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IMPORTANCE Acute mental stress can result in transient endothelial dysfunction, but the
prognostic relevance of this phenomenon is unknown.

OBJECTIVE To determine the association between mental stress-induced impairment in
endothelium-dependent relaxation as assessed by brachial artery flow-mediated vasodilation
and adverse cardiovascular outcomes among individuals with stable coronary artery disease.

DESIGN, SETTING, AND PARTICIPANTS This cohort study was conducted at a
university-affiliated hospital network between June 2011 and August 2014. A cohort of
individuals with stable coronary artery disease were included. Data analysis took place from
November 2018 to May 2019.

EXPOSURES Study participants were subjected to a laboratory mental stress task (public
speaking).

MAIN OUTCOMES AND MEASURES Flow-mediated vasodilation was measured before and 30
minutes after a public-speaking mental stress task. We examined the association of the rest
(prestress), poststress, and o flow-mediated vasodilation (poststress minus prestress levels)
with an adjudicated composite end point of adverse events, including cardiovascular death,
myocardial infarction, unstable angina leading to revascularization, and heart failure
hospitalization, after adjusting for sociodemographic factors, medical history, and depression.

RESULTS A total of 569 patients were included (mean [SD] age, 62.6 [9.3] years; 420 men
[73.8%]). Flow-mediated vasodilation decreased from a mean (SD) of 4.8% (3.7%) before
mental stress to 3.9% (3.6%) after mental stress (a 23% reduction; P < .001), and 360
participants (63.3%) developed transient endothelial dysfunction (a decrease in
flow-mediated vasodilation). During a median (interquartile range) follow-up period of 3.0
(2.9-31) years, 74 patients experienced a major adverse cardiovascular event. The presence
of transient endothelial dysfunction with mental stress was associated with a 78% increase
(subdistribution hazard ratio [sHR], 1.78 [95% ClI, 1.15-2.76]) in the incidence of major adverse
cardiovascular event. Both the & flow-mediated vasodilation (sHR, 1.15 [95% Cl, 1.03-1.27] for
each 1% decline) and poststress flow-mediated vasodilation (sHR, 1.14 [95% Cl, 1.04-1.24] for
each 1% decline) were associated with major adverse cardiovascular event. Risk
discrimination statistics demonstrated a significant model improvement after addition of
either poststress flow-mediated vasodilation (change in the area under the curve, 0.05 [95%
Cl, 0.01-0.09]) or prestress plus & flow-mediated vasodilation (change in the area under the
curve, 0.04 [95% Cl, 0.00-0.08]) compared with conventional risk factors.
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Mental Stress-Induced Endothelial Dysfunction and Adverse Cardiovascular Events in Coronary Artery Disease

sychological stress is associated with increased cardio-

vascular morbidity and mortality.! One postulated

mechanism is that chronic or repeated exposure to psy-
chological stress, through activation of the sympathoadrenal
pathways, causes cumulative wear and tear of the endothe-
lial lining of blood vessels, eventually leading to endothelial
dysfunction, accelerated atherogenesis, and elevated inci-
dence of cardiovascular events.?* However, there are few em-
pirical data in humans in support of this theoretical model.

Prior work has shown that acute exposure to an emotional
stressor can induce transient endothelial dysfunction.®** This
was evidenced by a sustained decrease in brachial artery flow-
mediated vasodilation (FMD) induced by mental stress that was
apparent for up to 4 hours after the end of the mental stress task,
long after resolution of stress-induced increases in blood pres-
sure and heart rate.>>® Numerous studies have also shown that
lower FMD levels are associated with adverse cardiovascular out-
comes in patients with and patients without coronary artery dis-
ease (CAD).”® However, the prognostic importance of a tran-
sient decline in FMD in response to mental stress remains
untested. Mental stress in the laboratory is considered a proxy
of stressful exposures during daily life.”>! Thus, if a link be-
tween stress-induced endothelial compromise and clinical
events can be demonstrated, this would uncover an important
stress-associated risk pathway for cardiovascular disease.

In a large and well-characterized sample of patients with
stable CAD, we sought to determine whether a transient de-
clinein FMD induced by a brief episode of mental stress in the
laboratory is associated with major adverse cardiovascular
events (MACE). We hypothesized that a stress-induced tran-
sitory decline in FMD would be associated with worse out-
comes, independent of prestress FMD levels and other prog-
nostic factors.

Methods

Study Design and Participants

Participants

The study design and methods have been published
previously.'? Briefly, patients were enrolled into the Mental
Stress Ischemia Prognosis Study, a prospective study that re-
cruited 695 patients with stable CAD between June 2011 and
August 2014 from Emory University-affiliated hospitals and
clinics. The presence of CAD was defined by an abnormal coro-
nary angiographic result demonstrating evidence of athero-
sclerosis with atleast luminal irregularities, documented pre-
vious percutaneous or surgical coronary revascularization,
documented myocardial infarction, or a positive nuclear stress
test result. Patients with an acute coronary syndrome or de-
compensated heart failure (HF) during the previous 2 months,
end-stage renal disease, or unstable psychiatric conditions were
excluded. Clinical information, including previous CAD events,
CAD risk factors, coronary angiography results, and current
medications, was documented using standardized question-
naires and medical record reviews. A lifetime diagnosis of ma-
jor depression was assessed with the Structured Clinical In-
terview for Diagnostic and Statistical Manual of Mental
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Key Points

Question Is mental stress-induced endothelial dysfunction
associated with major adverse cardiovascular events?

Findings This cohort study of patients with stable coronary artery
disease found a graded positive association between transient
endothelial dysfunction with mental stress and major adverse
cardiovascular events.

Meaning Impairment in endothelium-dependent relaxation
induced by mental stress confers an increased hazard for adverse
events and could be an important risk biomarker for patients with
stable coronary artery disease.

Disorders (Fourth Edition).'® Race was self-reported, and par-
ticipants chose from predefined categories. We assessed race
to describe the study population together with other demo-
graphic characteristics. The research protocol was approved
by the institutional review board of Emory University, and all
participants provided informed consent.

Follow-up and Assessment of Outcome Events

All participants were followed up for a median of 3 years. Out-
come events included cardiovascular death, myocardial in-
farction, admission with unstable angina leading to revascu-
larization, and hospitalization for HF. Outcome data were
collected during follow-up clinic visits at 1 and 2 years and by
telephone calls at 3 years, as well as by medical records re-
views and queries to the Social Security Death Index. Cardio-
vascular death was defined as any death attributable to an is-
chemic cardiovascular cause (fatal myocardial infarction),
cardiac arrhythmia (including cases in which resuscitation oc-
curred), acute decompensated HF, or a cardiac procedure (an-
gioplasty or coronary artery bypass grafting surgery). All events
were independently adjudicated by study investigators (A.A.Q.,
A.S.,and M.H.) who were blinded to other study data, follow-
ing criteria previously described by the Multi-Ethnic Study of
Atherosclerosis.! The main outcome of the study was a com-
bined end point of MACEs, including cardiovascular death,
myocardial infarction, unstable angina leading to revascular-
ization, and hospitalization for HF.

Mental Stress Procedure

Patients were tested in the morning after a 12-hour fast. In a
quiet, dimly lit, temperature-controlled (21-23°C) room, after
a 30-minute rest period, vital signs were measured and men-
tal stress was induced by a standardized public-speaking task.'
A complete description of the vascular function measure-
ments appears in eAppendix 1 in the Supplement.

Biomarker Measurements

High-Sensitivity C-Reactive Protein

High-sensitivity C-reactive protein levels were measured from
serum samples collected prestress (n = 554) using the electro-
chemiluminescence system by Meso Scale (Meso Scale Diag-
nostics) and the SECTOR Imager 2400 (Meso Scale Diagnos-
tics). The lower limit of detection was 1.33 x 10~® mg/L. The
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interassay and intra-assay coefficients of variation were 3.06%
and 2.33%, respectively.

Epinephrine

Plasma epinephrine levels were measured from samples ob-
tained prestress and 5 minutes after the mental stress test
(n = 540 and 519, respectively) using the enzyme immunoas-
say kit (2-CAT ELISA [2-catecholamine enzyme-linked immu-
nosorbent assay] [Labor Diagnostika Nord]). This assay has an
analytical sensitivity of 7 pg/mL (to convert to picomoles per
liter, multiply by 5.459).

Vascular Function Measurements

Endothelium-dependent brachial artery FMD was measured
to evaluate conductance artery endothelial function using ul-
trasonography (Acuson 10-mHz linear-array transducer [Acu-
son]), as described previously,>” before and 30 minutes af-
ter the mental stress test. Analyzable data were available for
most patients before (n = 577) and after mental stress (n = 569).
A complete description of the vascular function measure-
ments appears in eAppendix 2 in the Supplement.

CAD Severity Scoring

Quantitative angiographic scoring was performed using the
Gensini score for the 495 patients who had angiographic data,
with a median time between the angiogram and enrollment
of 2.1 years (interquartile range, 1.0-4.7 years). The Gensini
score quantifies CAD severity by a nonlinear point system for
degree of luminal narrowing, along with a multiplier for spe-
cific coronary tree locations. For example, 1 point is equiva-
lent to a 25% lesion in the right coronary artery. The score has
prognostic importance.'®

Statistical Analyses

Transient endothelial dysfunction with mental stress, or the
0 FMD level, was defined as any decrease in FMD level with
mental stress (ie, a poststress minus prestress FMD value <0).
To examine differences in patient characteristics between those
with vs without stress-induced transient endothelial dysfunc-
tion, we used 2-sample t tests or Wilcoxon tests for continu-
ous variables and x? tests for categorical variables. We exam-
ined the change in vascular function measurements (FMD level,
brachial artery diameter, velocity-time integral, and shear rate),
hemodynamic parameters (systolic blood pressure, heart rate,
and rate-pressure product) and catecholamine (epinephrine)
values before and after mental stress, using linear mixed mod-
els for repeated measures.

To investigate the association between FMD and cardio-
vascular events, prestress, poststress, and 6 FMD levels were
examined as continuous variables in Fine and Gray subdistri-
bution hazard models with noncardiovascular death treated
as the competing risk.!® Selection of factors to be included in
the models was based on prior evidence of an association with
FMD or cardiovascular disease events.?° These factors in-
cluded demographic factors (age, sex, and race), lifestyle and
clinical risk factors known to affect endothelial function (smok-
ing, body mass index [calculated as weight in kilograms
divided by height in meters squared], dyslipidemia, diabetes,

JAMA Cardiology October2019 Volume 4, Number 10

Mental Stress-Induced Endothelial Dysfunction and Adverse Cardiovascular Events in Coronary Artery Disease

hypertension, HF, and high-sensitivity C-reactive protein),
medications (B-blockers, calcium-channel blockers, and stat-
ins), vascular factors (brachial-artery diameter and shear rate),
CAD severity (Gensini score), prior revascularization, and left
ventricular ejection fraction. Models for § FMD levels were also
adjusted for prestress FMD levels.?! These analyses were re-
peated for allometrically scaled FMD levels. We also per-
formed a subgroup analysis stratified by demographic and
medical history factors and medication use, adjusted for the
same factors.

Prestress and poststress FMD levels were also analyzed as
categorical variables after dichotomizing them into high (=me-
dian) vs low (<median) FMD outcomes. Using the cumulative
incidence function homogeneity test of Gray,'° the cumula-
tive incidence of the study end points were compared be-
tween the following groups: (1) those with prestress FMD mea-
surements greater than the median vs prestress FMD less than
the median; (2) those with poststress FMD greater than the me-
dian vs poststress FMD less than the median; (3) those with
transient endothelial dysfunction with mental stress present
(6 FMD <0) vs absent (6 FMD >0); and (4) those in 4 catego-
ries that combined prestress FMD (greater or less than the me-
dian) and transient endothelial dysfunction status (6 FMD <0).

The C statistic and net reclassification improvement at the
mean event rate were calculated as a measure of risk
discrimination.??2* The significance level for both main ef-
fects and interactions was set at P < .05. All statistical analy-
ses were conducted using SAS version 9.4 (SAS Institute). Data
analysis took place from November 2018 to May 2019.

. |
Results

Of the 695 enrolled patients, 569 (81.9%) completed both the
prestress and poststress FMD protocols. Among these, 6 pa-
tients (1.1%) were lost to follow-up and were not included in
the analytical sample. The mean (SD) age was 62.6 (9.3) years;
420 were men (73.8%), and 168 individuals were black (29.5%).
Overall, 360 patients (63.3%) developed mental stress-
induced transient endothelial dysfunction with mental stress
(reduction in FMD from prestress). The risk factor profile of
the participantsis described in Table 1. The clinical character-
istics of patients with transient endothelial dysfunction (com-
pared with those without transient endothelial dysfunction)
was similar, with the exception of B-blocker use, which was
more prevalent in patients without transient endothelial dys-
function (165 [79.3%] vs 252 [70.2%]; P = .03) (Table 1).

The mean (SD) prestress brachial artery diameter and
FMD were 3.7 (0.9) mm and 4.8% (3.7%), respectively. Men-
tal stress was associated with a significant decline in the pre-
stress brachial artery diameter (by 0.2 [0.1] mm; 5% decline;
P <.001) and FMD (by 0.9% [0.3%]; 23% decline; P < .001),
but velocity-time integral and shear rate were unchanged
(Table 2). During mental stress testing, there were significant
increases in systolic blood pressure (mean [SD]: prestress
level, 128 [18] mm Hg; poststress level, 169 [24] mm Hg;
P < .001), heart rate (mean [SD]: prestress level, 61 [11]
beats per minute; poststress level, 78 [15] beats per minute;
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Table 1. Characteristics of the Study Population by Mental Stress-Induced
Transient Endothelial Dysfunction Status

Patients, No. (%)

Transient Endothelial Dysfunction
With Mental Stress®

Characteristic Total Absent Present P Value
Total, No. 569 209 360
Age, mean (SD), y 62.6 (9.3) 62.4(9.5) 62.6 (9.2) .89
Female 149 (26.2) 50(23.9) 99 (27.5) .38
Black race 168 (29.5) 58 (27.7) 110(30.5) .54
Years of school, mean (SD) 15.1(4.2) 14.9 (5.1) 15.2 (4.5) .62
Medical history and CAD risk factors
Current smoking 75(13.2) 21(10.0) 54 (15.0) 51
Diabetes 187 (32.9) 64 (30.1) 128 (35.6) 13
Hypertension 437 (76.8) 158 (75.5) 279 (77.5) .49
Dyslipidemia 464 (81.5) 169 (80.9) 295 (81.9) .83
BMI, mean (SD) 29.8 (4.9) 28.8 (5.5) 30.4(5.3) A4
Lifetime history of major depression 153 (26.8) 47 (22.5) 106 (29.5) .07
Prior myocardial infarction 224 (38.9) 74 (35.6) 150 (41.7) .15
Heart failure 134 (23.5) 42 (20.6) 92 (26.6) .09
Prior revascularization 311 (54.7) 111 (53.9) 200 (55.8) .55
CAD severity (Gensini), median 24 (10-59) 23(8-59) 26 (10-57) 71
Ejection fraction, mean (SD) 51.9(12.9) 50.4 (13.7) 52.8(12.3) .10
High-sensitivity C-reactive protein level, 3.9 (3.7) 37(4.1) 42(3.8) 43 Abbreviations: BMI, body mass index
mean (SD), mg/L (calculated as weight in kilograms
Medications divided by height in meters squared);
L CAD, coronary artery disease.
Aspirin 493 (86.9) 186 (89.4) 307 (85.3) .20 .
Sl conversion factor: To convert
B-Blocker 417 (73.8) 165 (79.3) 252(70.2) .03 high-sensitivity C-reactive protein to
Calcium-channel blocker 122 (21.6) 49 (23.4) 73(20.3) .34 nmol/L, multiply by 9.524.
Angiotensin-converting 263 (46.4) 98 (47.1) 165 (46.2) 78 ? Transient endothelial dysfunction
enzyme inhibitors induced by mental stress was
Antidepressants 129 (22.8) 54(26.1) 75(21.0) 11 defined as any decrement in
Statin use 489 (86.4) 183 (88.4) 306 (85.4) 32 flow-mediated vasodilation with

mental stress.

Table 2. Hazard Ratios for Prestress Flow-Mediated Vasodilation, Poststress Flow-Mediated Vasodilation, and 6 Flow-Mediated Vasodilation

as Factors Associated With Major Adverse Cardiovascular Events in Unadju:
Hazard Models?

sted and Adjusted Fine and Gray Proportional Subdistribution

Flow-Mediated Vasodilation Prestress Flow-Mediated Vasodilation

0 Flow-Mediated Vasodilation

Poststress Flow-Mediated Vasodilation (Poststress Minus Prestress Level)®

(per 1% Decrement) sHR (95% Cl)© P Value sHR (95% Cl)© P Value sHR (95% CI)© P Value
Unadjusted 1.00 (0.94-1.06) .88 1.07 (1.01-1.13) .04 1.11(1.01-1.21) .04
Adjusted model?

1 1.00(0.94-1.06) .81 1.07 (1.01-1.13) .04 1.12(1.01-1.23) .04

2 1.00(0.95-1.05) .92 1.11(1.01-1.22) .04 1.14(1.02-1.27) .03

3 1.02 (0.96-1.08) 63 1.14 (1.01-1.28) .04 1.14 (1.01-1.28) .04

4 1.06 (0.98-1.14) .18 1.16 (1.04-1.30) .01 1.20(1.06-1.37) .006

Abbreviation: sHR, subdistribution hazard ratio.

@ A major adverse cardiovascular event was defined as any of the following:
cardiovascular death, myocardial infarction, unstable angina with
revascularization, and decompensated heart failure.

b All the analyses with & flow-mediated vasodilation were adjusted for prestress
flow-mediated vasodilation.

¢ Subdistribution hazard ratios represent the risk of end points per 1%
decrement in flow-mediated vasodilation while treating noncardiovascular
death as a competing risk.

9Model 1was adjusted for sex, African American race, and age. Model 2 was
adjusted for model 1 covariates, plus hypertension, diabetes, dyslipidemia,

prior myocardial infarction, heart failure, body mass index (continuous;
calculated as weight in kilograms divided by height in meters squared), current
smoking, high-sensitivity C-reactive protein, and medication use (3-blockers,
calcium-channel blockers, and statins). Model 3 was adjusted for the
covariates in models 1and 2, plus vascular factors (baseline brachial artery
diameter and shear rate). Model 4 was adjusted for the covariates in models 1,
2, and 3, plus coronary artery disease severity score (Gensini), prior
revascularization, and ejection fraction.

€ Coronary artery disease severity (Gensini) score was only available for 495
patients.
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Figure 1. Adjusted Cumulative Incidence of Major Adverse Cardiovascular Events (MACEs) According to Flow-Mediated Vasodilation (FMD) Levels
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Data stratified by prestress FMD (A), poststress FMD (B), stress-induced
transient endothelial dysfunction status (C), and 4 categories combining
information on prestress FMD and stress-induced transient endothelial
dysfunction status (D). Major adverse cardiovascular events are defined as a
combination of cardiovascular death, myocardial infarction, unstable angina

with revascularization, and decompensated heart failure. Subdistribution
hazard ratios (sHR) represent the risk of end points for the comparison vs the
reference groups while treating noncardiovascular death as competing risks. P
values were generated from the cumulative-incidence function homogeneity
test of Gray.

P < .001), rate-pressure product (mean [SD]: prestress level,
7990 [1843] beats per minute x mm Hg; poststress level,
12 953 [3398] beats per minute x mm Hg; P < .001), and cir-
culating epinephrine levels (mean [SD]: prestress level, 18.9
[21] pg/mL; poststress level, 32.2 [44] pg/mL; P < .001)
(eTable 1 in the Supplement). In the bivariate analysis, there
was no significant association between these changes and
the changes in FMD levels, although prestress systolic blood
pressure was significantly associated with lower FMD levels
both at rest (8, -0.02 [SE, 0.008]; P = .01) and after stress
(B, -0.01[SE, 0.007]; P = .02) (eTable 2 in the Supplement).
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Association of Prestress, Poststress, and  FMD Levels

With MACE

Patients were followed up for a median (interquartile range)
of 3.0 (2.9-3.1) years. A total of 74 patients had adverse events,
including 13 cardiovascular deaths, 15 myocardial infarc-
tions, 34 unstable angina events followed by revasculariza-
tion, and 12 hospitalizations for HF.

Prestress FMD levels were not associated with the com-
posite MACE end point, before and after multivariable analy-
sis, either as a continuous variable or when dichotomized
into 2 groups by the median value (Table 2, Figure 1A). In
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Figure 2. Multivariate Survival Analysis of the Associations of Prestress Measurements,
Poststress Measurements, and d Flow-Mediated Vasodilation With Study End Points

Hazard Ratio Less ! More
Study End Point (95% Cl) Adverse Results : Adverse Results Events, No.
Rest FMD
Cardiovascular death 1.31(1.00-1.71) — 13
Myocardial infarction (type 1) 1.00(0.89-1.12) —— 15
Unstable angina with revascularization 1.02 (0.92-1.13) —— 34
Congestive heart failure 1.08 (0.92-1.27) — 12
Composite outcomes (MACE) 1.02 (0.95-1.09) o 74
Poststress FMD
Cardiovascular death 1.37(1.07-1.77) —— 13
Myocardial infarction (type 1) 1.06 (0.90-1.26) —— 15
Unstable angina with revascularization 1.18 (1.03-1.36) —— 34
Congestive heart failure 1.13(0.92-1.39) —— 12
Composite outcomes (MACE) 1.15(1.05-1.27) —— 74 8 Flow-mediated vasodilation (FMD)
Delta FMD was defined as poststress minus
Cardiovascular death 1.31(1.05-1.64) B 13 prestress FMD. Subdistribution
Myocardial infarction (type 1) 1.07 (0.89-1.29) e 15 hazard ratios (HRs) represent the risk
Unstable angina with revascularization 1.20 (1.04-1.39) — 34 of end points per 1% decrement in
Congestive heart failure 1.13(0.91-1.39) — 12 FMD. "‘:jh_"e treafi”% )
Composite outcomes (MACE) 1.17 (1.06-1.30) —— 74 Egrr:wC:erti:?gvfizlc(ljl'?l:e gal-EMaDsmodels

0 0.4 0.8

HR (95% CI)

1.‘2 116 2.0 were also adjusted for resting FMD.
MACE indicates major adverse

cardiovascular events.

contrast, poststress FMD levels were associated with MACE;
for each 1% decrement in poststress FMD level, the MACE rate
was 14% higher after full adjustment (sHR, 1.14 [95% CI, 1.01-
1.28]; P = .04; Table 2). When dichotomized at the median, a
low poststress FMD level (<median) was associated with an ad-
justed sHR 0f 1.48 (95% CI, 1.03-2.14; Figure 1B). The change
in FMD level with stress (6§ FMD) was also associated with
MACE; for each 1% decline in FMD level with stress, the inci-
dence of MACE was 17% higher after full adjustment (sHR, 1.17
[95% CI, 1.06-1.30]; Table 2). When examined as a categorical
variable, presence of stress-induced transient endothelial dys-
function (any reduction of FMD level with stress) was associ-
ated with an adjusted 78% increased hazard of MACE (sHR, 1.78
[95% CI, 1.15-2.76]; Figure 1C). Furthermore, when transient
endothelial dysfunction was evaluated jointly with prestress
FMD level, there was an additive effect between transient en-
dothelial dysfunction and a low prestress FMD level (sHR, 1.82
[95% CI, 1.16-2.85]; P = .01); this group had the highest risk of
MACE (Figure 1D). These results remained unchanged when
using allometrically scaled FMD measurements (prestress FMD:
sHR, 1.03 [95% CI, 0.94-1.12]; P = .55; 6 FMD: sHR, 1.18 [95%
CI, 1.02-1.38]; P = .03; poststress FMD: sHR, 1.23[95% CI, 1.04-
1.45]; P = .01; eTable 3 in the Supplement). The sensitivity
analysis showed that the association between 6 FMD and the
primary end point was generally similar across subgroups
stratified by baseline demographics and clinical characteris-
tics, although these results should be considered with cau-
tion, given the small number of events in some strata (eTable 4
in the Supplement).

Association of Prestress, Poststress, and  FMD Values

With Cardiovascular Death

Prestress, poststress, and & FMD levels were all significantly
associated with cardiovascular death during follow-up. An

jamacardiology.com

adjusted 1% lower prestress (HR, 1.31[95% CI, 1.00-1.71]), post-
stress (HR, 1.37[95% CI, 1.07-1.77]), and 6 FMD level (HR, 1.31
[95% CI, 1.05-1.64]) were all associated with more than a 30%
increase in the hazard of cardiovascular death (Figure 2).

Risk Discrimination

We tested the incremental value of adding prestress, post-
stress, or § FMD levels to a model with traditional prognostic
factors. The C statistic for incident MACE increased signifi-
cantly when we added to the model poststress FMD (change
in the area under the curve, 0.05[95% CI, 0.01-0.09]) or pre-
stress plus § FMD (change in the area under the curve, 0.04
[95% CI, 0.00-0.08]; eTable 5 in the Supplement). The net re-
classification improvement at the mean event rate showed sig-
nificant reclassification of participant risk by addition of 6 FMD
(net reclassification improvement, 0.17 [95% CI, 0.05-0.29],
Table 3).

|
Discussion

To our knowledge, this is the first study to investigate the
prognostic value of transient endothelial dysfunction
induced by mental stress in patients with CAD. We show that
a greater decrease in endothelium-dependent FMD pro-
voked by mental stress is associated with higher rates of
incident cardiovascular death and major adverse cardiovas-
cular disease outcomes, independent of other patient char-
acteristics and prestress FMD levels. These results point to
endothelial responses to psychological stress as an impor-
tant risk marker linking stress to adverse outcomes and dis-
ease progression in CAD patients.

Endothelial function assessment using FMD levels has
emerged as a useful biomarker of cardiovascular risk both in
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Table 3. Net Reclassification Improvement at Event Rate of Anticipated Risk With the Addition

of 0 Flow-Mediated Vasodilation®

Reclassified
Anticipated
Risk (With &
Flow-Mediated

Vasodilation) No. (%)

Abbreviations: MACE, major adverse
cardiovascular event; NA, not
applicable.

2 A MACE was defined as any of the

Participants Reclassified,

Anticipated Risk (Without & With

With Net Correctly following: cardiovascular death,

Flow-Mediated Vasodilation)® <13% 213% Increased Risk  Decreased Risk Reclassified, % myocardial infarction, and unstable
Participants who experienced a MACE angina with revascularization and
(n=74) decompensated heart failure.
Low risk (<13%) 49 17 17 (23) 2(3) 20 b Anticipated risk based on traditional
High risk (213%) b 6 NA NA NA risk factors: sex, race, age
(continuous), hypertension,
m{g;ipa'ltz‘ggo did not experience a dyslipidemia, prior myocardial
(n. - ) infarction, heart failure, body mass
Low risk (<13%) 434 19 19 (4) 6 (1) 3 index (continuous; calculated as
High risk (213%) 6 6 NA NA NA weight in kilograms divided by
Net reclassification improvement NA NA NA NA 0.17 (0.05-0.29) height in meters squared),
(95% Cl) diabetes, smoking history, and
Pvalue NA NA NA NA 008 high-sensitivity C-reactive protein

level.

populations with and without known CAD.”-° However,
endothelial function is a dynamic phenomenon, and, to our
knowledge, prior prognostic studies have focused only on
resting FMD measurements.” In this study, we demonstrate
that the FMD response to mental stress in patients with CAD
is an even more important marker of long-term cardiovascu-
lar risk than the prestress value alone. The main end point
was a composite MACE outcome including cardiovascular
death, myocardial infarction, unstable angina with revascu-
larization, and heart failure hospitalization. The decline in
FMD level with mental stress, as well as poststress FMD, but
not prestress FMD, were significantly associated with
increased hazard of MACEs. When cardiovascular death
alone was the outcome, however, prestress FMD levels,
changes in FMD levels with stress, and poststress FMD levels
were all associated with cardiac death. However, the total
number of cardiovascular deaths was small.

Measuring FMD levels is a noninvasive method to quan-
tify the degree of endothelial dysfunction during mental stress,
which could be potentially used clinically in identifying pa-
tients with CAD at high risk of developing major adverse out-
comes. It is believed that endothelial function assessments,
such as FMD level, provide an index of the net composite in-
jury to the vascular wall from exposure to risk factors, includ-
ing their severity and lifetime exposure.!” Thus, in popula-
tion studies,?® it appears to be a superior risk marker than the
mere measurement of risk factors and can be considered as a
barometer of total risk burden. However, previous studies?®-2”
have measured FMD levels in the resting state only and have
largely focused on samples without overt CAD. In patients with
CAD, the literature has been more mixed. These results dem-
onstrate that the FMD response to mental stress is a powerful
prognostic indicator for MACE in patients with CAD, and po-
tentially more informative than resting FMD alone. The com-
bination of prestress FMD and change in FMD with stress, but
not prestress FMD alone, was an independent marker of risk
of MACE and improved risk discrimination. These data sug-
gest that dynamic changes in vascular function attributable to
system perturbation with psychological stress can provide

JAMA Cardiology October2019 Volume 4, Number 10

incremental prognostic information than FMD level at the
steady state alone.

Transient impairment in endothelial function with men-
tal stress is a known phenomenon,>>° but the exact mecha-
nisms through which it may influence the risk of adverse events
in patients with CAD are unknown. A decrease in FMD levels
with mental stress has been attributed to vasoconstriction and
disruption of nitric oxide activity induced by sympathetic ner-
vous system activation with emotional stress.?® This was evi-
denced in this study by the significant increases in heart rate,
systolic blood pressure, and epinephrine release with the pub-
lic-speaking task. Furthermore, patients taking B-blockers were
less likely to display transient endothelial dysfunction with
mental stress. This is in accordance with a recent meta-
analysis that showed that 3-blockers could blunt sympa-
thetic effects on the vascular system and improve endothe-
lial function compared with placebo.?® Other factors, such as
immune response, oxidative stress, and/or endothelin re-
lease, may also contribute to the prolonged stress-induced en-
dothelial dysfunction and, at the same time, accelerate car-
diovascular risk.>-30-3!

Clinical Implications

These findings have important clinical implications. In this
study, we demonstrate that poststress FMD levels are more ro-
bustly associated with MACE than prestress measurements are.
In addition, we have recently shown that mental stress pro-
motes endothelium-dependent coronary vasoconstriction.>?
Combined with prior observations that brachial arterial FMD lev-
els reflect coronary vascular endothelial function,3? the cur-
rent findings imply that the stress-induced transient-
endothelial dysfunction in the peripheral circulation is reflected
in the coronary vascular bed.>* Thus, to the extent that mental
stress testing in the laboratory captures the physiological
changes of mental stress in daily life, coronary endothelial func-
tion could represent an important mechanism linking daily emo-
tional stress to cardiovascular outcomes. These results could
lead to the development and validation of mental stress-
testing methods in conjunction with vascular assessments that

jamacardiology.com

© 2019 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 08/20/2022


http://www.jamacardiology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2019.3252

Mental Stress-Induced Endothelial Dysfunction and Adverse Cardiovascular Events in Coronary Artery Disease

could be applied in the clinical care environment, and the as-
sessment of future interventions to ameliorate endothelial
responses to stress or their adverse consequences.

Strengths

This study has several strengths, including its large size, its pro-
spective design, and the independent adjudication of outcome
events, which allowed a rigorous investigation of the effects of
changes in vascular function induced by mental stress on dis-
ease prognosis. Additionally, the experimental manipulation of
the exposure (mental stress) allows a controlled assessment
of the outcomes of stress on peripheral vascular changes.

Limitations

This study focused on patients with CAD, and thus the results
cannot be generalized to people without CAD. In addition, the
protocol of repeated FMD assessment before and after stress
did not allow for the measurement of endothelium-
independent vasodilation. Furthermore, because of the short

Original Investigation Research

half-life of plasma epinephrine, a time-associated curve, in-
stead of a single point, may have better described its associa-
tion with the hemodynamic parameters. Finally, since we used
alaboratory-based mental stress test, further study is needed
to determine whether the changes we observed during the
laboratory protocol reflect endothelial function changes with
stressors in everyday life.

. |
Conclusions

In individuals with CAD, impairment of endothelium-
dependent relaxation in conduit arteries provoked by mental
stress, as assessed by FMD, is associated with adverse cardio-
vascular outcomes beyond traditional cardiovascular risk in-
dicators and prestress FMD. These results highlight the role of
endothelial dysfunction as a central player linking emotional
stress to atherosclerosis progression and worse clinical out-
comes in patients with CAD.
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