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Abstract
Purpose of Review This review describes the effects of psychological stress on the physiology of the entire vascular system, from
individual cellular components to macrovascular and microvascular responses, and highlights the importance of the vascular
system in the context of current limitations in cardiac imaging for evaluation of the cardiovascular response to mental stress.
Recent Findings The physiological responses that mediate vascular changes are based on evolutionary needs, but there is
increasing evidence that the long-term consequences of psychological stress can precipitate the development and progression
of cardiovascular disease (CVD). While there is an extensive body of literature describing localized physiological responses or
overt cardiovascular manifestations, often framed within the organ-specific scope of cardiovascular imaging, there has not been a
comprehensive description of the global vascular effects of psychological stress. Given the global nature of these processes,
targeted cardiovascular imaging modalities may be insufficient. Here we approach the vascular response to mental stress
systematically, describing the effects on the endothelium, vascular smooth muscle, and adventitia. We then address the mental
stress effects on large vessels and the microvascular compartment, with a discussion of the role of microvascular resistance in the
pathophysiology of mental stress-induced myocardial ischemia.
Summary Vascular responses to psychological stress involve complex physiological processes that are not fully characterized by
routine cardiovascular imaging assessments. Future research incorporating standardized psychological assessments targeted
toward vascular mechanisms of stress responses is required to guide the development of behavioral and therapeutic interventions.

Keywords Mental stress . Vascular biology . Vasomotion . Mental stress-induced myocardial ischemia . Autonomic nervous
system

Introduction

Emotional stress is a universal experience that affects human
behavior and physiology [1]. Stress affects every organ sys-
tem and is associated with the development and progression of
many disease states, including cardiovascular disease (CVD),
reactive airway disease, inflammatory bowel disease, diabetes
mellitus, neurological disorders, and susceptibility to infection
[2]. The pairing of cardiovascular imaging with psychological
triggers has elucidated the physiological mechanisms under-
lying cardiovascular responses to emotional stress, which in-
clude activation of the autonomic nervous systemwith accom-
panying parasympathetic withdrawal, hypothalamic-pituitary-
adrenal axis signaling, and renin-angiotensin-aldosterone sys-
tem activation [3]. Despite the association of psychological
stress with the pathogenesis of hypertension, atherosclerotic
coronary artery disease (CAD), and cerebrovascular disease,
emotional stress is seldom addressed and is challenging to

This article is part of the Topical Collection on Nuclear Cardiology

* Robert Soufer
robert.soufer@yale.edu

Samit M. Shah
samit.shah@yale.edu

Judith L. Meadows
judith.meadows@yale.edu

Matthew M. Burg
matthew.burg@yale.edu

Steven Pfau
steven.pfau@yale.edu

1 Section of Cardiovascular Medicine, Yale School of Medicine, 950
Campbell Ave./111B, West Haven, CT 06516, USA

2 VA Connecticut Healthcare System, West Haven, CT, USA

https://doi.org/10.1007/s11886-020-01406-x

/ Published online: 9 October 2020

Current Cardiology Reports (2020) 22: 156

http://crossmark.crossref.org/dialog/?doi=10.1007/s11886-020-01406-x&domain=pdf
https://orcid.org/0000-0002-3664-4102
https://orcid.org/0000-0002-1820-2933
https://orcid.org/0000-0002-1263-2385
https://orcid.org/0000-0002-9225-0693
https://orcid.org/0000-0001-5664-1438
mailto:robert.soufer@yale.edu


modify as a risk factor in the clinical care of patients with
CVD. Furthermore, while emotional stress is a shared experi-
ence among all humans, only some people manifest overt
pathological and deleterious cardiovascular consequences
[4]. While hereditary factors, lifestyle behaviors, traditional
cardiac risk factors, underlying inflammatory conditions, and
aging have all been recognized as contributing factors in the
development and progression of CVD, the importance of psy-
chological stress as a cardiovascular risk factor remains under-
recognized and challenging to address.

Much of the literature to date has focused on the cognitive
or cardiac contributions to the effects of mental stress on car-
diovascular health, omitting the contribution of the vascular
system as the primary site of transducing psychological stress
into CVD. Foundational studies have described the clinical
manifestations of cardiovascular responses to emotional stress
within the framework of existing diagnostic tests and imaging,
such as silent ST depression by electrocardiographic monitor-
ing, stress-induced left ventricular dysfunction by transthorac-
ic echocardiography, or abnormalities in myocardial perfusion
imaging [5–9]. Subsequent work has linked the pathophysiol-
ogy of emotional stress responses to findings on cardiovascu-
lar imaging, but in order to describe potential mechanistic
insights, these studies have largely remained limited in scope
[10–14].We propose that by starting with a birds-eye perspec-
tive of the vascular system, the reader can develop an under-
standing of the multi-organ system response to emotional
stress and thus better interpret the limitations of currently
available cardiovascular imaging modalities. We believe that
this rests on two key questions addressed in this review:

& How does psychological stress affect compartments of the
vascular system?

& What are the physiological manifestations of the vascular
response to stress?

This review will describe the acute and chronic vascular
effects of emotional stress and propose a role for stress-
induced alterations in vascular homeostasis as a common
pathway for the development of CVD.

Functional Significance of Vascular Anatomy
in Response to Psychological Stress

We will focus on the arteriolar system which is the afferent
system that is innervated by the autonomic nervous system
and regulates blood delivery and organ perfusion, with a spe-
cific focus on vascular biologic pathways that are perturbed in
psychological stress. The discussion will be organized by the
anatomy of the arteriolar vessels (intima, media, and adventi-
tia), adrenergic and inflammatory responses, and
macrovascular/microvascular effects of stress.

Effects of Psychological Stress on Endothelial
Function

The innermost layer of arteries is the intima which lines the
vessel lumen with longitudinally oriented endothelial cells
(EC) and is commonly referred to as the endothelium. The
muscular layer, or media, is the next layer which contains
circumferentially oriented vascular smooth muscle cells
(VSMC) and extracellular matrix [15]. Normal endothelium
maintains vascular tone, mediates VSMC proliferation, and
regulates thrombogenesis/fibrinolysis [16–18]. Vascular tone,
as reflected by the balance between vasodilation and vasocon-
striction, is mediated by the synthesis and release of biologi-
cally active substances fromECwhich act on adjacent VSMC.
Among the vasodilatory substances is nitric oxide (NO), pre-
viously referred to as an “endothelium-derived relaxing fac-
tor,” which is synthesized from L-arginine by endothelial ni-
tric oxide synthase (eNOS) in response to shear stress, auto-
nomic nervous system stimulation, or activation by acetylcho-
line, bradykinin, serotonin, or thrombin [19, 20]. The endo-
thelium is involved in balancing vasodilation with vasocon-
striction via endothelin [21, 22]. Endothelin is a 21-residue
vasoconstrictor peptide that was first isolated from porcine
aortic EC and found to belong to a family of three distinct
but related genes [23, 24]. Classical endothelin, or
endothelin-1 (ET-1), is a potent vasoconstrictor in vitro and
in vivo and potentiates the effects on VSMC of other vaso-
constrictive substances such as catecholamines, serotonin, and
angiotensin II [25]. ET-1 is produced by ECs, activated mac-
rophages, and VSMCs [22].

Psychological stress is involved in endothelial injury and
cell turnover. Cynomolgus monkeys who were exposed to a
new social group for 3 days were found to have increased
endothelial cell damage and replication in the thoracic aorta
and coronary arteries [26] demonstrating that the psychosocial
stress of an altered environment/social structure is associated
with endothelial injury and increased turnover. The effect of
psychological stress and anger on endothelial damage is fur-
ther supported bymore recent work that showed an increase in
circulating endothelial cell-derived microparticles (derived
from the membranes of apoptotic endothelial cells) after a
public speaking task [27, 28].

Beyond the integrity of endothelial cells, stress affects the
physiology of the endothelium. In animal models, subacute
and chronic mental stress reduce arterial eNOS mRNA ex-
pression, resulting in endothelial dysfunction [29, 30]. The
effect of psychological stress on endothelium-dependent va-
sodilation in humans has been demonstrated in multiple vas-
cular beds, but mechanistic studies have focused on forearm
vasodilator responses as a surrogate for coronary vascular re-
activity. Spieker et al. assessed the effect of a 3-min mental
stress task (responding to randomly flashing color lights by
pushing a corresponding button) on radial artery flow-
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mediated vasodilation (FMD) as measured by an A-mode ul-
trasound device [31]. The authors found that after the mental
stress task, radial artery FMD decreased by half and this effect
persisted for 45 min. The infusion of a selective ETA (ET-1)
receptor antagonist prevented the stress-induced decrease in
radial artery FMD, but there was no significant change in the
level of ET-1 with stress as compared with baseline suggest-
ing that this effect may be related to decreased nitric oxide
availability. Thus, sudden mental stress transiently impairs
endothelium-dependent flow-mediated vasodilation, and this
effect can be prevented by ET-1 receptor blockade. Similar
effects on endothelial-dependent brachial artery dilation have
been demonstrated in response to various laboratory mental
stress tasks [32, 33•].

Effects of Psychological Stress on the Adventitia and
Vasa Vasorum

The adventitia is the outermost layer of arteries which contains
connective tissue, fibroblasts, macrophages, mast cells, and a
microvascular bed called the vasa vasorum which provides
perfusion to the vessel [15] (Fig. 1). The adventitia is inner-
vated by autonomic nerve fibers which have endings that are
in contact with adventitial mast cells at the adventitial-medial
border [34]. With regard to physiological responses to psy-
chological stress, the adventitia is the site of inflammatory
responses that are involved in vasospasm and the development
of atherosclerosis [35].

The autonomic nervous system is involved in vasodilatory,
and vasoconstrictor responses via autonomic nerve endings lie
in the adventitia and release neurotransmitters that act on vas-
cular smoothmuscle within the tunica media. In most vascular
beds, the primary role for sympathetic innervation is

vasoconstriction (in coronary arteries, sympathetic activity
can be involved in vasodilatation as well) [15]. The primary
neurotransmitter released from sympathetic nerves is norepi-
nephrine, which is involved in vasoconstriction viaα-1 andα-
2 adrenergic receptors [36]. Completing mentally stressful
tasks is associated with an increase in venous and arterial
norepinephrine concentration [37], which correlates with
stress-induced increases in mean arterial pressure. A recent
laser Doppler flowmetry study demonstrated greater micro-
vascular vasoconstriction as well as increased responsiveness
to norepinephrine in healthy subjects who reported high levels
of daily psychosocial stress as compared with subjects who
reported low levels of daily psychosocial stress [38], and sim-
ilar results have been reported with peripheral arterial tonom-
etry (PAT) [39]. These studies demonstrate the role of the
adventitia in the regulation of vasomotion in response to psy-
chological stress.

Notably, the adventitia is the site of transduction for neu-
roendocrine responses to stress via stimulation of the auto-
nomic nervous system [40]. In response to psychological
stress, corticotropin-releasing hormone (CRH) and the related
peptide urocortin are released in the amygdala and hypothal-
amus, resulting in an increase in circulating catecholamines
and activation of the sympathetic nervous system [41, 42].
Sympathetic nerve fibers in contact with adventitial
perivascular mast cells at the adventitial-medial border release
peptides such as the neurotransmitter substance P and calcito-
nin gene–related peptide to stimulate mast cell degranulation,
resulting in the release of vasoactive compounds such as his-
tamine and leukotriene [34, 43, 44]. The resulting vasodilata-
tion and increase in microvascular permeability can be stimu-
lated by mental stress and blocked with anti-histamines (di-
phenhydramine or cyproheptadine), demonstrating the role for

Fig. 1 Vascular compartments
and mediators of vascular tone in
response to psychological stress.
Simplified schematic showing
vessel wall layers of a typical
arterial segment with associated
structures. The intima is the
innermost layer which contains
the endothelium, with
psychological stress affecting
vasodilatation via nitric oxide and
vasoconstriction via endothelin-1
(ET-1). The media contains
vascular smooth muscle cells
which are under the influence of
autonomic and inflammatory
signaling via sympathetic nerve
fibers on the adventitia
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histamine as a key mediator of stress-induced vasodilation
[45, 46]. This complex neuroendocrine-vascular interaction
underlies common responses to psychological stress, such as
skin flushing and sweating, as well as increased gastrointesti-
nal symptoms in patients with irritable bowel syndrome or
inflammatory bowel disease [47, 48]. These biological mech-
anisms can have deleterious cardiovascular effects—
psychological stress in mice has been shown to precipitate
perivascular mast cell degranulation in the aortic root as well
as plaque destabilization as evidenced by increased intra-
plaque hemorrhage in areas of atherosclerosis [49], and in
humans, there is an association between adventitial mast cells
and atherosclerosis as well as myocardial infarction [34, 50,
51].

Inflammatory Response to Mental Stress

The sympathetic stimulation of perivascular mast cells in re-
sponse to psychological stress is an example of the involve-
ment of the immune system in stress responses. In addition to
sympathetic activation, a cardinal feature that distinguishes
the biologic response to cognitive triggers, as opposed to ex-
ercise triggers, is the cholinergic anti-inflammatory pathway
or parasympathetic inflammatory reflex [36, 52]. This inflam-
matory reflex is fundamental to understanding the pathophys-
iology induced by cognitive and emotional stress. As a brief
description, central nervous system efferent activity in the
vagus nerve leads to acetylcholine release in organs of the
reticuloendothelial system, including the heart, liver, spleen,
and gastrointestinal tract. Acetylcholine interacts with recep-
tors on tissue macrophages, stimulating the release of inflam-
matory cytokines, including interleukin-1 (IL-1), interleukin-2
(IL-2), interleukin-6 (IL-6), tumor necrosis factor α (TNF-α),
and nuclear factor kappa B [53–55]. Thus, the observed with-
drawal of parasympathetic activity duringmental stress results
in the converse, i.e., the release of inflammatory cytokines and
attendant effects on vasomotor tone and function.

As described in the discussion of endothelial responses,
brachial artery FMD is reduced in response to mental stress,
which is associated with a significant rise in serum cortisol
levels. Inhibition of downstream cortisol metabolism with
metyrapone has been shown to abrogate this effect of stress
on FMD, suggesting an inflammatory mechanism to stress-
induced endothelial dysfunction [53, 55]. After a standardized
speaking task, healthy male physicians were found to have
elevated plasma cortisol as well as an increase in IL-1β, IL-
2, and soluble intracellular adhesion molecule (ICAM-1) [56].
Other studies have demonstrated the involvement of TNF-α in
animal models of unpredictable chronic mild stress, with im-
paired endothelial-dependent smooth muscle relaxation that
was reversed with infliximab, a TNF-α inhibitor [57, 58].
The systemic inflammatory response to stress is reviewed in
detail elsewhere, and the psychological stress-induced

inflammatory changes in vascular biology remain poorly un-
derstood [54, 59, 60].

Macrovascular Effects

Psychological stress exerts subclinical effects on the vascular
system that reflect a summation of the pathophysiological
processes if vasomotor regulation, adrenergic stimulation,
and inflammation precede adverse clinical outcomes [61]
(Fig. 2). The hemodynamic response to emotional or physical
stress includes an increase in heart rate and blood pressure,
which reflects augmented cardiac output and stroke volume
with dynamic changes in systemic vascular resistance [62].
This response is evolutionary—in response to physical stress,
augmentation in cardiac output, and peripheral vasodilatation
which generally matches increases in energy demands [63].
However, the physiologic response to psychological stress is
much more complex and can generate a mismatch, with aug-
mented cardiac output in the face of peripheral vascular resis-
tance, promoting the pathological vascular effects of acute and
long-term psychological stress [64]. Using impedance cardi-
ography, Sherwood and colleagues described changes in car-
diac output, total peripheral vascular resistance, and heart rate
in response to exercise and psychological stress (shock avoid-
ance) [63]. While exercise and psychological stress both
caused an increase in heart rate and estimated cardiac output,
there was no significant change in oxygen consumption dur-
ing psychological stress. Furthermore, vascular resistance was
found to decrease in response exercise, but there were two
phenotypes of response to psychological stress. Those sub-
jects with a large increase in cardiac output during shock
avoidance showed a decrease in vascular resistance, whereas
those with a minimal change in cardiac output showed a slight
increase in vascular resistance. The subjects with a decrease in
vascular resistance with psychological stress were postulated
to have an anticipatory “fight or flight” response that would
precede physical exertion, but the latter group represents a
maladaptive response [65]. Our group described changes in
left ventricular function and vascular resistance in a radionu-
clide scintigraphy study where subjects with CAD underwent
mental arithmetic and anger recall tasks [66]. In subjects with
a fall in left ventricular ejection fraction, there was a decrease
in cardiac output and increase in peripheral vascular resis-
tance, whereas in those without a change in left ventricular
ejection fraction, there was an increase in cardiac output and a
less prominent change in peripheral vascular resistance.
Similar results were reported from the Psychophysiological
Investigations of Myocardial Ischemia (PIMI) study [67].
[68] The response characterized by a decrease in cardiac out-
put, decrease in left ventricular ejection fraction, and increase
in systemic vascular resistance may represent a pathologic
response (Fig. 2).
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The physiological response to stress is influenced by the
interplay of race, gender, co-existing medical conditions, and
psychosocial stress, which may predispose individuals to the
development of overt CVD. In a study of mildly hypertensive
men and women, African American men were found to have
greater peripheral resistance during public speaking than
Caucasian men, and women exhibited lower vascular resis-
tance at rest and with stress [69]. In general, men respond to
psychological stressors with increased diastolic blood pres-
sure and higher total peripheral resistance, while women have
a predominant increase in heart rate [69]. In a study of healthy
volunteers who were assessed for depressive symptoms, the
subjects with higher levels of depressive symptoms had great-
er increases in systemic vascular resistance in response to a
mirror tracing task [70]. Patients with rheumatoid arthritis
(RA) have been shown to have greater endothelial dysfunction
and increases in systemic vascular resistance during mental
stress in the setting of active inflammation as compared with
RA patients without active inflammation [71]. Recurrent or
prolonged psychological stress has been implicated in the
pathogenesis and progression of hypertension as a result of
stress-induced vasoconstriction and eventual vascular
hypertrophy/remodeling [72]. Indeed, higher blood pressure
responses to mental stress tasks were shown to predict earlier

onset of hypertension in a 13-year follow-up of the CARDIA
study [73].

How do long-term macrovascular effects of stress lead to
the development of CVD? Studies demonstrate that the ad-
verse macrovascular effects of psychological stress involve
acute hemodynamic changes leading to long-term deleterious
effects [74]. As an example, there has been considerable work
on the effects of psychological stress on carotid artery intima-
media (CIMT), an early marker of atherosclerosis, which can
be measured by sonographic assessment. Several studies have
demonstrated greater CIMT in patients with chronic anxiety,
depression, or psychosocial stress [75–78]. Patients with
higher resting blood pressure and predominantly hypertensive
responses to psychological stress during a verbal speaking
task or mirror image tracing were shown to have a greater
increase in CIMT over 5 years of follow-up [79]. Increases
in pulse pressure in response to mental stress had the strongest
association with increases in CIMT, which may reflect the
effect of increased stroke volume combined with reduced vas-
cular compliance in response to stress. The Kuopio Ischemic
Heart Disease study demonstrated that Finnish men with high
systolic and diastolic blood pressure reactivity to mental stress
tasks had both a greater burden of CIMT and a greater increase
in CIMT from baseline to 4 years of follow-up, with

Fig. 2 Hemodynamic effects of psychological stress. The macrovascular
and microvascular responses to physical and psychological stress.
Physical stress predominantly involves an increase in cardiac output but
a decrease in systemic and coronary vascular resistance. In psychological
stress, there is variability in the physiologic response, leading to two
phenotypes: (1) increase in cardiac output accompanied by a decrease
in vascular resistance (appropriate response) and (2) decrease or no

change in cardiac output with an increase in systemic vascular
resistance (pathologic response). The former reflects an anticipatory
“fight or flight” response where psychological stress elicits physiologic
preparation for a physical response. The latter may represent a
maladaptive stress response and, in patients with mental stress-induced
myocardial ischemia, may be accompanied by increased coronary
microvascular resistance and afterload
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significant increases in CIMT for each ~ 7 mmHg rise in sys-
tolic blood pressure during mental stress [80, 81]. In the
Whitehall II study 10,308 civil servants in London, England,
were recruited to assess the effects of psychosocial risk factors
on the development of CVD. Over a range of multiple
stressors, people of lower socioeconomic status and a delayed
post-stress blood pressure recovery underwent sonographic
exams 3 years later and were found to have higher CIMT
compared with either subjects of higher socioeconomic status
or those with adequate post-stress blood pressure recovery
[82].

Microvascular Effects

In the cardiovascular system, the impact of psychological
stress on the microvascular vessels may be particularly impor-
tant in the pathophysiology of mental stress-induced myocar-
dial ischemia (MSIMI). The microvascular bed involves arte-
rioles and capillaries less than 400 μm in diameter (Fig. 2),
and in the coronary circulation, more than 80% of resistance to
blood flow is regulated by the microvascular vessels. Of note,
arterioles exist in every mammalian organ system and include
the majority of the vascular endothelium (by surface area)
[83]. The phenomenon of MSIMI involves the interaction
between emotional or psychological stress and abnormal
myocardial perfusion, which is associated with an elevated
heart rate and blood pressure, endothelial dysfunction, and
altered coronary blood flow as measured non-invasively [31,
84]. Autoregulation of myocardial blood flow and changes in
microvascular resistance occur via the sympathetic nervous
system, which directly innervates the coronary arterioles via
α-adrenergic receptors and the myocardium via β-adrenergic
receptors [85]. These are under the influence of catechol-
amines, such as norepinephrine and epinephrine, which may
rise and cause vasoconstriction and adverse cardiovascular
events in response to mental stress [86, 87]. The neurohor-
monal activation that occurs with mental stress may also in-
clude neurotransmitters such as serotonin, as selective seroto-
nin reuptake inhibitors have been shown to blunt the cardio-
vascular hemodynamic response to mental stress [88, 89].

Studies of MSIMI first demonstrated that angiographically
normal epicardial coronary arteries exhibit vasodilatation and
increased coronary blood flow in response to mental stress. In
contrast, the presence of atherosclerosis alters the endothelial
response resulting in local vasoconstriction in segments with
luminal disease or epicardial stenosis [90]. However, the de-
crease in coronary blood flow that occurs in the setting of
mental stress is out of proportion to the degree of dynamic
vasoconstriction of the epicardial vessel, suggesting that men-
tal stress also affects resistance in the coronary microcircula-
tion [90–92]. Physiological studies with coronary Doppler
flow assessment have demonstrated higher microvascular re-
sistance in response to mental stress in patients with non-

obstructive CAD as compared with those with normal coro-
nary arteries [91]. Myocardial perfusion imaging studies have
shown that mental stress creates heterogeneity in myocardial
blood flow in patients with known CAD [36, 92].
Furthermore, patients with CAD and MSIMI have been
shown to have diminished coronary blood flow onmyocardial
perfusion imaging in territories without epicardial stenosis,
indicating that elevated microcirculatory resistance may be
present [92].

In unpublished work by our group, we have found that
there is a dynamic increase in endothelial-dependent coronary
microvascular resistance in response to mental stress in pa-
tients with non-obstructive CAD. The microvascular response
to mental stress appears to be a global effect, rather than being
limited to the coronary circulation, as increases in peripheral
arterial microcirculatory resistance as measured by peripheral
arterial tonometry (EndoPAT, Itamar Medical, Israel) corre-
late with rate pressure product adjusted decreases in coronary
blood flow and perfusion defects during mental stress [5].

The effects of stress beyond the coronary circulation are
significant. Psychological stress alters the function of the mi-
crocirculation throughout the body. In patients with systemic
sclerosis and documentedmicrovascular involvement who are
prone to distal limb ischemia from severe endothelial dysfunc-
tion, mental stress stimulates a significant increase in ET-1
production [93]. Mental stress stimulates inflammatory re-
sponses, mast cell degranulation, and release of vasoactive
substances in rat mesenteric vessels, leading to increased mi-
crovascular permeability [94] and reduced gut motility. The
effects of mental stress on the cerebral microcirculation can be
profound. In rats chronic social stress has been shown to de-
crease density of microvascular vessels in the hippocampus,
and psychological stress reduces neo-revascularization after
ischemic injury [95, 96]. In humans, greater blood pressure
reactivity in response to mental stress is associated with in-
creased evidence of silent cerebrovascular disease (small ce-
rebral infarcts or infarct like lesions) [97], but the role of the
microcirculation has not yet been determined. Ameta-analysis
of markers of microvascular dysfunction (endothelial bio-
markers, albuminuria, skin/muscle microcirculation, retinal
arteriolar diameter, or cerebral small vessel disease) showed
that there is an association with an increased risk of develop-
ing late life depression [98].

Conclusions

Over the past four decades, there has been an increasing
awareness and understanding of the effects of emotional stress
on cardiovascular health [4, 99••, 100]. Both acute and chron-
ic stress have been shown to have adverse cardiovascular ef-
fects ranging from elevated blood pressure, increased rates of
myocardia l in fa rc t ion, cerebrovascular di sease ,
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atherosclerosis, and possibly cardiovascular death [101]. The
mechanistic basis for these clinical syndromes involves the
global effect of psychological stress on the vascular system,
with resulting alterations in vascular homeostasis, hemody-
namic changes, inflammation, and altered organ perfusion.

Despite the tremendous efforts to characterize these effects
particularly through the use of cardiac imaging tools, there
remain critical knowledge gaps. Previous work to define the
effects of psychological stress on vascular function has largely
been associative, focusing on one organ system, and as we
have described, stress affects blood vessels and entire arterial
systems (large vessels and the microvasculature) and has a
global effect throughout the body. For example, focusing on
one causal agent such as nitric oxide may omit the effects of
psychological stress on inflammation, catecholamines, or
mast cell function, which are all likely concurrently involved
in the regulation of vasomotor tone. Additionally, diagnostic
imaging strategies to describe the effects of mental stress on
CVD rely on technologies developed for cardiology clinical
care (myocardial perfusion imaging and echocardiography).
Often, these modalities provide a single snapshot, such as left
ventricular ejection fraction, which represents only a cross
section at one moment rather than the continuous effects on
vascular function of a lifetime of stress exposure and may not
be representative of the complex and dynamic physiology
involved. Another shortcoming of diagnostic imaging is that
the microvascular compartment harbors the majority of the
endothelium; however, accurately characterizing psychologi-
cal stress-induced changes in microvascular function with di-
agnostic imaging has remained elusive.

Routine clinical practice often fails to systematically assess
the impact of mental stress on disease onset and progression
and of the myriad tools that have been developed for psycholog-
ical evaluation, none have been adopted into standard clinical
assessments of CVD. Thus, there are no targeted medications
to ameliorate the adverse vascular effects of psychological stress,
and behavioral interventions are underutilized in clinical practice
despite supporting data from randomized clinical trials. Future
research programs should focus on the development of clinically
practical psychological assessments that can be incorporated into
the routine assessment of vascular disease, as well as the incor-
poration of psychosocial stress burden as a risk factor for CVD.
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