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Thereis increasing evidence that mental stress can manifest as physical diseases. One such condition is mental

stress—induced myocardial ischemia (MSIMI); a silent, transient, myocardial ischemic response to stressful
conditions. We propose that the cardiac microvasculature may be an important site for the interplay between
mental stress and MSIMI. This study is a review of the literature discussing the prevalence and emerging
mechanisms underlying MSIMI. We identified several aspects underlying MSIMI, including psychological,
genetic, and physiological causes. Several sources suggested that dysfunctional cardiac microvasculature
might be a contributing factor in the development of stress-induced myocardial ischemia. The literature also
suggested that although MSIMI has distinct features and pathophysiology, its occurrence might indicate an
increased future risk of cardiovascular events. We found that dysfunctional cardiac microvasculature may be
the key point of interaction between mental stress and transient myocardial ischemia and that the development
of MSIMI might be a “silent” indicator for future cardiac events.

Introduction

The prevalence of both stress-related psychological condi-
tions and cardiovascular disease (CVD) is high in many
countries. In addition to traditional risk factors, there is
evidence that elements of the modern city lifestyle may
confer risk for CVD. Although these lifestyle factors are
not well-defined, and may also be related to healthcare
provision, there is evidence for synergy between stress-
related psychological conditions and the development of
vascular disease,? suggesting that stress is an independent
risk factor. Understanding the interplay between these 2
conditions will be important in reducing overall morbidity
and mortality in modern health care systems. This review
describes what is currently known about the prevalence and
mechanisms of mental stress—induced myocardial ischemia
(MSIMI), a transient myocardial ischemic response to
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mental stress, with emphasis on evidence suggesting that
the microvasculature is the key site of interplay between
stressful emotions and CVD.

Incidence of Mental Stress—Induced Myocardial Ischemia

Mental stress—induced myocardial ischemia has strong clin-
ical and prognostic similarities to exercise- or pharmacology-
induced myocardial ischemia during standard cardiac
testing.® Although observed in some patients with nor-
mal coronary angiograms,* MSIMI is much more common
among patients with coronary heart disease (CHD), both
in obstructive and nonobstructive forms. Mental stress has
been shown to closely correlate with myocardial ischemia
measured in daily life by ambulatory monitoring, with
MSIMI associated with a 2-fold increased risk of future
cardiac events independent of physical stress—induced
ischemia in patients with stable CHD.>6 It has been demon-
strated that MSIMI is predominantly related to the degree of
microvascular constriction, and not the angiographic burden
of CHD,” strongly suggesting that the condition is related
to the interplay between emotion and the microvasculature.
A summary of our review is depicted in the Figure 1, with
the details of key published papers in the Table 1.
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Factors contributing to the occurrence of MSIMI

Pre-disposing:

+ Underlying mental and
physical health

* Genetics

* Brain abnormalities/
sensitivities to stress

* Environmental factors

Coronary
microvasculature

Acute factors:

= Stressful events

* Microvascular and
endothelial dysfunction

* Haemodynamic changes in
reaction to stress

+ Circulating neuroendocrine
and inflammatory factors

Figure 1. Factors contributing to the occurrence of MSIMI. Abbreviations: MSIMI, mental stress—induced myocardial ischemia.

As most MSIMI is silent, most research is conducted
using provoked events, similar to the more commonly
used exercise testing but instead using mental challenges
(including psychological testing scales and mental stress
tests such as mental arithmetic testing, memories of public
speaking, mirror drawing tests). The characteristic transient
ischemia of MSIMI is then assessed using electrocardio-
grams, echocartography, radionuclide ventriculography, or
positron emission tomography.

Causes of Mental Stress—Induced Myocardial Ischemia
Psychological Causes

The acute effects of emotion on physiology are clearly
experienced by all; however, the longer-term implications
for chronic-disease pathophysiology are not so well known.
In the past 40 years, more than 60 clinical studies and meta-
analyses have established a strong link between depression
and increased cardiovascular morbidity and mortality.®
Several epidemiological surveys have shown that patients
with chronic mental disorders are at increased risk of
CVD,%? suggesting that other emotions may also confer
cardiovascular risk. Most mental conditions are associated
with increased stress. Individuals have different thresholds
for expressing emotions, and for experiencing stress, so
that the risk of a cardiovascular event may depend on a
combination of the scenario, the individual’s cardiovascular
health, and on his or her unique mental outlook.

Antidepressant therapy has been suggested as a potential
way to improve the long-term prognosis for patients
with CHD,' but it also prevents approximately 40% of
MSIML ! suggesting a link between mental and physical
health. Equipping patients with better mental coping
mechanisms may therefore reduce the cardiovascular risk
associated with stressful scenarios without the need for
pharmacological interventions.

Genetic Causes

When challenged by the same stimuli, some people
might react strongly and others might not react at all.
One of the possible mechanisms that underlies different
reactions is genetics. For example, patients with a specific

polymorphism of the p-1 adrenergic receptor have been
shown to be 3x more likely to have MSIMI than those
carrying an alternative allele,!? and expression of a specific
serotonin receptor allele in the brain has been shown to
increase an individual’s reactivity to emotional stress.!

Pathology and Clinical Manifestations of Mental
Stress—Induced Myocardial Ischemia

Hemodynamic Changes Associated With Mental Stress

We have all experienced the hemodynamic response
associated with mental stress. This typically involves
increases in heart rate, blood pressure, systemic vascular
resistance, or cardiac output, but it can also lead to
damages to vagal tone, impaired endothelial function, and
exaggerated peripheral microvascular and coronary artery
tone.”1* Because myocardial ischemia can be caused by
either a reduction in oxygen supply or an increase in
demand, one possibility is that MSIMI is sustained by
the same hemodynamic mechanisms that underlie physical
stress—induced ischemia (ie, elevated myocardial oxygen
demand and raised levels of toxic byproducts). However,
there are fundamental differences in the mental and
exercise-induced hemodynamic responses. Mental stress
is associated with elevated epinephrine in the blood and
increased peripheral resistance, whereas responses initiated
during exercise have no relationship with catecholamine
levels and conversely feature a reduction in systemic
resistance.'® Furthermore, many studies have demonstrated
that MSIMI occurs at a lower rate-pressure product than
exercise-induced ischemia in the same individual patient,
whereas others show left ventricular ejection fraction
depression to be greater with MSIMI than with exercise-
induced ischemia, which was inversely correlated with
systemic resistance.!6

Proposed Mechanisms Contributing to Mental
Stress—Induced Myocardial Ischemia

Hyperactivity of the Hypothalamic-Pituitary-Adrenocortical
Axis: The hypothalamic-pituitary-adrenocortical (HPA) axis
is an important region of the brain for initiating the fight-
or-flight response. Mental stress causes the release of
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Table 1. Summary of Key Publications

Publication

Peix et al, 2006

Wei et al, 2014

Ramadan et al, 2013

Gale et al, 2014

Roest et al, 2013

Jiang et al, 2013

Hassan et al, 2008

L’Abbate et al, 1991

Lazzarino et al, 2013

Lambert et al, 2010

Carroll et al, 2012

Study Design

Tc-99 m myocardial scintigraphy (exercise stress/mental
stress protocol), brachial artery endothelial function
measurement by ultrasonography, and 24-hour
ambulatory ECG recording (Holter) in 19
postmenopausal women with typical angina (n = 6) and
normal coronary angiography (n = 10).

Systematic review and meta-analysis of 5 prospective
studies, examining the association between MSIMI and
adverse outcome events in patients with stable CAD
(n=555).

Tc-99 m myocardial scintigraphy (exercise stress/mental
stress protocol) and peripheral arterial tonometry in
patients with CAD (n =384).

Interviews and historical registry data for 1107 524
conscripted Swedish men.

Secondary analysis on data from the ENRICHD trial
comprising 1254 patients who had suffered an MI.

Randomized, double-blind, placebo-controlled trial of 127
patients with clinically stable CHD and
laboratory-diagnosed MSIMI, receiving escitalopram
(titrated to 20 mg/d) vs placebo treatment for 6 weeks.

Assessment of the association between B-1 adrenergic
receptor polymorphisms and perfusion defects in 148
patients with CAD

Assessment of MSIMI in 63 patients with a history of
ischemia; 13 underwent angiography.

Salivary cortisol response to mental stress, plasma Tn
concentration, and assessment of coronary calcification
in 508 disease-free participants.

Pattern of sympathetic nervous firing in 8 women and 17
men with the metabolic syndrome and elevated BP in
relation to their underlying psychological stress.

Association between systolic and diastolic BP reactions to
stress and CVD mortality in 431 Scottish participants
followed for up to 16 years.

Key Findings

Patients with typical angina exhibited endothelial
dysfunction more frequently than those without (83%
Vs 20%).

Exercise- and mental stress—induced ischemia was
observed in 6 patients with angina.

MSIMI was associated with a 2x increased risk of a
combined endpoint of cardiac events or total mortality
(RR: 2.24, 95% Cl: 1.59-3.15). No heterogeneity was
detected among the studies (Q =0.39, I = 0.0%,
P=0.98).

Disease scores were not significantly associated with
MSIMI.

Peripheral vascular tone was lower in those with MSIMI
(0.55 4 0.36 vS 0.76 £ 0.52; P = 0.009).

Multivariable analysis showed peripheral arterial
tonometry ratio to be the only independent predictor of
MSIMI (P = 0.009), whereas angiographic severity and
extent of CAD independently predicted PSIMI.

Age-adjusted HRs for CHD (95% Cls) at conscription were
1.30 (1.05-1.62) for depressive disorders and 1.90
(1.58-2.38) for alcohol-related disorders.

At 6 months, HR showed that positive changes (per
1-point increase) in somatic depressive symptoms
(0.95,95% Cl: 0.92-0.98, P=0.001) were related to a
reduced risk of recurrent Ml and mortality after
adjustment for baseline depression scores.

34.2% patients taking escitalopram vs 17.5% taking
placebo had an absence of MSIMI during the 3
mental-stressor tasks. (OR: 2.62, 95% Cl: 1.06-6.44)

MSIMI occurred 3x more frequently among homozygous
Sery9 allele carriers compared with the Gly49 allele
carriers (P=0.02). (Adjusted OR: 3.9, 95% Cl: 1.2-12.5,
P =0.02)

44% of patients showed ECG indications of MSIMI; the
majority experienced angina both at rest and during
exercise.

Rate-pressure product values suggested that ischemia
was due to increased myocardial oxygen demand.

Robust association between cortisol response and
detectable Tn (OR: 3.98, 95% Cl: 1.60-9.92, P =0.003).
This association was independent of coronary
calcification.

Single-unit sympathetic nerve-firing pattern correlated
with anxiety state and trait and the affective component
of the BDI score. In particular, higher trait anxiety score
(OR: 0.557, P=0.004) and higher affective depressive
symptoms (0.517, P = 0.008).

BP reactions were positively associated with future CVD
mortality.
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Table 1. Continued

Publication Study Design

Kupper et al, 2015

Gulati et al, 2009

from the St. James WTH Project.

MSIMI assessment in 100 patients with systolic HF.

Comparison of 540 symptomatic women with obstructive
CAD from the WISE study and 100 matched
asymptomatic women with no history of heart disease

Key Findings

Over a median follow-up period of 48.5 months, mortality
rates were 2 x higher (HR: 2.04, 95%Cl: 1.15-3.60,
P =0.014) among patients with the lowest diastolic
responses (mean = —2.4 + 5.4 mm Hg) to mental stress
than among those patients with an intermediate
diastolic BP response (mean = 7.3 & 2.5 mm Hg). High
diastolic responses were not related to mortality.

Similar results were observed for systolic BP but were not
significant.

High heart rate response (>6.3 bpm) to acute mental
stress was associated with a reduced mortality risk
(0.40, 95% Cl: 0.16-1.00, P = 0.051) compared with
patients with intermediate responses.

5-year annualized event rates for cardiovascular events
were 16.0% in WISE women with nonobstructive CAD,
7.9% in WISE women with normal coronary arteries,
and 2.4% in asymptomatic WTH women (P < 0.002).

Abbreviations: BDI, Beck Depression Inventory; BP, blood pressure; CAD, coronary artery disease; CHD, coronary heart disease; Cl, confidence interval;
CVD, cardiovascular disease; ECG, electrocardiographic; ENRICHD, Enhancing Recovery in Coronary Heart Disease; HF, heart failure; HR, hazard ratio; MI,
myocardial infarction; MSIMI, mental stress—induced myocardial ischemia; OR, odds ratio; RR, relative risk; Tc, technetium; Tn, troponin; WISE, Women’s

Ischemia Syndrome Evaluation; WTH, Women Take Heart.

corticotrophin releasing factors from the hypothalamus,
initiating cortisol release from the adrenal glands into the
systemic circulation. Cortisol and corticotrophin releasing
factors both have numerous systemic effects, including
modulation of the inflammatory response and platelet
function, as well as increases in blood pressure.!”
Hyperactivity of the HPA axis is one of the most
consistently proposed links between brain abnormalities
and MSIML!81 Antonio etal®® found that heightened
cortisol responses to mental stress were associated with
detectable levels of cardiac troponin T in the plasma of
healthy people, suggesting that damage to cardiac muscle
can be caused by stress. Additionally, another study showed
that stress-related endothelial dysfunction and impairment
of baroreceptor pressure sensitivity can both be prevented
by blocking cortisol production, demonstrating a direct
role for cortisol in stress-related changes in cardiovascular
functions of relevance to MSIMI.2! Furthermore, in healthy
older participants, without history or objective signs of CHD,
heightened cortisol reactivity is associated with a greater
extent of coronary artery calcification score,22 supporting
the notion that heightened HPA activity is also a risk factor
for the future development of CHD.

Sympathetic Nervous System Stimulation: Mental stress
is associated with activation of the sympathetic nervous
system. Through sympathetic nerve actions and the
release of catecholamines, the sympathetic-adrenal system
is largely responsible for the increases in heart rate,
blood pressure, ventricular contractility, vascular resistance,
and the increased risk of arrhythmias during periods
of acute mental stress.?? Interestingly, in patients with
metabolic syndrome and hypertension thought to be due
to underlying psychological stress, a higher incidence
of multiple sympathetic nerve firing was associated with
an increased incidence of affective depressive symptoms,

suggesting a link between depression and increased
autonomic tone.?* Other studies have suggested that higher
autonomic reactivity in response to stress stimuli is a
risk factor for the development of hypertension and other
cardiovascular diseases.?

The hyperactivation of the sympathetic nervous system
during mental stress also plays an important pro-
inflammatory role, working through -2 receptors to
increase production of TNF-a, which can further provoke
the release of endothelin-l1 from macrophages and
synergistically promote vasoconstriction.2® Inflammation is
also a contributor toward atherosclerotic plaque rupture,
coronary artery vasospasm, and ischemic injury.2”

Microcirculatory Dysfunction: The systemic biological
responses to mental stress are coordinated largely
through neuroendocrine signals. The heart itself possesses
endocrine functions,?® secreting various peptides including
atrial natriuretic peptides, brain natriuretic peptides, tro-
ponins, and others, upon stimulation. These substances can
regulate many aspects of circulatory and metabolic systems.
The microvasculature expresses many receptors for neu-
roendocrine signals, such as for angiotensin II, natriuretics,
cytokines, endothelin, and other vasoactive peptides such
as catecholamines. The function of myocardial arterioles is
to regulate blood flow to the capillaries, and their tone can
be modulated by numerous blood-borne factors. Serotonin
is one such substance, which also has strong links to mental
health, being altered in depression and by therapies for
depression, and a vasoconstrictor in myocardial arterioles.
In 2013, the European Society of Cardiology (ESC)
guidelines noted that stable CHD not only included patients
with atherosclerotic stenosis, but must also consider
those with chest symptoms induced by exercise or
mental stress resulting from microvascular dysfunction and
coronary artery spasm.?’ Therefore, MSIMI can exist in
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both obstructive CHD and nonobstructive CHD. Some
patients experiencing chest pain but with no abnormal
coronary angiography findings may have slow blood flow
resulting from microvascular dysfunction. In these patients,
microvasculature dysfunction may be the first sign of
developing CHD, occurring before structural changes in
the coronary arteries.?%:31

Endothelial Dysfunction: The endothelium plays an impor-
tant role in the control of vascular tone. Endothelial dys-
function is a potential mechanism linking mental stress to
end-organ damage and CVD. Stress-related endothelial dys-
function is a risk factor for cardiovascular disorders, with
recent studies supporting the idea that acute mental stress
negatively affects endothelial function.?? The degree of men-
tal stress—induced endothelial dysfunction correlates with
changes in the systemic vascular resistance response,
which in turn correlates with decreases in ejection fraction
and myocardial ischemia.’® Thus, endothelial dysfunction
can be considered to be proportional to mental stress.
Impaired endothelial function has been transiently observed
for up to 1.5hours following mental stress, and such peri-
ods of impairment could accumulate to become clinically
relevant over the long term.32

Although the action of adrenaline on B-2 receptors usually
drives nitric oxide—mediated coronary vasodilation, during
endothelial dysfunction this response can be diminished,
leading to inadequate coronary perfusion.’* Stress hor-
mones such as glucocorticoids, pro-inflammatory cytokines,
and endothelin-1 are systemically liberated in response to
mental stress and may participate in the development of
endothelial dysfunction. The main features of endothelial
dysfunction are impaired vasodilation, impaired inhibition
of platelet aggregation, and thrombus formation.!® A pos-
sible mechanism may be via chronic catecholamine- or
corticotropin-releasing hormone-induced blood pressure
elevation and downregulation of endothelial nitric oxide pro-
duction and vasodilator sensitivity.2*2* Increased microves-
sel tone can directly lead to myocardial ischemia through
vessel narrowing and reduced perfusion. Systemic vasocon-
striction (an increase in systemic vascular resistance) also
increases afterload, therefore increasing myocardial activ-
ity and oxygen demand. Uninhibited platelet aggregation
and thrombosis can also precipitate myocardial ischemia
or myocardial infarction. An example of the acute effects
of mental stress could be following the 1995 Hanshin-Awaji
earthquake, when a higher incidence of elevated blood pres-
sure, endothelial injury, and increased blood viscosity due
to high hematocrit and fibrinogen levels coincided with
increased rates of myocardial infarction and cardiovascular
deaths.1® As endothelial dysfunction can be a progressive
condition, associated with coronary artery atherosclerosis,
this may help to explain the greater impact of dramatic
sporting events on older individuals with known CHD.

Clinical Implications

Studies suggest that pronounced hemodynamic responses
to mental stress are linked to poorer patient prognosis. For
example, Carroll et al*® examined the association between
the magnitude of systolic and diastolic blood pressure
reactions to mental arithmetic stress and cardiovascular

disease mortality in 431 Scottish participants. Both systolic
and diastolic blood pressure reactions were positively
associated with CVD mortality. This association could reflect
the long-term erosive effects of exaggerated hemodynamic
reactivity on the vasculature, as well as its short-term
capacity to trigger acute cardiovascular events. However,
Kupper et al®® conversely reported that limited diastolic
blood pressure reactivity to mental stress is independently
associated with all-cause mortality in patients with heart
failure. Other studies have failed to find associations
between MSIMI, blood pressure, or heart rate responses to
mental stressors in patients with CHD or healthy volunteers.

Mental Stress and Nonobstructive Coronary Heart Disease

Nonobstructive CHD also involves myocardial ischemia;
however, its ischemic features are different from those of
obstructive CHD. Nonobstructive disease mainly consists
of downstream microvascular changes. Microvascular
dysfunction results in slowing of the blood flow in coronary
arteries and reductions, in the intraluminal pressure.
A particular feature of ischemia of nonobstructive coronary
heart disease is punctate ischemia,3” which was also one
of the main characteristics of MSIMI. Nonobstructive
CHD also carries high risks for cardiovascular events,
as demonstrated by comparison of cardiovascular events
between 540 cases of female patients with suspected
ischemia but without obstruction evidence from coronary
angiography with 1000 cases of age-matched asymptomatic
females.®® It is noteworthy that although some study
participants may not have had a coronary obstruction
sufficient to cause left ventricular dysfunction with
exercise stress or to warrant percutaneous intervention,
they nonetheless developed left ventricular dysfunction
with mental stress. Other studies have demonstrated
significant decreases in myocardial blood flow during
mental stress in coronary vessels without flow-limiting
atherosclerotic plaques, as well as significant coronary
vasoconstriction in coronary segments with only minor
obstruction.??40 Stress-induced heart injury might therefore
be a consequence of slow blood flow in coronary
arteries, a phenomenon that is also called left ventricular
ballooning syndrome or stress-induced heart disease.
These findings indicate that the nature of stress-induced
coronary obstruction is dynamic and occurs due to unique
pathophysiological mechanisms. Future awareness of these
mechanisms will be important for improving patient care,
with stress-coping techniques and mental-stress tests having
potential clinical value.

Conclusion

Mental stress affects the brain like a stressor, causing
systemic release of signaling molecules. The response from
the body is acutely beneficial; however, episodes of MSIMI
can occur, and over the longer term they can work alongside
other CVD risk factors to cause serious cardiovascular
pathology. Few studies have described the mechanisms
underlying MSIMI. Reviewing the evidence, we suggest that
cardiac microcirculation is a key point of interaction between
mental stress and cardiac ischemia. Pathological changes in
the microcirculation likely act synergistically to those which
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occur systemically, further increasing the risk of MSIMI.
In addition, patients with nonobstructive coronary artery
diseases may experience MSIMI and transient coronary
obstruction as a result of this microvascular and endothelial
dysfunction. Further investigations are required to fully
characterize the MSIMI phenomenon and its implications
for cardiovascular health.
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