity in the
neuroimaging studies listed in Tables 1-2. Cluster numbering system corresponds to Table 2
labels.
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