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Abstract

Objectives: Depression is an adverse prognostic factor after an acute myocardial infarction (MI), and an increased
propensity toward emotionally-driven myocardial ischemia may play a role. We aimed to examine the association between
depressive symptoms and mental stress-induced myocardial ischemia in young survivors of an MI.

Methods: We studied 98 patients (49 women and 49 men) age 38–60 years who were hospitalized for acute MI in the
previous 6 months. Patients underwent myocardial perfusion imaging at rest, after mental stress (speech task), and after
exercise or pharmacological stress. A summed difference score (SDS), obtained with observer-independent software, was
used to quantify myocardial ischemia under both stress conditions. The Beck Depression Inventory-II (BDI-II) was used to
measure depressive symptoms, which were analyzed as overall score, and as separate somatic and cognitive depressive
symptom scores.

Results: There was a significant positive association between depressive symptoms and SDS with mental stress, denoting
more ischemia. After adjustment for demographic and lifestyle factors, disease severity and medications, each incremental
depressive symptom was associated with 0.14 points higher SDS. When somatic and cognitive depressive symptoms were
examined separately, both somatic [b= 0.17, 95% CI: (0.04, 0.30), p = 0.01] and cognitive symptoms [b= 0.31, 95% CI: (0.07,
0.56), p = 0.01] were significantly associated with mental stress-induced ischemia. Depressive symptoms were not associated
with ischemia induced by exercise or pharmacological stress.

Conclusion: Among young post-MI patients, higher levels of both cognitive and somatic depressive symptoms are
associated with a higher propensity to develop myocardial ischemia with mental stress, but not with physical (exercise or
pharmacological) stress.
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Introduction

Depression is a prevalent, debilitating, and underdiagnosed

condition that affects approximately 20% of patients with recent

myocardial infarction (MI), and is associated with increased risk of

recurrent cardiac events [1]. Recent literature suggests that specific

depressive symptom dimensions carry different risks with respect

to cardiovascular prognosis. Specifically, somatic symptoms of

depression, such as sleep, appetite disturbance and fatigue, have

been reported in several studies as being more predictive of

cardiac events in patients with coronary artery disease (CAD) than

cognitive symptoms, such as feelings of sadness, pessimism, and

failure [2,3].

The precise mechanisms through which depression may

increase the risk for adverse cardiovascular outcomes after an

acute MI are not known. Adverse behaviors, inflammation and

abnormal autonomic function have been linked to both depression
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and recurrent CAD events, but whether these factors explain the

increased risk associated with depression after MI is debatable [4–

6]. One rarely considered possibility is that depressed post-MI

patients are more likely to develop myocardial ischemia during

psychological stress [7,8]. Ischemia induced by psychological stress

is a common phenomenon in stable CAD patients [9] and is

associated with a doubling of risk of cardiac events and death [10].

This phenomenon can be studied experimentally in the laboratory

by using a standardized mental stress test [11], but it has rarely

been evaluated with respect to depression.

We systematically tested a sample of young and middle-aged

post-MI patients, a group with high burden of psychosocial distress

[12,13], for inducible ischemia with both mental stress and

exercise/pharmacological stress using single-photon emission

computed tomography (SPECT). We addressed the hypothesis

that an increased level of depressive symptoms is a risk factor for

mental stress-induced ischemia, but not for exercise/pharmaco-

logical stress-induced ischemia. Furthermore, we examined

whether somatic and cognitive symptoms of depression differed

in their association with mental stress-induced ischemia.

Methods

Subjects
Participants for this study were recruited from the pool of

patients younger than 60 years of age admitted in the previous 6

months with a confirmed diagnosis of MI at Emory-affiliated

hospitals as part of the Myocardial Infarction and Mental Stress

Study (MIMS). Details of our recruitment strategy and number of

eligible and excluded patients have been described [14]. An equal

proportion of men and women was recruited; men and women

were matched by age, type of MI and time of enrollment since the

index MI. Subjects were excluded if they had unstable angina or

acute MI within the past week, or they had a severe comorbid

medical or psychiatric disorder that could interfere with study

results, such as cancer, renal failure, current alcohol or substance

abuse or schizophrenia; if they weighed over 400 pounds, if they

were pregnant or breastfeeding, or if they were currently using

postmenopausal hormone therapy or psychotropic medications

other than antidepressants. Patients were also excluded if they

were unable to exercise on a treadmill, based on a score ,5

metabolic equivalents (METs) on the Duke Activity Status Index

(DASI), which identifies patients who cannot exercise to heart rate

targets [15].

Study Design
Study subjects underwent three SPECT imaging scans, one with

rest, one with mental stress and one with physical stress. The latter

included predominantly exercise stress. However, 16 patients were

unable to reach their target heart rate despite scoring $5 METs

on the DASI and therefore underwent a pharmacological stress

test. The two stress scans were performed on separate days, mostly

within one week of each other (on average, 4 days apart, median 5

days, interquartile range 3 days), and the rest scan was performed

on the first visit. The order of the two types of stress tests was

counterbalanced. All testing was done after an overnight fast, and

anti-ischemic medications were held for 24 hours prior to testing.

Sociodemographic and psychosocial data were collected at the first

visit prior to cardiac testing. At the end of the study protocol,

medical records were abstracted for clinical information, including

catheterization data. All participants signed a written informed

consent. The study protocol and informed consent were approved

by the Emory University Institutional Review Board.

Mental Stress Procedure
Initially, patients rested for 30 minutes in a quiet, dimly lit,

temperature-controlled room. At the end of the resting period,

mental stress was induced by a standardized public speaking task

as previously described [16]. Patients were asked to imagine a real-

life stressful situation, such as a close relative been mistreated in a

nursing home, and asked to make up a realistic story around this

scenario. They were given two minutes to prepare a statement and

then three minutes to present it in front of a video camera and an

audience wearing white coats. Subjects were told that their speech

would be evaluated by the laboratory staff for content, quality and

duration.

Myocardial Perfusion Imaging
Subjects underwent three SPECT myocardial perfusion imag-

ing scans following injection of sestamibi radiolabelled with

Technetium-99m (99mTc sestamibi), at rest, after mental stress,

and after physical (exercise or pharmacological) stress. Testing was

done on a dedicated ultra-fast solid-state camera (Discovery NM

530c, General Electric, Milwaukee, WI) without attenuation

correction [17]. Only one resting scan was performed, with

myocardial perfusion images acquired after the injection of 10–15

mCi of [99mTc] sestamibi according to body weight. The stress

scan (either mental or physical) followed at least 2 hours later and

30–45 mCi of [99mTc] sestamibi were administered, with a 3:1

ratio of stress to rest radiotracer dose.

On the mental stress day, [99mTc]sestamibi was injected one

minute after the onset of the public speech. On the exercise stress

day, subjects were submitted to a standard Bruce protocol with

exercise target set at 85% of maximum predicted heart rate and

the radiotracer was injected at peak exertion. For both stress

conditions, stress images were acquired 45–60 minutes after

radiotracer injection using previously described methodology [18].

The ECG, blood pressure and heart rate were continuously

monitored during the test. For patients undergoing a pharmaco-

logical stress test, 0.4 mg of regadenoson (Astellas, Northbrook,

Illinois), an adenosine receptor agonist, were administered

intravenously in approximately 10 seconds, and [99mTc] sestamibi

was injected right after regadenoson. SPECT images were then

obtained as described above.

Myocardial perfusion abnormalities were quantified by means

of the Emory Cardiac Toolbox software, which provides objective

quantitative assessment of perfusion with established validity and

reproducibility [19,20]. Automated analysis for SPECT myocar-

dial perfusion imaging is equivalent to visual analysis by expert

readers [21,22], but is more reproducible, since interpreter

variability is an important source of heterogeneity in imaging

results [23,24]. With automated analysis, such variability is

removed, making this technique more reproducible and thus

better suited for studies with serial SPECT scans such as ours.

Briefly, the three-dimensional tracer uptake distribution in the left

ventricle was oriented along the short axis and sampled onto a

two-dimensional polar map. An operator-independent summed

score, quantifying the extent and severity of perfusion defects

across 17 segments of the myocardium at rest and during stress,

was computed by the software according to published methodol-

ogy [20]. The regional severity scoring was then summed up

across the 17 myocardial segments yielding a total score. Separate

scores were obtained for the rest images (summed rest score, SRS)

and the stress images (summed stress score, SSS). A summed

difference score (SDS), quantifying the number and severity of

reversible (ischemic) myocardial perfusion defects, was obtained by

subtracting the rest score from the stress score; in the presence of a

reversible defect (or ischemia), the score is positive. In secondary
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analyses, regional severity scoring was calculated according to

vascular territories designated by standard techniques, i.e., left

anterior descending (LAD), left circumflex (LCx), and right

coronary artery (RCA).

Measurements of Depressive Symptoms
Depressive symptoms were assessed with the Beck Depression

Inventory-II (BDI-II) [25], a reliable and valid self-administered

questionnaire which has been widely used in cardiac populations.

The BDI-II includes 21 items, each containing 4 statements scored

0 to 3, with higher scores indicating higher severity of depression.

Two separate depressive symptoms scores were constructed

according to symptom dimensions, following established methods

[25]. Somatic symptoms included items such as sleep, fatigability

and appetite, and cognitive symptoms included items such as

sadness, guilty feelings, pessimism and sense of failure.

Other Measurements
Information on sociodemographic factors was collected using

standard questionnaires from population studies. A detailed

medical history, including medication use, was obtained by a

research nurse. Weight and height were used to calculate body

mass index. Venous blood samples were drawn for the measure-

ments of glucose and lipid profile after an overnight fast.

Angiographic data were obtained from the coronary angiogram

performed in conjunction with the index MI. CAD severity was

quantified using the Gensini semi-quantitative angiographic

scoring system [26], which takes into account degree of luminal

narrowing along with a multiplier for specific coronary tree

locations. This score was corrected according to the revascular-

ization procedure results, i.e., the percentage of coronary

obstruction used in the score computation reflected the post-

revascularization vessel status. From coronary angiograms or

echocardiography reports, we also abstracted the left ventricular

ejection fraction.

Statistical Analysis
Descriptive statistics were computed by comparing mean BDI-

II scores according to levels of other study variables. Next,

multivariate linear regression models were used to examine the

association between depressive symptoms and stress perfusion

scores adjusting for possible confounding factors. The SDS, which

quantifies ischemia, was our main outcome of interest. Since the

SDS for both mental and physical stress was highly skewed, while

the SSS was approximately normally distributed, we used the SSS

scores as dependent variables while adjusting for the rest score

(SRS), yielding coefficients for depression identical to those from a

model where the dependent variable is the difference score (SDS),

adjusted for the SRS. In a series of cumulative hierarchical

models, we adjusted for a set of factors that were considered a-

priori as either possible confounding factors or mediators of the

relationships under study. Adjustment factors included socio-

demographic and lifestyle characteristics (sex, employment, race,

marital status and cigarette smoking), medications (use of statins,

beta-blockers and anti-depressants), CAD severity (Gensini score,

left ventricular ejection fraction), traditional CAD risk factors

(history of diabetes and hypertension, and BMI), and previous

revascularization procedures (coronary artery bypass grafting and

percutaneous coronary intervention).

Results

Study Sample
Between 2009 and 2012, 49 male and 49 female MI patients

younger than 60 years were included in the study. The mean and

median age was 50 years. Overall, 55% of the participants were

African-American; 57% had at least high school education and

32% had an income below the poverty level (Table 1). Forty-five

percent of the patients had an ST-elevation MI, 74% had previous

percutaneous coronary interventions, and 20% had previous

coronary artery bypass graft surgery.

BDI-II Scores
The BDI-II total scores were approximately normally distrib-

uted, with a mean of 11.2 (SD: 8.6, range: 0–37). The mean

somatic symptom score was 2.8 (SD: 3.3, range: 0–13), and the

mean cognitive symptom score was 8.4 (SD: 6.1, range: 0–24).

BDI-II total scores were higher among women, among patients

with income below poverty and among current smokers

(Table 1).

Myocardial Perfusion
Three patients, 1 woman and 2 men, had missing myocardial

perfusion data for both mental stress and exercise or pharmaco-

logical stress, and were excluded from the perfusion imaging

analyses. The median SDS with mental stress was 2.0 [inter-

quartile range (IQR): 0, 3], and the median SDS with physical

stress was also 2.0 (IQR: 0, 5). The SDS with mental stress and

physical stress were not correlated (Spearman r = 0.11, p = 0.31).

Results were similar with no significant heterogeneity based on

whether exercise stress or pharmacological stress was used.

Association of Depressive Symptoms with Myocardial
Ischemia Severity

A higher BDI-II total score was associated with increased

propensity for ischemia with mental stress. The graded fashion of

this association was evident when the BDI-II total score was

categorized according to quintiles (Figure 1). After adjustment for

demographic and lifestyle factors, CAD severity and medications,

each 1-point increase in BDI-II total score was associated with

0.14 points increase in SDS with mental stress (95% CI: 0.03 to

0.24, p = 0.01). In contrast, the BDI-II total score was not

associated with the SDS with physical stress (Figures 2 and

Table 2).

Next, depressive symptoms were analyzed as separate somatic

and cognitive components (Table 3). Somatic depressive symp-

toms were associated with ischemic perfusion defect severity with

mental stress in both unadjusted and adjusted analysis. In the final

model there was a 0.17-point increase in SDS for each increment

in somatic symptoms (b= 0.17, 95% CI, 0.04 to 0.30, p = 0.01).

For cognitive depressive symptoms, the unadjusted association was

marginally significant, but it strengthened in the final adjusted

model (b= 0.31, 95% CI, 0.07 to 0.56, p = 0.01). Neither symptom

dimension was associated with physical stress ischemia.

There were no significant differences in results according to sex,

although the association between depressive symptoms and mental

stress-induced ischemia appeared stronger among men. To rule

out a possible nonlinear trend in the association between BDI-II

and physical stress ischemia, we repeated the analysis using non-

parametric regression using smoothing splines [27], and again

found no association (p = 0.90). Analysis based on vascular

territories was consistent with the overall results. Under mental

stress, there was an association of roughly similar magnitude

between BDI-II and SDS in the LAD territory (b= 0.034,

Depression and Mental Stress Ischemia after Myocardial Infarction

PLOS ONE | www.plosone.org 3 July 2014 | Volume 9 | Issue 7 | e102986



Table 1. Mean depressive symptoms (BDI-II total score) according to patient characteristics.

N (%) BDI-II Total Score Mean (SD) p value

Sex

Male 49 (50%) 9.4 (6.8) 0.042

Female 49 (50%) 13.0 (9.8)

Age

#50 49 (50%) 10.9 (8.6) 0.718

.50 49 (50%) 11.5 (8.7)

Race

Black 54 (55.1%) 10.4 (9.3) 0.285

Non-Black 44 (44.9%) 12.2 (7.7)

Currently Married

Yes 40 (40.8%) 10.6 (7.0) 0.551

No 58 (59.2%) 11.6 (9.6)

Education

High school or more 56 (57.1%) 10.1 (7.5) 0.130

Less than high school 42 (42.9%) 12.7 (9.8)

Employment status

Employed 81 (82.7%) 13.2 (10.1) 0.298

Unemployed 17 (17.3%) 10.8 (8.3)

Income below poverty level

Yes 31 (31.6%) 14.5 (9.8) 0.011

No 65 (66.3%) 9.3 (6.9)

Current smoking

Yes 28 (28.6%) 14.9 (10.2) 0.021

No 70 (71.4%) 9.7 (7.4)

Hypertension

Yes 67 (68.4%) 12.2 (8.6) 0.106

No 30 (30.6%) 9.2 (8.3)

Diabetes

Yes 20 (20.4%) 11.7 (10.9) 0.807

No 77 (78.6%) 11.2 (8.0)

Obesity

Yes 45 (45.9%) 12.0 (8.9) 0.445

No 52 (53.1%) 10.7 (8.4)

MI Type

ST-Elevation MI 44 (44.9%) 10.7 (8.0) 0.61

Non ST-Elevation MI 54 (55.1%) 11.6 (9.1)

Previous Revascularization Procedures

CABG

Yes 20 (20.4%) 10.1 (10.0) 0.51

No 76 (77.6%) 11.5 (8.2)

PCI

Yes 73 (74.5%) 11.6 (8.6) 0.45

No 21 (21.4%) 10.0 (9.2)

Current Medications

Statins

Yes 85 (86.7%) 13.2 (10.2) 0.610

No 12 (12.2%) 9.6 (7.6)

Beta blockers

Yes 85 (86.7%) 11.9 (8.7) 0.071

No 12 (12.2%) 7.1 (7.3)

Depression and Mental Stress Ischemia after Myocardial Infarction
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p = 0.07) and in the LCx territory (b= 0.039, p = 0.04), but not in

the RCA territory (b= 0.008, p = 0.62). In contrast, in none of the

vascular territories there was an association between BDI-II score

and SDS with physical stress.

Discussion

In this experimental study of young and middle-aged post-MI

patients, we demonstrated a robust association between baseline

depressive symptoms and inducible myocardial ischemia with

mental stress, but not with exercise/pharmacological stress. We

observed this association for both somatic and cognitive depressive

symptoms. Given that mental stress-induced ischemia is a

prognostic indicator in CAD patients [10], these findings provide

a possible explanation for the increased risk of adverse events

associated with depression in post-MI patients [28,29].

Only a small number of studies have examined the association

between depressive symptoms and mental stress-induced myocar-

dial ischemia, yielding inconsistent results. Jiang et al. [30] found a

significant association between depressive symptoms measured by

the Center for Epidemiological Studies-Depression Scale and the

probability of mental stress-induced ischemia in stable CAD

patients. Similarly, Boyle et al. [31] found a significant association

between the BDI-II score and inducible ischemia with mental

stress; these authors also found that somatic depressive symptoms

were better predictors of mental stress-induced ischemia than

cognitive symptoms. On the other hand, Ketterer et al. [11] and

Burg et al. [32] did not detect a significant association between

depression and mental stress-induced myocardial ischemia in

patients with CAD. These discrepancies may be due to variations

in study populations and research protocols. These previous

investigations included predominantly older, male and Caucasian

patients, and used radionuclide ventriculography or echocardiog-

raphy to assess ischemia. In contrast, we examined young and

middle-age patients with a large proportion of minority partici-

pants and an equal representation of men and women. Addition-

Table 1. Cont.

N (%) BDI-II Total Score Mean (SD) p value

ACE-Inhibitors

Yes 53 (54.1%) 12.5 (9.2) 0.129

No 44 (44.9%) 9.8 (7.7)

Aspirin

Yes 85 (86.7%) 11.2 (8.7) 0.705

No 12 (12.2%) 12.2 (8.0)

Anti-depressants

Yes 13 (13.3%) 21.4 (8.8) ,0.001

No 84 (85.7%) 9.7 (7.5)

Abbreviations: BDI-II: Beck Depression Inventory-II; SD: standard deviation; ACE-Inhibitors: angiotensin-converting-enzyme inhibitors; CABG: coronary artery bypass
graft; PCI: percutaneous coronary intervention; MI: myocardial infarction.
doi:10.1371/journal.pone.0102986.t001

Figure 1. Mean unadjusted myocardial perfusion ischemic defect severity [raw summed difference score (SDS)] with mental stress
according to five groups of progressively higher depressive symptoms using quintiles of the BDI-II total score. The error bars
represent standard errors. The p-value is from a linear regression model where quintiles of the BDI-II score were modeled as an ordinal variable. There
was a statistically significant progressive increase in mental stress-induced myocardial ischemia with increasing depressive symptom severity.
doi:10.1371/journal.pone.0102986.g001

Depression and Mental Stress Ischemia after Myocardial Infarction
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ally, we focused on a well-characterized post-MI population within

6 months of their index MI, while all previous investigators

examined patients with different medical histories and disease

stages. Finally, we used [99mTc]sestamibi SPECT myocardial

perfusion imaging to detect ischemia, which is a customary

method for the detection of ischemia in contemporary clinical

care.

Potential mechanisms that might be invoked to explain the

association between depressive symptoms and mental stress-

induced myocardial ischemia include downstream physiologic

effects of stress-induced activation of the hypothalamic-pituitary-

adrenal (HPA) axis, which can be dysregulated in depression [33].

Furthermore, inflammation, which is enhanced in depression, may

be implicated. Patients with CAD display increased inflammatory

responses to mental stress [34], and inflammation is associated

with abnormal coronary microvascular function [35], which, in

turn, could be a mechanism of mental stress-induced ischemia

[36]. Autonomic nervous system dysfunction is also a common

factor in both depression and CAD [4]. Previous studies have

shown that the autonomic nervous system, especially parasympa-

thetic withdrawal, plays a significant role in the pathophysiology of

Figure 2. Mean unadjusted myocardial perfusion ischemic defect severity [raw summed difference score (SDS)] with physical
(exercise or pharmacological) stress according to five groups of progressively higher depressive symptoms using quintiles of the
BDI-II total score. The error bars represented standard errors. The p-value is from a linear regression model where quintiles of the BDI-II score were
modeled as an ordinal variable. There was no statistical difference in physical stress-induced myocardial ischemia with increasing depressive
symptom severity. No association was also found when non-parametric regression with smoothing splines was used to model a non-linear
association.
doi:10.1371/journal.pone.0102986.g002

Table 2. Association between depressive symptoms (BDI-II total score) and myocardial ischemia severity, as quantified by the SDS
with mental stress and with physical (exercise or pharmacological) stress.

b (95% CI){ P value

Mental Stress

Model 1: Unadjusted 0.07 (0.01, 0.14) 0.02

Model 2: Adjusted for demographic and lifestyle factors` 0.07 (0.01, 0.14) 0.04

Model 3: Adjusted for the above plus CAD severity, traditional risk factors and medications1 0.14 (0.05, 0.23) 0.01

Physical Stress

Model 1: Unadjusted 20.01 (20.09, 0.07) 0.75

Model 2: Adjusted for demographic and lifestyle factors` 20.01 (20.09, 0.08) 0.73

Model 3: Adjusted for the above plus CAD severity, traditional CAD risk factors and medications1 0.06 (20.05, 0.17) 0.29

Abbreviations: BDI-II: Beck Depression Inventory-II; SDS: summed difference score; CI: confidence interval; CAD: coronary artery disease.
{The b coefficient expresses the difference in SDS score points with a 1-point increase in BDI-II total score. Each model was constructed with SSS as dependent variable
adjusting for the rest score (SRS). SE: standard error.
`Sex, employment, race, marital status and cigarette smoking.
1Gensini angiographic CAD severity score, left ventricular ejection fraction, hypertension, diabetes, BMI, previous revascularization procedures, use of statins, beta-
blockers, and anti-depressants.
doi:10.1371/journal.pone.0102986.t002
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ambulatory ischemic episodes and may be responsible for

triggering ischemia [37].

In our study, depressive symptoms were associated only with

mental stress-induced myocardial ischemia and not with physical

stress-induced ischemia. This finding differs from the study by

Boyle et al. [31], in which depressive symptoms were associated

with both mental stress and exercise-induced myocardial ischemia.

Again, these discrepancies may be due to differences in study

populations. Our findings imply that, among younger post-MI

patients, mental stress- and physical stress-induced ischemia are

distinct phenomena with unique triggers. Our results are

corroborated by emerging evidence that mental stress- and

physical stress-induced ischemia have different pathophysiological

substrates. Mental stress-induced ischemia likely involves micro-

vascular dysfunction, resulting in abnormal coronary or peripheral

vasomotion due to enhanced vasoconstrictive responses to mental

stress. In contrast, physical stress-induced ischemia is induced

primarily by coronary steal occurring when restricted vasodilation

in diseased epicardial vessels causes selective hypoperfusion

[36,38].

Our findings have substantial relevance for public health and

clinical medicine. Depression affects approximately 20% of post-

MI men and 40% of post-MI women below the age of 60 [13],

many of whom may experience ischemia with psychological stress

in everyday life. Unlike physical stress-induced ischemia, ischemia

triggered by mental stress is mostly silent and not associated with

electrocardiographic changes [38], thus it may go unrecognized.

Recently, the REMIT trial found that a 6-week regimen with

escitalopram resulted in a lower rate of mental stress-induced

ischemia in stable CAD patients compared with a placebo group.

Thus, pharmacological treatment of depression could be a

promising strategy to reduce mental stress-induced ischemia

[39]. It is not yet known, however, whether reducing the frequency

of mental stress ischemia through pharmacological interventions

or other methods translates into better clinical outcomes. It is also

unknown if such interventions, which have been tested in broadly

selected populations of CAD patients, are equally useful in young

post-MI patients who suffer from disproportionately high rates of

depression.

The main limitation of our study is its small sample size, which

may decrease statistical power. In addition, given that the study

was restricted to young post-MI patients, our results may not be

generalizable to other stable CAD patient populations or older age

groups. However, we targeted an equal representation of women

and men, and did not restrict study participation based on

demographic factors other than age and sex. The other socio-

demographic characteristics of our sample (high proportion of

minorities, low socioeconomic status) are likely a result of the

relatively young age and high proportion of women in our sample.

Another limitation is lack of data linking mental stress ischemia to

clinical outcomes. Nonetheless, a strength of our study is the use of

a standardized mental stress protocol and a well-defined, relatively

understudied patient population with an elevated prevalence of

depressive symptoms. Furthermore, we used [99mTc]sestamibi

SPECT for the detection of myocardial ischemia, which has

established sensitivity, specificity, and reproducibility to detect

mental stress-induced myocardial ischemia [40]. An important

advantage of this method is that [99mTc]sestamibi, once injected

during mental stress, is trapped in the myocyte, thus providing a

real-time ‘‘snapshot’’ of perfusion at the time of stress. It is likely

that this feature enhances the accuracy of ischemia assessment

during mental stress.

In conclusion, depressive symptoms are associated with mental

stress-induced myocardial ischemia in younger post MI patients.

This association is robust even after multivariate adjustments for

other risk factors and disease severity, and applies to both somatic

and cognitive depressive symptoms. Since CAD patients who

experience ischemia with mental stress are at elevated risk for new

cardiac events and death [10], this phenomenon could help

explain the adverse outcomes associated with depression in post-

MI patients. Our findings may provide novel avenues for risk

prediction, management and secondary prevention in this high-

risk patient population.
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Table 3. Association between BDI-II somatic and cognitive symptom scores and myocardial ischemia severity with mental stress,
as quantified by the SDS.

b (95% CI){ P value

Somatic Depressive Symptoms

Model 1: Unadjusted 0.10 (0.01, 0.19) 0.03

Model 2: Adjusted for demographic and lifestyle factors` 0.10 (0.0003, 0.20) 0.05

Model 3: Adjusted for the above plus CAD severity, traditional risk factors and medications1 0.17 (0.04, 0.30) 0.01

Cognitive Depressive Symptoms

Model 1: Unadjusted 0.16 (20.01, 0.33) 0.06

Model 2: Adjusted for demographic and lifestyle factors` 0.16 (20.01, 0.34) 0.15

Model 3: Adjusted for the above plus CAD severity, traditional risk factors and medications1 0.31 (0.07, 0.56) 0.01

Abbreviations: BDI-II: Beck Depression Inventory-II; SDS: summed difference score; CI: confidence interval; CAD: coronary artery disease.
{The b coefficient expresses the difference in SDS score points with a 1-point increase in BDI-II total score. Each model was constructed with SSS as dependent variable
adjusting for the rest score (SRS). SE: standard error.
`Sex, employment, race, marital status and cigarette smoking.
1Gensini angiographic CAD severity score, left ventricular ejection fraction, hypertension, diabetes, BMI, previous revascularization procedures, use of statins, beta-
blockers, and anti-depressants.
doi:10.1371/journal.pone.0102986.t003

Depression and Mental Stress Ischemia after Myocardial Infarction

PLOS ONE | www.plosone.org 7 July 2014 | Volume 9 | Issue 7 | e102986



References

1. Lichtman JH, Froelicher ES, Blumenthal JA, Carney RM, Doering LV, et al.

(2014) Depression as a risk factor for poor prognosis among patients with acute
coronary syndrome: systematic review and recommendations: a scientific

statement from the American Heart Association. Circulation 129: 1350–1369.
2. de Jonge P, Ormel J, van den Brink RH, van Melle JP, Spijkerman TA, et al.

(2006) Symptom dimensions of depression following myocardial infarction and

their relationship with somatic health status and cardiovascular prognosis.
Am J Psychiatry 163: 138–144.

3. Doyle F, Conroy R, McGee H, Delaney M (2010) Depressive symptoms in
persons with acute coronary syndrome: specific symptom scales and prognosis.

J Psychosom Res 68: 121–130.

4. Carney RM, Freedland KE, Veith RC (2005) Depression, the autonomic
nervous system, and coronary heart disease. Psychosom Med 67 Suppl 1: S29–

33.
5. Steptoe A, Wikman A, Molloy GJ, Messerli-Burgy N, Kaski JC (2013)

Inflammation and symptoms of depression and anxiety in patients with acute
coronary heart disease. Brain Behav Immun 31: 183–188.

6. Duivis HE, de Jonge P, Penninx BW, Na BY, Cohen BE, et al. (2011) Depressive

symptoms, health behaviors, and subsequent inflammation in patients with
coronary heart disease: prospective findings from the heart and soul study.

Am J Psychiatry 168: 913–920.
7. Gullette EC, Blumenthal JA, Babyak M, Jiang W, Waugh RA, et al. (1997)

Effects of mental stress on myocardial ischemia during daily life. JAMA 277:

1521–1526.
8. Steptoe A, Strike PC, Perkins-Porras L, McEwan JR, Whitehead DL (2006)

Acute depressed mood as a trigger of acute coronary syndromes. Biol Psychiatry
60: 837–842.

9. Jiang W, Samad Z, Boyle S, Becker RC, Williams R, et al. (2013) Prevalence and
clinical characteristics of mental stress-induced myocardial ischemia in patients

with coronary heart disease. J Am Coll Cardiol 61: 714–722.

10. Wei J, Rooks C, Ramadan R, Shah AJ, Bremner JD, et al. (2014) Meta-Analysis
of Mental Stress-Induced Myocardial Ischemia and Subsequent Cardiac Events

in Patients With Coronary Artery Disease. Am J Cardiol May 1: [Epub ahead of
print].

11. Ketterer MW, Freedland KE, Krantz DS, Kaufmann P, Forman S, et al. (2000)

Psychological correlates of mental stress-induced ischemia in the laboratory: the
Psychophysiological Investigation of Myocardial Ischemia (PIMI) Study.

J Health Psychol 5: 75–85.
12. Ketterer MW, Fitzgerald F, Thayer B, Moraga R, Mahr G, et al. (2000)

Psychosocial and traditional risk factors in early ischaemic heart disease: cross-
sectional correlates. J Cardiovasc Risk 7: 409–413.

13. Mallik S, Spertus JA, Reid KJ, Krumholz HM, Rumsfeld JS, et al. (2006)

Depressive symptoms after acute myocardial infarction: evidence for highest
rates in younger women. Arch Intern Med 166: 876–883.

14. Vaccarino V, Shah AJ, Rooks C, Ibeanu I, Nye JA, et al. (2014 (epub March 7))
Sex differences in mental stress-induced myocardial ischemia in young survivors

of an acute myocardial infarction. Psychosom Med.

15. Shaw LJ, Olson MB, Kip K, Kelsey SF, Johnson BD, et al. (2006) The value of
estimated functional capacity in estimating outcome: results from the NHBLI-

Sponsored Women’s Ischemia Syndrome Evaluation (WISE) Study. J Am Coll
Cardiol 47: S36–43.

16. Goldberg AD, Becker LC, Bonsall R, Cohen JD, Ketterer MW, et al. (1996)
Ischemic, hemodynamic, and neurohormonal responses to mental and exercise

stress. Experience from the Psychophysiological Investigations of Myocardial

Ischemia Study (PIMI). Circulation 94: 2402–2409.
17. Esteves FP, Raggi P, Folks RD, Keidar Z, Askew JW, et al. (2009) Novel solid-

state-detector dedicated cardiac camera for fast myocardial perfusion imaging:
multicenter comparison with standard dual detector cameras. J Nucl Cardiol 16:

927–934.

18. Walkers F, Soufer R, BL Z (2000) Heart Disease: A Text Book of Cardiovascular
Medicine.; Braunwald E ZD, Libby P, eds., editor. Philadelphia, Pennsylvania:

W.B. Saunders.
19. Garcia EV, Faber TL, Cooke CD, Folks RD, Chen J, et al. (2007) The

increasing role of quantification in clinical nuclear cardiology: the Emory

approach. J Nucl Cardiol 14: 420–432.

20. Garcia EV, DePuey EG, DePasquale EE (1987) Quantitative planar and
tomographic thallium-201 myocardial perfusion imaging. Cardiovasc Intervent

Radiol 10: 374–383.

21. Esteves FP, Galt JR, Folks RD, Verdes L, Garcia EV (2014) Diagnostic

performance of low-dose rest/stress Tc-99m tetrofosmin myocardial perfusion
SPECT using the 530c CZT camera: quantitative vs visual analysis. J Nucl

Cardiol 21: 158–165.

22. Arsanjani R, Xu Y, Hayes SW, Fish M, Lemley M, Jr., et al. (2013) Comparison

of fully automated computer analysis and visual scoring for detection of coronary
artery disease from myocardial perfusion SPECT in a large population. J Nucl

Med 54: 221–228.

23. Udelson JE (2008) Lessons from the development of new adenosine A2A

receptor agonists. JACC Cardiovasc Imaging 1: 317–320.

24. Mahmarian JJ, Cerqueira MD, Iskandrian AE, Bateman TM, Thomas GS, et al.
(2009) Regadenoson induces comparable left ventricular perfusion defects as

adenosine: a quantitative analysis from the ADVANCE MPI 2 trial. JACC
Cardiovasc Imaging 2: 959–968.

25. Beck AT, Steer RA, GK B (1996) BDI-II. Beck Depression Inventory: Second
Edition. San Antonio, TX: The Psychological Corporation.

26. Gensini GG (1983) A more meaningful scoring system for determining the
severity of coronary heart disease. Am J Cardiol 51: 606.

27. Hastie TJ, Tibshirani RJ (1990) Generalized additive models: CRC Press.

28. Huffman JC (2013) Review: depression after myocardial infarction is associated

with increased risk of all-cause mortality and cardiovascular events. Evid Based
Ment Health 16: 110.

29. Meijer A, Conradi HJ, Bos EH, Thombs BD, van Melle JP, et al. (2011)
Prognostic association of depression following myocardial infarction with

mortality and cardiovascular events: a meta-analysis of 25 years of research.

Gen Hosp Psychiatry 33: 203–216.

30. Jiang W, Babyak MA, Rozanski A, Sherwood A, O’Connor CM, et al. (2003)

Depression and increased myocardial ischemic activity in patients with ischemic
heart disease. Am Heart J 146: 55–61.

31. Boyle SH, Samad Z, Becker RC, Williams R, Kuhn C, et al. (2013) Depressive
symptoms and mental stress-induced myocardial ischemia in patients with

coronary heart disease. Psychosom Med 75: 822–831.

32. Burg MM, Jain D, Soufer R, Kerns RD, Zaret BL (1993) Role of behavioral and

psychological factors in mental stress-induced silent left ventricular dysfunction
in coronary artery disease. J Am Coll Cardiol 22: 440–448.

33. Messerli-Burgy N, Molloy GJ, Wikman A, Perkins-Porras L, Randall G, et al.
(2012) Cortisol levels and history of depression in acute coronary syndrome

patients. Psychol Med 42: 1815–1823.

34. Kop WJ, Weissman NJ, Zhu J, Bonsall RW, Doyle M, et al. (2008) Effects of

acute mental stress and exercise on inflammatory markers in patients with

coronary artery disease and healthy controls. Am J Cardiol 101: 767–773.

35. Vaccarino V, Khan D, Votaw J, Faber T, Veledar E, et al. (2011) Inflammation

is related to coronary flow reserve detected by positron emission tomography in
asymptomatic male twins. J Am Coll Cardiol 57: 1271–1279.

36. Ramadan R, Sheps D, Esteves F, Zafari AM, Bremner JD, et al. (2013)
Myocardial ischemia during mental stress: role of coronary artery disease burden

and vasomotion. J Am Heart Assoc 2: e000321.

37. Kochiadakis GE, Marketou ME, Igoumenidis NE, Simantirakis EN, Parthenakis

FI, et al. (2000) Autonomic nervous system activity before and during episodes of
myocardial ischemia in patients with stable coronary artery disease during daily

life. Pacing Clin Electrophysiol 23: 2030–2039.

38. Jain D (2008) Mental stress, a powerful provocateur of myocardial ischemia:

diagnostic, prognostic, and therapeutic implications. J Nucl Cardiol 15: 491–

493.

39. Jiang W, Velazquez EJ, Kuchibhatla M, Samad Z, Boyle SH, et al. (2013) Effect

of escitalopram on mental stress-induced myocardial ischemia: results of the
REMIT trial. JAMA 309: 2139–2149.

40. Kim CK, Bartholomew BA, Mastin ST, Taasan VC, Carson KM, et al. (2003)
Detection and reproducibility of mental stress-induced myocardial ischemia with

Tc-99m sestamibi SPECT in normal and coronary artery disease populations.
J Nucl Cardiol 10: 56–62.

Depression and Mental Stress Ischemia after Myocardial Infarction

PLOS ONE | www.plosone.org 8 July 2014 | Volume 9 | Issue 7 | e102986


