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Abstract

IMPORTANCE Posttraumatic stress disorder (PTSD) is prevalent among patients who survived an
acute coronary syndrome and is associated with adverse outcomes, but the mechanisms underlying
these associations are unclear.

OBJECTIVE To evaluate the association of PTSD with mental stress–induced myocardial ischemia
among individuals who survived a myocardial infarction (MI).

DESIGN, SETTING, AND PARTICIPANTS This cross-sectional study included 303 patients aged 18
to 60 years enrolled from a university-affiliated network. Participants had a verified history of MI
within 8 months. Data were collected from June 2011 to March 2016, and data analysis was
conducted from March to June 2019.

EXPOSURES A clinical diagnosis of PTSD (lifetime and current) was obtained using the Structured
Clinical Interview from the Diagnostic and Statistical Manual of Mental Disorders (Fourth Edition), and
PTSD symptom subscales were assessed with the civilian version of the PTSD Symptom Checklist.

MAIN OUTCOMES AND MEASURES Patients received technetium 99m–labeled sestamibi
myocardial perfusion imaging at rest, with mental stress (ie, a speech task) and conventional stress
(ie, exercise or pharmacologic). A summed difference score (ie, the difference between stress and
rest scores) was used to assess ischemia under both stress conditions.

RESULTS Among 303 participants (148 [48.8%] women; 198 [65.3%] African American; mean [SD]
age, 51 [7] years), the prevalence of PTSD was 14.5% (44 patients). Patients with PTSD had a higher
rate of ischemia with mental stress than those without PTSD (12 of 44 [27.3%] vs 38 of 259 [14.7%];
P = .04) and more than twice the mean number of ischemic segments (1.2 [95% CI, 0.5-1.8] vs 0.5
[95% CI, 0.3-0.7]; P < .001), but there was no difference in conventional stress ischemia (10 of 44
[22.7%] vs 60 of 259 [23.2%]; P = .91). Increasing levels of PTSD symptoms were associated with
higher odds of ischemia with mental stress (adjusted odds ratio [OR] per 5-point score increase, 1.18;
95% CI 1.04-1.35; P = .01) but not with conventional stress (adjusted OR per 5-point score increase,
1.05; 95% CI, 0.92-1.21; P = .47). Reexperiencing trauma was the symptom cluster most robustly
associated with the presence of ischemia with mental stress (adjusted OR per 5-point score increase,
1.87; 95% CI 1.21-2.91; P = .005), followed by avoidance and numbing (adjusted OR per 5-point score
increase, 1.51; 95% CI, 1.07-2.14; P = .02).

CONCLUSIONS AND RELEVANCE In this study of young and middle-aged individuals with MI, with
a large representation of women and patients from racial/ethnic minority groups, PTSD was
associated with the development of myocardial ischemia with mental stress. A higher ischemic
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Abstract (continued)

response to mental stress represents a potential pathway associating PTSD with adverse outcomes
after MI.

JAMA Network Open. 2020;3(4):e202734. doi:10.1001/jamanetworkopen.2020.2734

Introduction

Posttraumatic stress disorder (PTSD) is prevalent in individuals who have survived a myocardial
infarction (MI)1-3 and is associated with recurrent events and mortality.4-7 The precise mechanisms
through which PTSD may increase the risk of adverse cardiovascular outcomes are not fully
understood. Poor health behaviors,8 inflammation,9,10 and abnormal autonomic function11,12 have
been linked to both PTSD and coronary heart disease (CHD) but whether these factors fully explain
the increased risk associated with PTSD is debatable.3

Another possible mechanism mediating the association between PTSD and adverse outcomes
after MI is that patients with MI and comorbid PTSD might be susceptible to developing myocardial
ischemia during psychologic stress. People with PTSD have a dysregulated hypothalamic-pituitary-
adrenal axis and sympathetic adrenal-medullary system,13-15 potentially making them more
vulnerable to stress-induced adverse cardiovascular consequences. Repeated hypothalamic-
pituitary-adrenal axis and sympathetic adrenal-medullary system activation by stressful exposures,
such as trauma reminders in PTSD, could lead to long-term microvascular dysfunction, epicardial
disease, endothelial injury, and inflammation,16-20 increasing the propensity for mental stress–
induced myocardial ischemia (MSIMI).21,22 Mental stress–induced myocardial ischemia is a common
phenomenon in patients with stable CHD21,23 and is associated with twice the risk of cardiac events
and death.24 This phenomenon can be studied experimentally in the laboratory by using a
standardized mental stress test, but, to our knowledge, it has never been evaluated with respect
to PTSD.

Symptoms of PTSD are divided in 3 distinct subscales, as follows: (1) reexperiencing the
traumatic events, such as through dreams, flashbacks, and intrusive, distressing thoughts; (2)
avoidance of trauma reminders and numbing of emotions; and (3) hyperarousal, such as disturbed
sleep, difficulty concentrating, irritability, and hypervigilance.25 These symptom subscales may index
different vulnerability pathways for adverse health consequences among patients with PTSD. For
instance, in a previous study,10 we demonstrated that the reexperiencing trauma symptom cluster
was associated with the exacerbated inflammatory response to mental stress seen in patients with
comorbid PTSD and MI.

In a sample of young and middle-aged men and women with a recent MI, we sought to
determine whether the presence of PTSD and the severity of PTSD symptoms were associated with
MSIMI. We also evaluated whether hemodynamic responses (eg, blood pressure and heart rate) and
vascular responses to mental stress differed by PTSD status, given that these could help explain the
association of PTSD with MSIMI. Finally, we explored whether specific PTSD symptom clusters were
associated with MSIMI, with the hypothesis that the reexperiencing trauma symptom cluster would
be most strongly associated with MSIMI. As a control condition, we evaluated the same patients to
see whether PTSD was associated with conventional stress–induced myocardial ischemia (CSIMI),
provoked by either pharmacologic or exercise stress testing.

Methods

Study Design and Participants
Between June 2011 and March 2016, we enrolled 313 patients with recent MI (159 [50.8%] men; 154
[49.2%] women) in the Myocardial Infarction and Mental Stress Study 2. The methods of this study
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have been previously described.23 Patients with MI were recruited from the pool of patients who
were admitted with a documented MI in the previous 8 months (ie, index MI) at Emory University–
affiliated hospitals in Atlanta, Georgia, and who were aged 18 to 60 years at the time of screening.
The diagnosis of MI (type 1) was verified by medical record review based on standard criteria of a
troponin level increase and electrocardiogram changes.26 Patients were selected so that
approximately 50% of the sample would be women. Angiographic data were obtained from the
coronary angiogram reports associated with the index MI, and the severity of coronary artery disease
was quantified using the Gensini score.27 Scoring took into account revascularized vessels for the
patients that received such interventions by examining angiograms after the intervention. This
research was approved by the Emory University institutional review board. Written informed consent
was obtained from all participants enrolled in the study. This study followed the reporting
requirements of the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
reporting guideline.28 For a complete description of the study population, see eAppendix 1 in the
Supplement.

Measurements
Assessment of PTSD
Current (ie, past month) history of PTSD was assessed using the Structured Clinical Interview for
Diagnostic and Statistical Manual of Mental Disorders (Fourth Edition) (DSM-IV), which provides a
clinical diagnosis of psychiatric disorders.29 Symptoms of PTSD were assessed using the civilian
version of the PTSD Symptom Checklist, a 17-item scale that assesses PTSD symptoms in the past
month.30 The 17 items from the PTSD Symptom Checklist scale were further used to calculate the
severity of symptoms during the last month on the following 3 subscales: reexperiencing trauma
(items 1-5); avoidance and numbing (items 6-12); and arousal (items 13-17).29 We also assessed
depressive symptoms using the Beck Depression Inventory, a 21-item self-administered scale,31 and
general perceived stress with the Perceived Stress Scale.32

Mental Stress Testing Procedure
Patients were tested in the morning after a 12-hour fast. In a quiet, dimly lit, temperature-controlled
(ie, 21-23 °C) room, vital signs were measured after a 30-minute rest period, and mental stress was
induced by a standardized public speaking task.33 For a complete description of the mental stress
procedure, see eAppendix 2 in the Supplement.

Conventional Stress Testing
On a separate day within 1 week of the mental stress test, conventional stress testing was performed
using the Bruce protocol or, when contraindicated, pharmacologic testing with regadenoson. The
radioisotope injection was given at peak exertion during the exercise test or immediately after the
regadenoson injection.

Vascular Testing
Before and after the mental stress test, peripheral vasoconstriction using Endo-PAT 2000 (Itamar
Medical) and endothelium-dependent brachial artery flow-mediated vasodilation (FMD) were
measured, as described previously.21,34-36 For a complete description of the vascular function
measurements, see eAppendix 3 in the Supplement.

Single-Photon Emission Computed Tomography Imaging
Myocardial perfusion imaging with technetium 99m–labeled sestamibi–single-photon emission
computed tomography (SPECT) was performed at rest, after mental stress, and after conventional
stress according to standard protocols.37 For a complete description of the SPECT imaging
interpretation, see eAppendix 4 in the Supplement.
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Other Measures
High-sensitivity C-reactive protein levels were measured from serum samples collected prestress
(n = 554) using the electrochemiluminescence system by MesoScale and the SECTOR Imager 2400
(Meso Scale Diagnostics). The lower limit of detection was 1.33 × 107 mg/dL (to convert to milligrams
per liter, multiply by 10), and interassay and intraassay coefficients of variations were 3.06% and
2.33%, respectively.

Statistical Analysis
Patient characteristics were compared by PTSD status, and differences were tested using t tests or
Mann-Whitney-Wilcoxon tests for continuous variables and χ2 tests for categorical variables. The
natural logarithmic transformation was used for nonnormally distributed variables (ie, peripheral
arterial tonometry ratio and Gensini score). Logistic regression analysis was used to derive odds
ratios (ORs) for the association of PTSD symptom severity with the presence of MSIMI or CSIMI after
adjusting for CHD risk factors. Continuous variables were inspected for deviations from linearity in
the logistic model. All analyses were conducted before and after adjusting for possible confounding
factors considered a priori, including demographic factors (ie, sex, age, race, years of education),
lifestyle and clinical risk factors (ie, smoking, body mass index, diabetes, hypertension, ST-segment
myocardial infarction, dyslipidemia, ejection fraction, left ventricular ejection fraction, high-
sensitivity C-reactive protein level, Gensini coronary artery disease severity score, resting perfusion
defect severity [ie, the SPECT summed rest score], statin use, clopidogrel use, DSM-IV diagnosis for
depression, and antidepressant use). Statistical significance was set at P < .05, and all tests were
2-tailed. All statistical analyses were conducted using SAS statistical software version 9.4 (SAS
Institute).

Results

Of 303 patients (148 [48.8%] women; 198 [65.3%] African American; mean [SD] age, 51 [7] years)
with stable CHD included in the analysis, 44 (14.5%) had history of PTSD as determined by a
Structured Clinical Interview for DSM-IV interview, and the median (interquartile range [IQR]) PTSD
symptom score was 50 (34-59) in this group vs 25 (20-34) in the group without PTSD (P < .001)
(Table 1). Patients with PTSD, compared with those without PTSD, were more likely to be African
American (36 [81.8%] vs 162 [62.5%]; P = .04), to have a history of depression (33 [75.0%] vs 74
[28.6%]; P < .001), to have a higher median (IQR) Perceived Stress Scale score (23 [17-26] vs 15
[9-21]; P < .001), and to have a higher median (IQR) Beck Depression Inventory score (20 [12-25] vs
8 [4-16]; P < .001). In terms of medications, patients with PTSD, compared to those without, were
less likely to take clopidogrel (25 [56.8%] vs 185 [71.4%]; P = .04) and statins (31 [70.5%] vs 224
[86.5%]; P = .01). A comparison of resting hemodynamics and vascular function between patients
with and without PTSD showed that patients with PTSD and MI had a lower mean (SD) resting FMD
(3.7% [2.0%] vs 3.9% [2.8%]; P = .01), but other resting hemodynamic and vascular parameters
were similar. Otherwise, the groups shared similar clinical characteristics.

Hemodynamic, Vascular, and Subjective Response to Mental and Conventional Stress
Overall, hemodynamic responses (ie, blood pressure and heart rate) to mental stress were similar in
patients with PTSD compared with patients without PTSD (Table 2). However, patients with PTSD
showed a larger mean (SD) FMD decrease with mental stress compared with patients without PTSD
(−2.0 [1.6] percentage points vs −1.7 [2.2] percentage points; P = .02), indicating a more pronounced
transient endothelial dysfunction with mental stress. In contrast, there were no significant
differences between groups in peripheral arterial tonometry ratio, subjective distress, or reactive
hyperemia index changes with mental stress. During conventional stress, patients with and without
PTSD demonstrated similar exercise tolerance. Overall, there were no differences in any of the
hemodynamic and vascular responses to conventional stress between patients from these groups.
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Table 1. Characteristics of the Study Population by PTSD Status

Characteristic

No. (%)

P value
With PTSD
(n = 44)

No PTSD
(n = 259)

Demographic characteristics

Age, mean (SD), y 50 (8) 51 (6) .29

Women 27 (61.4) 121 (46.7) .09

African American 36 (81.8) 162 (62.5) .04

Married or living with a partner 16 (36.4) 115 (44.4) .32

Education, mean (SD), y 13 (2) 14 (3) .06

PTSD Symptom Checklist score, median (IQR)

Total 50 (34-59) 25 (20-34) <.001

Reexperiencing trauma symptoms 13 (9-18) 6 (5-10) <.001

Hyperarousal symptoms 18 (10-19) 10 (6-11) <.001

Avoidance and numbing symptoms 14 (12-24) 8 (8-14) <.001

Psychosocial risk factors

History of major depression 33 (75.0) 74 (28.6) <.001

Beck Depression Inventory score, median (IQR) 20 (12-25) 8 (4-16) <.001

Perceived Stress Scale score, median (IQR) 23 (17-26) 15 (9-21) <.001

Cardiovascular risk factors

BMI, mean (SD) 32 (9) 31 (7) .36

Smoking status

Never 19 (43.2) 118 (45.6)

.61Past 12 (27.3) 82 (31.7)

Current 13 (29.5) 59 (22.8)

Baseline HsCRP, mean (SD), mg/dL 0.8 (1.1) 0.6 (0.9) .14

Diabetes 16 (36.4) 81 (31.3) .50

Hypertension 40 (90.9) 207 (79.9) .08

Dyslipidemia 33 (75.0) 211 (81.5) .32

Clinical characteristics

STEMI 14 (31.8) 74 (28.6) .93

Summed rest score, mean (SD) 3.7 (6.9) 3.7 (6.1) .62

Ejection fraction, mean (SD), % 51 (12) 51 (12) .93

Gensini angiographic severity score, median (IQR) 0 (0-12) 2.5 (0-11) .91

History of MI before index MI 14 (31.8) 48 (18.5) .03

History of heart failure 7 (15.9) 23 (8.9) .15

History of CABG 10 (22.7) 52 (20.1) .69

History of PCI 26 (59.1) 185 (71.4) .10

Medications

Statins 31 (70.5) 224 (86.4) .01

β-blockers 39 (88.6) 219 (84.6) .55

Aspirin 34 (77.3) 210 (81.1) .49

Clopidogrel 25 (56.8) 185 (71.4) .04

ACE inhibitors 26 (59.1) 117 (45.2) .10

Antidepressants 8 (18.2) 43 (16.6) .81

Resting hemodynamics

Systolic blood pressure, mean (SD), mm Hg 138 (25) 134 (21) .30

Diastolic blood pressure, mean (SD), mm Hg 78 (14) 75 (12) .15

Heart rate, mean (SD), bpm 68 (13) 66 (11) .37

RPP, mean (SD), beat × mm Hg/min/1000 9 (3) 9 (2) .34

Resting vascular function

RHI, mean (SD) 1.7 (0.5) 1.8 (0.6) .29

FMD, mean (SD), % 3.7 (2.0) 3.9 (2.8) .01

Abbreviations: ACE, angiotensin-converting enzyme;
BMI, body mass index (calculated as weight in
kilograms divided by height in meters squared); bpm,
beats per minute; CABG, coronary artery bypass graft;
FMD, flow-mediated vasodilation; HsCRP, high-
sensitivity C-reactive protein; IQR, interquartile range;
MI, myocardial infarction; PCI, percutaneous coronary
intervention; PTSD, posttraumatic stress disorder;
RHI, reactive hyperemia index; RPP, rate pressure
product; STEMI, ST-segment elevation MI.

SI conversion factor: To convert HsCRP to milligrams
per liter, multiply by 10.
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Myocardial Perfusion
Conventional stress testing was performed with a treadmill test among 214 patients (70.6%), and the
remaining 89 had a pharmacologic stress test. Incidences of MSIMI and CSIMI were 16.5% (50
patients) and 23.1% (70 patients), respectively (Table 3). Among patients who developed MSIMI, 20
(40.0%) also developed CSIMI; MSIMI was present in 38 patients (14.7%) without PTSD and 12
patients (27.3%) with PTSD (P = .04) (Table 3). In contrast, there was no difference in CSIMI between
patients with and without PTSD (10 patients [22.7%] vs 60 [23.2%]; P = .91). Results remained
consistent when examining the mean (SD) number of ischemic segments (1.2 [95% CI, 0.5-1.8] vs 0.5
[95% CI, 0.3-0.7]; P < .001) and when expressing ischemia as a percentage of ischemic myocardium.

Consistent with these findings, increasing levels of PTSD symptoms were associated with higher
occurrence of MSIMI but not CSIMI (Table 4). For each 5-point increase in PTSD symptoms, the
unadjusted OR for MSIMI was 1.11 (95% CI, 1.01-1.23; P = .04). These associations were unchanged
after controlling for demographic factors, lifestyle factors, and clinical risk factors (adjusted OR, 1.18;
95% CI, 1.04-1.35; P = .01) but not with conventional stress (adjusted OR, 1.05; 95% CI,
0.92-1.21; P = .47).

Next, we analyzed PTSD symptoms according to 3 DSM-IV symptom subscales, ie,
reexperiencing trauma; avoidance and numbing; and arousal (Table 5). Reexperiencing trauma was

Table 2. Unadjusted Differences in Hemodynamic, Vascular, and Subjective Responses to Stress
by PTSD Status (N = 303)

Response With PTSD No PTSD P value
Mental stress

Change in hemodynamic responses, mean (SD)a

Blood pressure, mm Hg

Systolic 43 (17) 45 (15) .70

Diastolic 29 (12) 28 (11) .61

Heart rate, bpm 25 (17) 25 (14) .92

RPP, beat × mm Hg/min/1000 6 (4) 6 (3) .45

Vascular responses, mean (SD)

RHI

Poststress 1.6 (5.7) 1.7 (6.1) .72

Changeb −1.0 (4.5) −0.3 (5.2) .25

FMD, %

Poststress 1.7 (1.9) 2.2 (2.4) .07

Changeb −2.0 (1.6) −1.7 (2.2) .02

PAT ratioc 0.8 (0.4) 0.8 (0.5) .41

Change in Subjective Units of Distress scaled 31 (33) 24 (30) .14

Conventional stress

Change in hemodynamic responses, mean (SD)a

Blood pressure, mm Hg

Systolic 64 (25) 58 (22) .15

Diastolic 11 (12.5) 12 (14) .33

Heart rate, bpm 72 (28) 72 (27) .97

RPP, beat × mm Hg/min/1000 15 (7) 16 (6) .69

Maximum work level, median (IQR), MET 8.1 (6.7-10.4) 9.4 (7.0-10.8) .29

Minutes on treadmill, median (IQR), min 7.1 (5.1-8.4) 7.7 (5.9-9.5) .17

Vascular responses, mean (SD)

RHI

Poststress 1.7 (5.0) 1.7 (5.3) .61

Changeb −0.02 (5.3) −0.35 (5.7) .69

FMD, %

Poststress 2.6 (2.2) 2.7 (2.2) .65

Changeb −1.2 (2.2) −1.1 (2.7) .13

Abbreviations: bpm, beats per minute; FMD, flow-
mediated vasodilation; IQR, interquartile range; MET,
metabolic equivalents of task; PAT, peripheral arterial
tonometry; PTSD, posttraumatic stress disorder; RHI,
reactive hyperemia index; RPP, rate pressure product.
a Difference between maximum value during stress

and minimum value during rest.
b Difference between posttest and pretest values; a

negative value indicates worsened vascular function.
c Ratio of pulse wave amplitude during the speaking

task over the resting baseline, with lower values
indicating greater vasoconstriction.

d Difference between posttest and pretest values; a
positive value indicates higher distress with
mental stress.
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the symptom cluster most robustly associated with MSIMI (adjusted OR per 5-point increase in
symptom score, 1.87; 95% CI, 1.21-2.91; P = .005), followed by avoidance and numbing (adjusted OR
per 5-point increase in symptom score, 1.51; 95% CI, 1.07-2.14; P = .02). Arousal symptoms were not

Table 3. Unadjusted Differences in Myocardial Ischemia Measures by PTSD Status

Measure

No. (%)

P valueWith PTSD (n = 44) No PTSD (n = 259)
Mental stress

Myocardial ischemia 12 (27.2) 38 (14.7) .04

Ischemic segments, mean (95% CI), No. 1.2 (0.5-1.8) 0.5 (0.3-0.7) <.001

LV with inducible ischemia, %

0 32 (72.7) 200 (77.2)

<.001a
>0 to <5 3 (6.8) 29 (11.2)

≥5 to <10 3 (6.7) 16 (6.2)

≥10 6 (13.6) 10 (3.9)

Conventional stress

Myocardial ischemia 10 (22.7) 60 (23.2) .91

Ischemic segments, mean (95% CI), % 1.1 (0.5-1.7) 1.1 (0.8-1.3) .95

LV with inducible ischemia, %

0 33 (75.0) 167 (64.5)

.26a
>0 to <5 1 (2.3) 28 (10.8)

≥5 to <10 2 (4.5) 32 (12.4)

≥10 8 (18.2) 28 (10.8)

Abbreviations: PTSD, posttraumatic stress disorder;
LV, left ventricle.
a Mantel-Haenszel test for linear trend.

Table 4. Association of Posttraumatic Stress Disorder Severity With Myocardial Ischemia With Mental Stress
or Conventional Stress

Model

Myocardial ischemia with
mental stress

Myocardial ischemia with
conventional stress

5-Point score
increase,
OR (95% CI) P value

5-Point score
increase,
OR (95% CI) P value

Unadjusted 1.11 (1.01-1.23) .04 1.03 (0.94-1.13) .51

Adjusted for sociodemographic and lifestyle
factorsa

1.12 (1.00-1.24) .05 1.00 (0.90-1.11) .99

Adjusted for sociodemographic and lifestyle
factors as well as CHD risk factors,
medical history, and CHD severityb

1.13 (1.01-1.28) .04 1.00 (0.89-1.12) .98

Adjusted for sociodemographic, lifestyle,
and health factors plus psychosocial factorsc

1.18 (1.04-1.35) .01 1.05 (0.92-1.21) .47

Abbreviations: CHD, coronary heart disease; OR,
odds ratio.
a Adjusted for age, race (black vs nonblack), years of

education, current smoking, and body mass index.
b Adjusted for hypertension, dyslipidemia, diabetes

mellitus, ST-segment myocardial infarction, left
ventricular ejection fraction, high-sensitivity
C-reactive protein level, Gensini coronary artery
disease severity score, resting perfusion defect
severity (summed rest score), and statin and
clopidogrel use.

c Adjusted for Diagnostic and Statistical Manual of
Mental Disorders (Fourth Edition) diagnosis for
depression and antidepressant use.

Table 5. Association of Subscales of Posttraumatic Stress Disorder Symptoms With Myocardial Ischemia
With Mental Stress or Conventional Stress

Subscalea

Myocardial ischemia with
mental stress

Myocardial ischemia with
conventional stress

5-Point score
increase,
OR (95% CI) P value

5-Point score
increase,
OR (95% CI) P value

Reexperiencing trauma

Unadjusted 1.53 (1.12-2.08) .007 1.12 (0.84-1.51) .43

Adjustedb 1.87 (1.21-2.91) .005 1.06 (0.77-1.44) .73

Avoidance and numbing

Unadjusted 1.27 (1.00-1.62) .05 1.03 (0.82-1.29) .80

Adjustedb 1.51 (1.07-2.14) .02 1.00 (0.78-1.26) .94

Arousal

Unadjusted 1.20 (0.88-1.63) .24 1.14 (0.87-1.50) .34

Adjustedb 1.42 (0.93-2.16) .10 1.06 (0.79-1.42) .69

Abbreviation: OR, odds ratio.
a Subscales of posttraumatic stress disorder

symptoms were calculated from the PTSD Symptom
Checklist scale.

b Adjusted for age, race (black vs nonblack), years of
education, current smoking, body mass index,
hypertension, dyslipidemia, diabetes mellitus,
ST-segment myocardial infarction, left ventricular
ejection fraction, high-sensitivity C-reactive protein
level, Gensini coronary artery disease severity score,
and resting perfusion defect severity (summed rest
score), Diagnostic and Statistical Manual of Mental
Disorders (Fourth Edition) diagnosis for depression,
and antidepressant, statin, and clopidogrel use.
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significantly associated with increased odds of MSIMI (adjusted OR per 5-point increment in
symptom score, 1.42; 95% CI, 0.93-2.16; P = .10).

To assess potential vascular mechanisms of differences in MSIMI for patients with vs without
PTSD, we examined whether resting hemodynamic and vascular measures and their changes with
mental stress explained differences in MSIMI. However, no vascular or hemodynamic measurements
were associated with ischemia with either mental or conventional stress by PTSD status (data
not shown).

Discussion

In a well-characterized sample of survivors of a recent MI, we showed that patients with PTSD were
nearly twice as likely as those without PTSD to develop MSIMI, but not CSIMI. Furthermore, worse
PTSD symptoms, especially on the symptom subscales of reexperiencing trauma and avoidance and
numbing, were associated with an increase in the odds of developing MSIMI, but not CSIMI. These
findings were independent of clinical and behavioral risk factors. While we did not find differences in
hemodynamic responses and peripheral vasoconstriction during mental stress by PTSD status,
patients with MI and PTSD had a lower FMD at rest and a more pronounced FMD decline after mental
stress, indicating impairment in endothelial function.

Posttraumatic stress disorder is a disabling mental health disorder that is prevalent among
patients who have survived an acute coronary syndrome or other acute life-threatening illness.1,38

Although it remains uncertain whether PTSD was a consequence of the acute coronary syndrome or
was preexisting, the prevalence of PTSD in our study (ie, 14.5%) was similar to what was previously
reported (ie, 16%).1-3

In previous studies of patients with MI or other acute coronary syndromes, PTSD was
independently associated with a doubling of recurrent events and mortality, but the underlying
mechanisms remained speculative.3 In this study, we provided insights into a risk mechanism that
associates PTSD with MSIMI. Notably, PTSD was specifically associated with ischemia provoked by
mental stress, not ischemia provoked by exercise or pharmacologic stress. These results suggest a
sensitivity for patients with MI and PTSD toward ischemia in response to an emotional stressor rather
than a physical stressor. Turner et al7 studied a predominantly male veteran population and reported
an independent association of PTSD with myocardial ischemia induced by exercise stress testing.
This divergence from our results could be owing to differences in study populations, given that all
participants in our study had a recent MI while the participants in the study by Turner et al7 were a
mixed sample of outpatients. The higher risk status of participants in this study could have
attenuated differences in the presence of CSIMI between those with and without PTSD.

It is unlikely that reverse causation is an explanation for the association between PTSD and
MSIMI, ie, that a higher severity index MI could cause both PTSD symptoms and a propensity for
ischemia. There were no differences in clinical severity indicators between patients with and without
PTSD, except for a higher prevalence of an MI prior to the index event and a tendency for lower use
of cardiovascular medications among those with PTSD. Furthermore, the association between PTSD
and MSIMI persisted even after adjusting for indicators of coronary artery disease severity, such as
Gensini score, left ventricular ejection fraction, resting perfusion defects, high-sensitivity C-reactive
protein level, and statin and clopidogrel use.

The symptom cluster most strongly associated with MSIMI was reexperiencing trauma, followed
by avoidance and numbing, while hyperarousal was not significantly associated with MSIMI. This is
consistent with our prior results,10 which associated symptoms of reexperiencing trauma with higher
interleukin-6 response to mental stress in the same patient population. However, whether
inflammation is directly associated with MSIMI is still unclear, given that previous literature has
yielded mixed results.22,39

In addition to upregulating the transcription of proinflammatory immune response genes,22,40

activation of the sympathetic nervous system and withdrawal of the parasympathetic nervous
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system with mental stress can cause myocardial ischemia through an increase in heart rate, blood
pressure, and peripheral vasoconstriction.21 However, in our study, there were no differences in
hemodynamic responses or most vascular responses to mental stress between patients with and
without PTSD, suggesting that these mechanisms of MSIMI may not play a large role in our results.

Poor endothelial function is a potential mechanism for the higher occurrence of MSIMI in
patients with MI and PTSD. We found that patients with MI and PTSD had lower baseline FMD than
those without PTSD, which is consistent with previous results in the general population.21,41,42

Furthermore, we showed that patients with PTSD had a larger decline in FMD with mental stress
compared with patients without PTSD. Increased sympathetic tone during mental stress induces
vasoconstriction of peripheral arteries, especially in the microvascular bed, and a decline in the nitric
oxide–mediated vasodilatory response through α1-adrenergic receptor activation; an endothelin
1–dependent pathway may also be implicated.21,41,42 This differs from physical exertion, which causes
a vasodilator response through a β2-adrenoceptor mechanism. Thus, patients with MI and PTSD may
experience a more substantial reduction in nitric oxide in the vascular wall in response to emotional
stress than those without PTSD. Endothelial dysfunction measured peripherally with FMD is not a
strong risk factor for MSIMI,43 and in our study, peripheral vascular measures and their changes with
mental stress did not explain differences in MSIMI by PTSD status. However, these findings do not
exclude a mechanistic role of endothelial dysfunction at the coronary level, given that the coronary
microvascular response to mental stress is primarily endothelium dependent.44 Although SPECT
myocardial perfusion imaging primarily assesses epicardial, not microvascular, coronary disease,
mental stress can also cause coronary epicardial vasoconstriction.44

While the underlying mechanism linking PTSD to MSIMI in patients who have survived MI still
needs clarification, the implications of our results are that during daily life, patients with MI and PTSD
may undergo repeated episodes of mental stress and neurohormonal activation through
reexperiencing symptoms, which may result in episodes of silent myocardial ischemia. The latter, in
conjunction with stress-induced transient endothelial dysfunction, epicardial coronary artery
vasoconstriction,44 and increased inflammation, can contribute to increased risk of adverse
outcomes.

Limitations and Strengths
This study has limitations. The extent of inducible ischemia with mental stress was overall relatively
mild, and because we lacked outcome data, the clinical significance of our findings needs further
study. It is possible that the speech task we used for mental stress testing (although an established
method in studies of patients with CHD where ischemia is assessed with technetium 99m–labeled
sestamibi perfusion imaging) may have limited sensitivity or specificity for the assessment of MSIMI
and other cardiovascular responses to acute stress in individuals with PTSD. Potentially, a mental
stress test based on trauma recall could elicit greater responses in individuals with PTSD. However, if
this were an issue, it would likely bias the estimates toward the null. Furthermore, our study was
conducted at a single institution, and generalizability to other populations and settings need further
investigation.

Despite these limitations, this remains, to our knowledge, the only study of MSIMI and PTSD
among patients with a recent history of MI. The experimental design, the inclusion of a control
condition of conventional stress testing, and the large number of women and individuals from racial/
ethnic minority groups are unique strengths of our investigation. Also, we used myocardial perfusion
imaging, which remains the criterion standard for assessment of ischemia and has important
advantages for mental stress testing because the radioisotope is injected during the speech task and
provides a snapshot of perfusion at the time of acute stress.
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Conclusions

In this study of a well-characterized sample of survivors of a recent MI, PTSD was associated with a
2-fold higher likelihood of developing ischemia with mental stress but not with conventional stress.
The PTSD symptom cluster of reexperiencing trauma showed the strongest association with MSIMI.
Our results highlight MSIMI as a novel potential pathway of risk in PTSD and are consistent with the
hypothesis that traumatic reminders could lead to repeated episodes of MSIMI in daily life, leading
to worse cardiovascular outcomes in patients with MI and PTSD.

ARTICLE INFORMATION
Accepted for Publication: February 11, 2020.

Published: April 14, 2020. doi:10.1001/jamanetworkopen.2020.2734

Open Access: This is an open access article distributed under the terms of the CC-BY License. © 2020 Lima BB et al.
JAMA Network Open.

Corresponding Author: Viola Vaccarino, MD, PhD, Department of Epidemiology, Rollins School of Public Health,
Emory University, 1518 Clifton Rd NE, Atlanta, GA 30322 (viola.vaccarino@emory.edu).

Author Affiliations: Department of Epidemiology, Rollins School of Public Health, Emory University, Atlanta,
Georgia (Lima, Pearce, Shah, Sullivan, Lewis, Li, Raggi, Vaccarino); Division of Cardiology, Department of Medicine,
Emory University School of Medicine, Atlanta, Georgia (Lima, Hammadah, Shah, Moazzami, Kim, Levantsevych,
Quyyumi, Vaccarino); Atlanta VA Medical Center, Decatur, Georgia (Shah, Bremner); Department of Biostatistics
and Bioinformatics, Rollins School of Public Health, Emory University, Atlanta, Georgia (Weng, Elon); Mazankowski
Alberta Heart Institute, University of Alberta, Edmonton, Alberta, Canada (Raggi); Departments of Psychiatry,
Emory University School of Medicine, Atlanta, Georgia (Bremner); Behavioral Sciences and Radiology, Emory
University School of Medicine, Atlanta, Georgia (Bremner).

Author Contributions: Dr Vaccarino had full access to all of the data in the study and takes responsibility for the
integrity of the data and the accuracy of the data analysis.

Concept and design: Lima, Hammadah, Shah, Raggi, Bremner, Quyyumi, Vaccarino.

Acquisition, analysis, or interpretation of data: Lima, Hammadah, Pearce, Shah, Moazzami, Kim, Sullivan,
Levantsevych, Lewis, Weng, Elon, Li, Raggi, Bremner, Vaccarino.

Drafting of the manuscript: Lima, Li, Raggi, Vaccarino.

Critical revision of the manuscript for important intellectual content: Lima, Hammadah, Pearce, Shah, Moazzami,
Kim, Sullivan, Levantsevych, Lewis, Weng, Elon, Raggi, Bremner, Quyyumi, Vaccarino.

Statistical analysis: Lima, Elon, Li.

Obtained funding: Raggi, Bremner, Quyyumi, Vaccarino.

Administrative, technical, or material support: Kim, Levantsevych, Weng, Bremner, Vaccarino.

Supervision: Shah, Raggi, Bremner, Vaccarino.

Conflict of Interest Disclosures: None reported.

Funding/Support: This work was supported by grants R01 HL109413, R01HL109413-02S1, R01 HL125246, R01
HL136205, R01 HL088726, P01 HL101398, KL2TR000455, K24HL077506, K24 MH076955, K23HL127251, T32
HL130025A, K12HD085850, and UL1TS002378 from the National Institutes of Health.

Role of the Funder/Sponsor: The funder had no role in the design and conduct of the study; collection,
management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and
decision to submit the manuscript for publication.

REFERENCES
1. Edmondson D, Kronish IM, Shaffer JA, Falzon L, Burg MM. Posttraumatic stress disorder and risk for coronary
heart disease: a meta-analytic review. Am Heart J. 2013;166(5):806-814. doi:10.1016/j.ahj.2013.07.031

2. Edmondson D, Richardson S, Falzon L, Davidson KW, Mills MA, Neria Y. Posttraumatic stress disorder prevalence
and risk of recurrence in acute coronary syndrome patients: a meta-analytic review. PLoS One. 2012;7(6):e38915.
doi:10.1371/journal.pone.0038915

3. Edmondson D, von Känel R. Post-traumatic stress disorder and cardiovascular disease. Lancet Psychiatry. 2017;
4(4):320-329. doi:10.1016/S2215-0366(16)30377-7

JAMA Network Open | Cardiology PTSD and Mental Stress–Induced Myocardial Ischemia

JAMA Network Open. 2020;3(4):e202734. doi:10.1001/jamanetworkopen.2020.2734 (Reprinted) April 14, 2020 10/12

Downloaded From: https://jamanetwork.com/ on 05/22/2023

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2020.2734&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2020.2734
https://jamanetwork.com/journals/jamanetworkopen/pages/instructions-for-authors#SecOpenAccess/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2020.2734
mailto:viola.vaccarino@emory.edu
https://dx.doi.org/10.1016/j.ahj.2013.07.031
https://dx.doi.org/10.1371/journal.pone.0038915
https://dx.doi.org/10.1016/S2215-0366(16)30377-7


4. Bedi US, Arora R. Cardiovascular manifestations of posttraumatic stress disorder. J Natl Med Assoc. 2007;99
(6):642-649.

5. Kubzansky LD, Koenen KC, Spiro A III, Vokonas PS, Sparrow D. Prospective study of posttraumatic stress
disorder symptoms and coronary heart disease in the Normative Aging Study. Arch Gen Psychiatry. 2007;64(1):
109-116. doi:10.1001/archpsyc.64.1.109

6. Vaccarino V, Goldberg J, Rooks C, et al. Post-traumatic stress disorder and incidence of coronary heart disease:
a twin study. J Am Coll Cardiol. 2013;62(11):970-978. doi:10.1016/j.jacc.2013.04.085

7. Turner JH, Neylan TC, Schiller NB, Li Y, Cohen BE. Objective evidence of myocardial ischemia in patients with
posttraumatic stress disorder. Biol Psychiatry. 2013;74(11):861-866. doi:10.1016/j.biopsych.2013.07.012

8. Zen AL, Whooley MA, Zhao S, Cohen BE. Post-traumatic stress disorder is associated with poor health
behaviors: findings from the Heart and Soul Study. Health Psychol. 2012;31(2):194-201. doi:10.1037/a0025989

9. Passos IC, Vasconcelos-Moreno MP, Costa LG, et al. Inflammatory markers in post-traumatic stress disorder:
a systematic review, meta-analysis, and meta-regression. Lancet Psychiatry. 2015;2(11):1002-1012. doi:10.1016/
S2215-0366(15)00309-0

10. Lima BB, Hammadah M, Wilmot K, et al. Posttraumatic stress disorder is associated with enhanced
interleukin-6 response to mental stress in subjects with a recent myocardial infarction. Brain Behav Immun. 2019;
75:26-33. doi:10.1016/j.bbi.2018.08.015

11. Shah A, Vaccarino V. Heart rate variability in the prediction of risk for posttraumatic stress disorder. JAMA
Psychiatry. 2015;72(10):964-965. doi:10.1001/jamapsychiatry.2015.1394

12. Shah AJ, Lampert R, Goldberg J, Veledar E, Bremner JD, Vaccarino V. Posttraumatic stress disorder and
impaired autonomic modulation in male twins. Biol Psychiatry. 2013;73(11):1103-1110. doi:10.1016/j.biopsych.2013.
01.019

13. Bremner JD, Southwick SM, Charney DS. The neurobiology of posttraumatic stress disorder: an integration of
animal and human research. In: Saigh PA, Bremner JD, eds. Posttraumatic Stress Disorder: A Comprehensive Text.
Allyn & Bacon; 1999:103-143.

14. Yehuda R. Post-traumatic stress disorder. N Engl J Med. 2002;346(2):108-114. doi:10.1056/NEJMra012941

15. Bremner JD, Charney DS. Neural circuits in fear and anxiety. In: Stein DJ, Hollander E, Rothbaum BO, eds.
Textbook of Anxiety Disorders. American Psychiatric Publishing; 2010:55-71.

16. Ridker PM, Lüscher TF. Anti-inflammatory therapies for cardiovascular disease. Eur Heart J. 2014;35(27):
1782-1791. doi:10.1093/eurheartj/ehu203

17. Libby P. Inflammation in atherosclerosis. Nature. 2002;420(6917):868-874. doi:10.1038/nature01323

18. Vaccarino V, Mayer E, Bremner JD. Stress and Health. In: Bremner JD, ed. Posttraumatic Stress Disorder: From
Neurobiology to Treatment. Wiley-Blackwell Press; 2016. doi:10.1002/9781118356142.ch15

19. Vaccarino V, Bremner JD. Behavioral, emotional and neurobiological determinants of coronary heart disease
risk in women. Neurosci Biobehav Rev. 2017;74(Pt B):297-309.

20. Vaccarino V, Bremner JD. Posttraumatic stress disorder and risk of cardiovascular disease. In: Alvarenga M,
Byrne D, eds. Handbook of Psychocardiology. Springer; 2015. doi:10.1007/978-981-4560-53-5_14-1

21. Hammadah M, Alkhoder A, Al Mheid I, et al. Hemodynamic, catecholamine, vasomotor and vascular
responses: determinants of myocardial ischemia during mental stress. Int J Cardiol. 2017;243:47-53. doi:10.1016/j.
ijcard.2017.05.093

22. Hammadah M, Sullivan S, Pearce B, et al. Inflammatory response to mental stress and mental stress induced
myocardial ischemia. Brain Behav Immun. 2018;68:90-97. doi:10.1016/S0735-1097(17)33474-5

23. Vaccarino V, Sullivan S, Hammadah M, et al. Mental stress-induced-myocardial ischemia in young patients with
recent myocardial infarction: sex differences and mechanisms. Circulation. 2018;137(8):794-805. doi:10.1161/
CIRCULATIONAHA.117.030849

24. Wei J, Rooks C, Ramadan R, et al. Meta-analysis of mental stress-induced myocardial ischemia and subsequent
cardiac events in patients with coronary artery disease. Am J Cardiol. 2014;114(2):187-192. doi:10.1016/j.amjcard.
2014.04.022

25. Scher CD, McCreary DR, Asmundson GJ, Resick PA. The structure of post-traumatic stress disorder symptoms
in three female trauma samples: a comparison of interview and self-report measures. J Anxiety Disord. 2008;22
(7):1137-1145. doi:10.1016/j.janxdis.2007.11.012

26. Thygesen K, Alpert JS, White HD; Joint ESC/ACCF/AHA/WHF Task Force for the Redefinition of Myocardial
Infarction. Universal definition of myocardial infarction. J Am Coll Cardiol. 2007;50(22):2173-2195. doi:10.1016/j.
jacc.2007.09.011

JAMA Network Open | Cardiology PTSD and Mental Stress–Induced Myocardial Ischemia

JAMA Network Open. 2020;3(4):e202734. doi:10.1001/jamanetworkopen.2020.2734 (Reprinted) April 14, 2020 11/12

Downloaded From: https://jamanetwork.com/ on 05/22/2023

https://www.ncbi.nlm.nih.gov/pubmed/17595933
https://www.ncbi.nlm.nih.gov/pubmed/17595933
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archpsyc.64.1.109&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2020.2734
https://dx.doi.org/10.1016/j.jacc.2013.04.085
https://dx.doi.org/10.1016/j.biopsych.2013.07.012
https://dx.doi.org/10.1037/a0025989
https://dx.doi.org/10.1016/S2215-0366(15)00309-0
https://dx.doi.org/10.1016/S2215-0366(15)00309-0
https://dx.doi.org/10.1016/j.bbi.2018.08.015
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamapsychiatry.2015.1394&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2020.2734
https://dx.doi.org/10.1016/j.biopsych.2013.01.019
https://dx.doi.org/10.1016/j.biopsych.2013.01.019
https://dx.doi.org/10.1056/NEJMra012941
https://dx.doi.org/10.1093/eurheartj/ehu203
https://dx.doi.org/10.1038/nature01323
https://dx.doi.org/10.1002/9781118356142.ch15
https://www.ncbi.nlm.nih.gov/pubmed/27496672
https://dx.doi.org/10.1007/978-981-4560-53-5_14-1
https://dx.doi.org/10.1016/j.ijcard.2017.05.093
https://dx.doi.org/10.1016/j.ijcard.2017.05.093
https://dx.doi.org/10.1016/S0735-1097(17)33474-5
https://dx.doi.org/10.1161/CIRCULATIONAHA.117.030849
https://dx.doi.org/10.1161/CIRCULATIONAHA.117.030849
https://dx.doi.org/10.1016/j.amjcard.2014.04.022
https://dx.doi.org/10.1016/j.amjcard.2014.04.022
https://dx.doi.org/10.1016/j.janxdis.2007.11.012
https://dx.doi.org/10.1016/j.jacc.2007.09.011
https://dx.doi.org/10.1016/j.jacc.2007.09.011


27. Gensini GG. A more meaningful scoring system for determining the severity of coronary heart disease. Am J
Cardiol. 1983;51(3):606. doi:10.1016/S0002-9149(83)80105-2

28. von Elm E, Altman DG, Egger M, Pocock SJ, Gøtzsche PC, Vandenbroucke JP; STROBE Initiative. The
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement: guidelines for
reporting observational studies. Prev Med. 2007;45(4):247-251. doi:10.1016/j.ypmed.2007.08.012

29. First M, Spitzer R, Williams J, Gibbons M. Structured Clinical Interview for DSM-IV-Patient Version. Biometrics
Research Department, New York State Psychiatric Institute; 1995.

30. Blanchard EB, Jones-Alexander J, Buckley TC, Forneris CA. Psychometric properties of the PTSD Checklist
(PCL). Behav Res Ther. 1996;34(8):669-673. doi:10.1016/0005-7967(96)00033-2

31. Beck AT, Steer RA, Brown GK. BDI-II. Beck Depression Inventory. 2nd ed. The Psychological Corporation; 1996.

32. Cohen S, Kamarck T, Mermelstein R. A global measure of perceived stress. J Health Soc Behav. 1983;24(4):
385-396. doi:10.2307/2136404

33. Hammadah M, Al Mheid I, Wilmot K, et al. The Mental Stress Ischemia Prognosis Study: objectives, study
design, and prevalence of inducible ischemia. Psychosom Med. 2017;79(3):311-317. doi:10.1097/PSY.
0000000000000442

34. Al Mheid I, Corrigan F, Shirazi F, et al. Circadian variation in vascular function and regenerative capacity in
healthy humans. J Am Heart Assoc. 2014;3(3):e000845. doi:10.1161/JAHA.114.000845

35. Corretti MC, Anderson TJ, Benjamin EJ, et al; International Brachial Artery Reactivity Task Force. Guidelines for
the ultrasound assessment of endothelial-dependent flow-mediated vasodilation of the brachial artery: a report
of the International Brachial Artery Reactivity Task Force. J Am Coll Cardiol. 2002;39(2):257-265. doi:10.1016/
S0735-1097(01)01746-6

36. Lima BB, Hammadah M, Kim JH, et al. Association of transient endothelial dysfunction induced by mental
stress with major adverse cardiovascular events in men and women with coronary artery disease. JAMA Cardiol.
2019. doi:10.1001/jamacardio.2019.3252

37. Ramadan R, Sheps D, Esteves F, et al. Myocardial ischemia during mental stress: role of coronary artery disease
burden and vasomotion. J Am Heart Assoc. 2013;2(5):e000321. doi:10.1161/JAHA.113.000321

38. Edmondson D, Cohen BE. Posttraumatic stress disorder and cardiovascular disease. Prog Cardiovasc Dis.
2013;55(6):548-556. doi:10.1016/j.pcad.2013.03.004

39. Shah R, Burg MM, Vashist A, et al. C-reactive protein and vulnerability to mental stress-induced myocardial
ischemia. Mol Med. 2006;12(11-12):269-274. doi:10.2119/2006-00077.Shah

40. Marsland AL, Walsh C, Lockwood K, John-Henderson NA. The effects of acute psychological stress on
circulating and stimulated inflammatory markers: a systematic review and meta-analysis. Brain Behav Immun.
2017;64:208-219. doi:10.1016/j.bbi.2017.01.011

41. Spieker LE, Hürlimann D, Ruschitzka F, et al. Mental stress induces prolonged endothelial dysfunction via
endothelin-A receptors. Circulation. 2002;105(24):2817-2820. doi:10.1161/01.CIR.0000021598.15895.34

42. Ghiadoni L, Donald AE, Cropley M, et al. Mental stress induces transient endothelial dysfunction in humans.
Circulation. 2000;102(20):2473-2478. doi:10.1161/01.CIR.102.20.2473

43. Sullivan S, Hammadah M, Al Mheid I, et al. Sex differences in hemodynamic and microvascular mechanisms of
myocardial ischemia induced by mental stress. Arterioscler Thromb Vasc Biol. 2018;38(2):473-480. doi:10.1161/
ATVBAHA.117.309535

44. Hammadah M, Kim JH, Al Mheid I, et al. Coronary and peripheral vasomotor responses to mental stress. J Am
Heart Assoc. 2018;7(10):e008532. doi:10.1161/JAHA.118.008532

SUPPLEMENT.
eAppendix 1. Study Design and Participants
eAppendix 2. Mental Stress Procedure
eAppendix 3. Vascular Function Measurements
eAppendix 4. Myocardial Perfusion Imaging and SPECT Imaging Interpretation
eReferences.

JAMA Network Open | Cardiology PTSD and Mental Stress–Induced Myocardial Ischemia

JAMA Network Open. 2020;3(4):e202734. doi:10.1001/jamanetworkopen.2020.2734 (Reprinted) April 14, 2020 12/12

Downloaded From: https://jamanetwork.com/ on 05/22/2023

https://dx.doi.org/10.1016/S0002-9149(83)80105-2
https://dx.doi.org/10.1016/j.ypmed.2007.08.012
https://dx.doi.org/10.1016/0005-7967(96)00033-2
https://dx.doi.org/10.2307/2136404
https://dx.doi.org/10.1097/PSY.0000000000000442
https://dx.doi.org/10.1097/PSY.0000000000000442
https://dx.doi.org/10.1161/JAHA.114.000845
https://dx.doi.org/10.1016/S0735-1097(01)01746-6
https://dx.doi.org/10.1016/S0735-1097(01)01746-6
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamacardio.2019.3252&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2020.2734
https://dx.doi.org/10.1161/JAHA.113.000321
https://dx.doi.org/10.1016/j.pcad.2013.03.004
https://dx.doi.org/10.2119/2006-00077.Shah
https://dx.doi.org/10.1016/j.bbi.2017.01.011
https://dx.doi.org/10.1161/01.CIR.0000021598.15895.34
https://dx.doi.org/10.1161/01.CIR.102.20.2473
https://dx.doi.org/10.1161/ATVBAHA.117.309535
https://dx.doi.org/10.1161/ATVBAHA.117.309535
https://dx.doi.org/10.1161/JAHA.118.008532

