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Abstract

Objective: Coronary artery disease (CAD) patients with co-morbid depression show an increase 

in mortality compared to cardiac patients without depression, but the mechanisms mediating this 

effect remain obscure. One possible explanation for this finding is that depressed patients with 

CAD exhibit an increased vulnerability to stress. The purpose of this study was to assess the 

effects of stress and depression on brain function and to explore its relationship with myocardial 

ischemia in CAD patients.

Methods: Patients with CAD and depression (N=13) and CAD without depression (N=15) 

underwent imaging of the brain with positron emission tomography and [O-15] water and imaging 

of the heart with single photon emission computed tomography (SPECT) and [Tc-99m] sestamibi 

under mental stress task and control conditions.

Results: CAD patients with depression compared to non-depressed showed decreased function 

with mental stress in the rostral anterior cingulate, hippocampus, parts of dorsolateral temporal, 

and parietal cortex, and cerebellum, and uncus, with increased blood flow in parahippocampus, 

visual association cortex, and posterior cingulate. Depressed CAD patients who became ischemic 

during mental stress task had relative decreases in caudal and posterior cingulate, orbitofrontal 

cortex, and cerebellum, and increased activation in parietal cortex and precuneus/visual 

association cortex compared to non-ischemic depressed CAD patients.

Conclusions: These findings are consistent with dysfunction in a network of brain regions 

involved in the stress response in patients with comorbid CAD and depression that has direct and 

indirect links to the heart, suggesting a pathway by which stress and depression could lead to 

increased risk of heart disease related morbidity and mortality.
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INTRODUCTION

Coronary artery disease (CAD) is the leading cause of death in the United States 

(Hennekens, 1998). There is increased interest in behavioral risk factors for CAD, which in 

addition to lifestyle factors like physical activity, smoking, and diet, include stress, 

emotional reactivity, and personality style (Burg, Jain, Soufer, Kerns, & Zaret, 1993; Burg & 

Soufer, 2014; Lane, Waldstein, Chesney, et al., 2009; Lichtman et al., 2008; Lichtman et al., 

2014; Sheps et al., 2002; Vaccarino & Bremner, 2014). This has led to an appreciation of the 

fact that mental disorders related to stress, including major depression and posttraumatic 

stress disorder (PTSD), are associated with an increased risk for CAD and worse outcomes 

when present in CAD patients (Carney & Freedland, 2017; Freedland & Carney, 2013; 

Lichtman, et al., 2014; Vaccarino & Bremner, 2014; Vaccarino et al., 2013; Vaccarino et al., 

2009).

The lifetime prevalence rate of major depression in the United States is about 17% (Kessler 

et al., 2003). An important risk factor for the development of depression is exposure to 

stress, especially in early childhood (Kessler, Sonnega, Bromet, Hughes, & Nelson, 1995), 

and a recent stressful life event is a risk factor for the onset of depression (Kendler, 

Thornton, & Gardner, 2000). Stress can affect cardiac function (Burg & Soufer, 2014; 

Wittstein et al., 2005), and has also been shown to induce myocardial ischemia in coronary 

artery disease (CAD) patients (Arri, Ryan, Redwood, & Marber, 2016; Hammadah, 

Alkhoder, et al., 2017; Ramadan et al., 2013; Vaccarino et al., 2014; Wei, Pimple, et al., 

2014; Wei, Rooks, et al., 2014). There is also evidence that patients with depression are 

more vulnerable to stress-induced myocardial ischemia (Burg et al., 2014; Wei, Pimple, et 

al., 2014).

Alterations in brain and neurohormonal systems in patients with depression represent a 

possible mechanism by which stress and depression can induce and/or maintain CAD 

(Carney, Freedland, & Veith, 2005; Vaccarino & Bremner, 2014). The hypothalamic-

pituitary-adrenal (HPA) and noradrenergic systems play critical roles in the stress response. 

Stress is associated with activation of the HPA axis with release of cortisol (Yehuda, 2002, 

2006) and increased noradrenergic activity (Bremner, Krystal, Southwick, & Charney, 

1996a, 1996b; Tanaka, Yoshida, Emoto, & Ishii, 2000). Depression is associated with an 

increased in cortisol and norepinephrine (Carroll, Curtis, Davies, Mendels, & Sugarman, 

1976; Charney, Sklar, Buxbaum, & Nestler, 2014; Delgado & Moreno, 2000; Gold et al., 

1986; Otte et al., 2004; Traskman et al., 1980; Young, Haskett, & Grunhaus, 1994). 

Depression is also associated with altered function in brain areas that are sensitive to stress 

and have direct outputs to neurohormonal and cardiovascular systems, including the medial 

prefrontal cortex (anterior cingulate and orbitofrontal cortex) (Bremner, 2002; Cheng et al., 

2016; Drevets et al., 1997; Drysdale et al., 2016; George et al., 1997; George, Ketter, & Post, 
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1994; Mayberg et al., 1997; Price & Drevets, 2012; Sheline et al., 2009; Willner, Scheel-

Krüger, & Belzungc, 2013). Functional alterations in these brain regions in patients with 

CAD and depression could act through neurohormonal systems to affect cardiovascular 

function (Frysztak & Neafsey, 1994; Lane, Waldstein, Critchley, et al., 2009; Soufer, 2004; 

Thayer & Lane, 2009). Thus, stress and depression could converge through biological 

pathways to create a particularly acute risk for CAD.

Standardized protocols have been developed for the induction of stress in the laboratory. 

Mental stress protocols involve performing difficult tasks under time pressure and/or with 

negative feedback and social pressure from an attendant performing the protocol. Tasks can 

include mental arithmetic which involves performing difficult arithmetic tasks including 

addition, subtraction, and multiplication with difficulty titrated to the individual (Bremner et 

al., 2018; Bremner et al., 2009; Bremner, Vythilingam, Vermetten, et al., 2003; Burg, et al., 

1993; Burg, et al., 2014), and public speaking tasks in which the individual has to create a 

speech to deliver in the context of an interpersonal conflict situation (Hammadah, Al Mheid, 

et al., 2017; Hammadah, Alkhoder, et al., 2017; Vaccarino et al., 2018; Vaccarino et al., 

2016). These mental stress methods are associated with increases in heart rate, blood 

pressure (Bremner, et al., 2018; Bremner, Vythilingam, Vermetten, et al., 2003; Burg, et al., 

1993; Burg, et al., 2014; Hammadah, Alkhoder, et al., 2017; Vaccarino, et al., 2018; 

Vaccarino, et al., 2016), subjective distress (Bremner, et al., 2018), peripheral 

vasoconstriction (Bremner, et al., 2018; Hammadah, Alkhoder, et al., 2017) and cortisol 

(Bremner, et al., 2009; Bremner, Vythilingam, Vermetten, et al., 2003), and to induce 

myocardial ischemia in some vulnerable patients with CAD as measured with Single Photon 

Emission Computed Tomography (SPECT) and other methods (Bremner, et al., 2018; 

Bremner, et al., 2009; Bremner, Vythilingam, Vermetten, et al., 2003; Burg, et al., 1993; 

Burg, et al., 2014; Hammadah, Al Mheid, et al., 2017; Hammadah, Alkhoder, et al., 2017; 

Ramachandruni et al., 2006; Ramadan, et al., 2013; Soufer et al., 1998; Sullivan et al., 2018; 

Vaccarino, et al., 2018; Vaccarino, et al., 2016). Mental stress-induced myocardial ischemia 

(MSI) can occur in patients without exercise-induced ischemia, and does not require 

diseased coronary arteries or increased heart rate or blood pressure, suggesting that it may be 

related to coronary vasospasm and/or peripheral vasoconstriction (Hammadah, Alkhoder, et 

al., 2017; Ramadan, et al., 2013; Sullivan, et al., 2018). Although the mechanisms by which 

this occurs are not fully elucidated, brain pathways involved in stress and emotion including 

limbic areas (medial prefrontal cortex/anterior cingulate, amygdala, insula, hippocampus, 

parietal cortex) are likely involved. This is supported by studies of the relationship between 

cardiovascular function and brain blood flow as measured with Positron Emission 

Tomography (PET) and functional Magnetic Resonance Imaging (fMRI) (Critchley, 

Corfield, Chandler, Mathias, & Dolan, 2000; Critchley, Mathias, & Dolan, 2001; Gianaros et 

al., 2005; Gianaros, Jennings, Sheu, Derbyshire, & Matthews, 2007; Gianaros, May, Siegle, 

& Jennings, 2005; Gianaros, Sheu, Jennings, Manuck, & Hariri, 2008; Gianaros, Van der 

Veen, & Jennings, 2004; Jennings, Van der Molen, & Tanase, 2009; Lane, McRae, et al., 

2009; Lane, Waldstein, Critchley, et al., 2009; Pollatos, Schandry, Auer, & Kaufmann, 2007; 

Tanida, Sakatani, Takano, & Tagai, 2004). Studies in CAD patients are consistent with this 

idea (Bremner, et al., 2018; Rosen et al., 1996; Soufer, et al., 1998). MSI has also been 
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linked increased symptoms of depression in patients with CAD (Burg, et al., 2014; Wei, 

Pimple, et al., 2014).

The purpose of the current study was to measure myocardial perfusion with SPECT and 

brain function with PET during exposure to a mental stress task in CAD patients with and 

without depression. We hypothesized that CAD patients with depression would exhibit 

decreased activity in the medial prefrontal cortex / anterior cingulate during stress, and that 

greater changes would be observed in CAD patients with depression who developed stress-

induced myocardial ischemia.

METHODS

Subjects

Subjects were recruited with stable coronary artery disease (CAD) from Emory University-

affiliated hospitals and clinics and by newspaper advertisement. Subjects were selected with 

CAD based on standard criteria for history of previous CAD which were all verified through 

medical records. Criteria for CAD included: 1) abnormal coronary angiography or 

intravascular ultrasound demonstrating atherosclerosis with at least luminal irregularities, 2) 

previous percutaneous or surgical coronary revascularization, 3) documented myocardial 

infarction, or 4) positive exercise or pharmacological nuclear stress test or 

electrocardiographic exercise stress test.

Subjects were included in the CAD with depression group with the diagnosis of CAD and 

the categorical diagnosis of current major depression based on the Structured Clinical 

Interview for DSM-IV (SCID). Subjects were included in the CAD non-depressed group 

with the diagnosis of CAD who did not have a current or past history of major depression or 

other affective or major psychiatric disorder and did not have a score of greater than 9 on the 

Hamilton Depression Scale (Ham-D) (Hamilton, 1960). Subjects were excluded with a 

neurological disorder, unstable angina, history of myocardial infarction in the past month, or 

major medical illness other than CAD based on history and laboratory testing, 

schizophrenia, bipolar disorder, current alcohol and/or substance abuse or dependence or 

with the past six months based on the SCID, or current treatment with steroids or 

psychotropic medications including neuroleptics, benzodiazepines, sedative hypnotic, or 

barbiturates. Subjects who were currently receiving antidepressant treatment were not 

excluded if they remained symptomatic as confirmed by a current diagnosis of major 

depression based on the SCID and a Ham-D score of greater than 9. Subjects on cardiac 

medications were not excluded. Cardiac medications were held on the morning of the study. 

All subjects provided written informed consent for participation. This study was approved 

by the Emory University Institutional Review Board.

Forty seven subjects were initially screened for the study. Of those, 14 were not interested or 

did not follow-up, two were excluded for medical or neurological conditions, and three were 

excluded based on the psychiatric assessments, leaving 28 subjects who completed the study, 

including CAD patients with (N=13) and without (N=15) depression. Demographic 

characteristics of the sample are displayed in Table 1.
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Psychometric Assessments

All subjects were assessed with the Structured Clinical Interview for DSMIV (SCID) (First, 

Spitzer, Williams, & Gibbon, 1995). Severity of depressive symptoms was measured with 

the 21-item Hamilton Depression Rating Scale (Ham-D) (Hamilton, 1960). History of 

childhood physical and/or sexual abuse was measured with the Early Trauma Inventory 

(Bremner, Bolus, & Mayer, 2007). Analogue ratings of nervousness and fearfulness (scale of 

0 to 4, 4 being most severe) were collected by self-report during rest and after mental stress 

(Bremner et al., 1999). At the beginning of the study, subjects were shown the analogue 

scale, which consists of a line marked at five points from 0−4, with adjectives of 0=not at all, 

1=slightly, 2=moderately, 3=considerably, 4=extremely. Subjects were then asked to rate 

separately their current feelings of fear and nervousness using the analogue scale during rest 

and stress.

Single Photon Emission Computed Tomography

Subjects underwent Single Photon Emission Computed Tomography (SPECT) measurement 

of myocardial perfusion at rest and with mental stress. Subjects underwent a baseline 

SPECT scan of the heart at rest following intravenous injection of 8 mCi [Tc-99m]sestamibi, 

a radiopharmaceutical used for the measurement of myocardial blood flow. Subjects then 

underwent mental stress in conjunction with imaging of the brain (see below), at the end 

which they were injected with 20 mCi [Tc-99m]sestamibi followed repeat imaging of the 

heart. Since [Tc-99m]sestamibi is taken up in the heart with little wash-out, subjects could 

undergo cardiac imaging of the heart 30 minutes later to obtain an image of the heart at the 

time of the mental stress challenge, thereby allowing simultaneous cardiac and brain 

imaging with stress.

Positron Emission Tomography

Subjects underwent Positron Emission Tomography (PET) imaging of the brain with 

radiolabeled (O−15) water in conjunction with control and mental stress tasks. PET imaging 

was performed on a CTI ECAT Exact camera. The ECAT has a voxel size of 1.7 × 1.7 × 3.4 

mm and an intrinsic resolution of approximately 6.2 mm. The subject was placed in the 

scanner with their head held in a holder to minimize motion and positioned with the cantho-

meatal line parallel to an external laser light. An intravenous line was inserted in the 

antecubital fossa for administration of [150]H20. Following positioning within the camera 

gantry, a transmission scan of the head was obtained, in order to correct emission data for 

attenuation due to overlying bone and soft tissue. Ten seconds before administration of 

[150]H20 subjects received instructions regarding the task. This was followed by the 

counting control or mental stress task which was 90 seconds in duration. At the beginning of 

the task subjects received a bolus injection of 30 mCi of [150]H20 followed ten seconds later 

by a PET scan acquisition which was 90 seconds in length. The onset of the PET scan 

acquisition was timed to correspond to the point of maximum rate of increase in uptake of 

tracer into the brain.
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Mental Stress

Subjects underwent a mental stress task during simultaneous imaging of the brain and heart. 

Control and mental stress tasks were performed in fixed order. All subjects underwent both 

control and stress tasks.

For the control task subjects counted out loud for two minutes while undergoing PET 

imaging of the brain. This was repeated twice. Next they underwent a mental stress task for 

two minutes in conjunction with PET imaging of the brain, again repeated twice. For mental 

stress, subjects performed stressful mental arithmetic tasks (serial subtraction, addition, 

multiplication and division) under time pressure with negative feedback from a research 

fellow. Difficulty was titrated to individual ability to perform the task. For example, if 

subjects got two or more correct in a row a more difficult problem was posed until the 

subject made a mistake.

These mental stress methods, which have been described in detail elsewhere (Bremner, et al., 

2018), have been shown to be associated with significant increases in heart rate, systolic and 

diastolic blood pressure (Bremner, et al., 2018; Bremner, Vythilingam, Vermetten, et al., 

2003; Burg, et al., 1993; Burg, et al., 2014), subjective distress (Bremner, et al., 2018), 

peripheral vasoconstriction (Bremner, et al., 2018) and cortisol (Bremner, et al., 2009; 

Bremner, Vythilingam, Vermetten, et al., 2003), and to induce myocardial ischemia in some 

vulnerable patients with CAD ischemia (Bremner, et al., 2018; Bremner, et al., 2009; 

Bremner, Vythilingam, Vermetten, et al., 2003; Burg, et al., 1993; Burg, et al., 2014; Soufer, 

et al., 1998), with the degree of nervousness induced by stress correlating with ischemia 

(Bremner, et al., 2009).

Two minutes into the second stressful cognitive challenge, subjects were intravenously 

injected with 20 mCi [Tc-99m]sestamibi followed by another minute of stressful cognitive 

challenge. Subject were then removed from the PET camera and accompanied to the SPECT 

camera where they underwent SPECT imaging of the myocardium 30 minutes after 

completion of the task (but with an image of myocardial perfusion at the time of stress). 

Gated images were also obtained for measurement of ejection fraction and evaluation of 

regional wall motion abnormalities. Myocardial images from baseline, exercise and mental 

stress were reconstructed in short axis, vertical long axis and horizontal long axis views.

Data Analysis

Categorical data was analyzed using chi-square and all other data by analysis of variance 

(ANOVA). Significance was defined as p<0.05.

Cardiac data were analyzed using the Emory Toolbox, a validated instrument for display and 

quantitation of cardiac SPECT imaging data,(Garcia et al., 2007; Van Train et al., 1994) and 

were additionally scored by a Nuclear Medicine physician blinded to subject diagnosis using 

a 20-segment bull’s eye diagram of the heart. This diagram is used to rate perfusion 

abnormalities at rest and stress on a scale of 0 (normal) to 4 (absent perfusion) for each of 20 

segments of the heart and to develop a quantitative index of perfusion with rest and stress. 

The difference between scores at rest and stress was defined as the myocardial perfusion 

score. Subjects with a score of 3 or greater were defined as having MSI.
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PET brain mages were reconstructed and analyzed on a SunSparc Workstation using 

statistical parametric mapping (spm02) (www.fil.ion.ucl.ac.uk/spm) and Matlab software 

(Mathworks, Natick MA). Images for each patient set were realigned to the first scan of the 

study session. The data underwent transformation into a common anatomical space and was 

smoothed with a 3-dimensional Gaussian filter to 10 mm full-width half maximum. This 

yielded an image set with 2 × 2 × 2 mm voxels. Regional blood flow with global blood flow 

as a covariate was compared in hypothesized regions (anterior cingulate, amygdala, 

hippocampus) between the two scans in the control condition and the two scans in the active 

condition (mental stress) in patients with depression and controls using the general linear 

model. Additional regions were examined for comparison purposes. First, contrasts were 

performed comparing blood flow during the active and control tasks within the non-

depressed and depressed CAD patient groups. Then the interaction between group 

(depression vs controls) and condition (control versus mental stress) was examined to assess 

greater increases and decreases in blood flow in depressed versus non-depressed CAD 

patients. Statistical analyses yielded image data sets in which the values assigned to 

individual voxels correspond to t statistic (Friston, 1994; Friston, Frith, Liddle, & 

Frackowiak, 1991). Statistical images were displayed with values of z score units. An 

uncorrected threshold z score of 2.67 (p<0.005) and a minimum cluster of 44 voxels as 

determined by spm02 was used to examine areas of activation. A p value of <0.005 has been 

shown to represent the best trade-off between Type I and Type II errors (Reiman et al., 

1997). Locations of areas of activation were identified as the distance from the anterior 

commissure in mm, with x-, y- and z- coordinates, based on the Montreal Neurological 

Institute (MNI) template (see Tables). Areas of activation in the brain were identified using a 

standard stereotaxic atlas (Talairach & Tournoux, 1988).

RESULTS

There were no differences between the groups of CAD subjects with and without depression 

in demographic factors or risk factors for heart disease, including age, sex and race, 

hypercholesterolemia, diabetes, or smoking (Table 1). Subjects with CAD and a diagnosis of 

major depression had significantly greater scores on the Ham-D than subjects without 

current major depression (Table 1). Of the CAD subjects with current depression 1 (8%) had 

a history of past alcohol dependence, 3 (23%) past alcohol abuse, 1 (8%) had a history of 

past marijuana abuse, 2 (14%) had current PTSD, 1 (8%) panic disorder without 

agoraphobia, 1 (8%) panic disorder with agoraphobia, 1 (8%) current obsessive-compulsive 

disorder, 1 (8%) current social anxiety disorder, 1 (8%) generalized anxiety disorder. Five 

(38%) reported a history of exposure to childhood physical and/or sexual abuse based on the 

ETI. Of the 15 CAD subjects without current depression, 1 (7%) had a history of past 

alcohol abuse, and one (7%) past marijuana abuse. None reported a history of childhood 

physical and/or sexual abuse.

CAD patients with depression had higher self-rated nervousness at both rest and stress 

conditions when compared to CAD patients without depression (main effect diagnosis; 

16.45; df 1,50; p=0.0002) with no interaction between control or stress condition and 

diagnosis interaction. Five of the CAD patients with depression (38%) had MSI.
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The CAD patients without depression when examined alone exhibited increased activity 

during stress compared to control tasks in bilateral superior frontal gyri, left middle and 

inferior frontal gyri, right superior temporal gyrus and left middle temporal inferior temporal 

gyri, left parietal cortex (supramarginal gyrus and inferior parietal lobule), cerebellum, right 

medial orbital gyrus, left hippocampus, and midbrain (Table 2). They also exhibited stress-

induced decreases in bilateral superior frontal gyrus, right inferior frontal gyrus, bilateral 

postcentral gyrus, posterior cingulate, precuneus, left superior temporal gyrus, and 

cerebellum.

The CAD patients with depression when examined alone exhibited increased activity during 

stress compared to control tasks in bilateral visual association cortex and cuneus, left middle 

frontal gyrus, fornix, cerebellum and right inferior parietal lobule (Table 3), and decreases in 

left inferior and right superior frontal gyrus, bilateral precentral gyrus, bilateral superior and 

left inferior temporal gyrus, dorsal anterior cingulate, precuneus, pons, and cerebellum.

When CAD patients without depression were compared to those with depression (i.e. 

interaction of diagnosis and task), they exhibited relative increases in blood flow with stress 

versus control tasks in the bilateral middle frontal gyrus, left superior frontal gyrus, caudal 

anterior cingulate, bilateral middle and left superior temporal gyrus, left fusiform gyrus, 

hippocampus, uncus, and right inferior parietal lobule, and cerebellum (Table 4, Figure 1). 

CAD patients without depression compared to those with depression had relative decreases 

(greater increases in depression) in blood flow in right parahippocampal gyrus, cuneus, 

posterior cingulate, and left visual cortex (Table 4).

Depressed CAD patients with MSI showed a failure of activation relative to depressed CAD 

patients without MSI in posterior and caudal anterior cingulate, superior and middle 

temporal gyrus, insula, cerebellum, midbrain/Periaqueductal gray (PAG) and orbitofrontal 

cortex (Table 5, Figure 2). Depressed CAD patients with MSI showed a relative increase in 

precuneus, right inferior parietal lobule, and visual association cortex (Table 5).

DISCUSSION

When compared to CAD patients without depression, CAD patients with depression showed 

a failure of activation in brain areas known to be involved in emotion and cognition, 

including the rostral anterior cingulate (medial prefrontal cortex), hippocampus, and parts of 

the dorsolateral prefrontal, parietal and temporal cortex, and cerebellum. The depressed 

CAD patients tended to activate different brain regions during stress, including visual 

association cortex, posterior cingulate and parahippocampal gyrus. When depressed CAD 

patients with mental stress-induced myocardial ischemia (MSI) were compared to those 

without MSI, they showed a pattern of relative failure of activation of the caudal anterior 

cingulate and parts of the medial prefrontal cortex (orbitofrontal cortex), insula, temporal 

cortex, and cerebellum. The MSI patients preferentially activated precuneus, visual 

association and parietal cortex.

In the current study depressed patients with CAD showed a failure of activation in brain 

areas involved in emotion, including medial prefrontal cortex (rostral anterior cingulate) and 
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hippocampus. In the subgroup of depressed CAD patients with MSI, however, there was a 

failure of activation with MSI in caudal anterior cingulate, which plays more of a role in 

attention, and the orbitofrontal cortex (Kringelbach & Rolls, 2004; Vogt, Finch, & Olson, 

1992). Previous studies have shown a decrease in orbitofrontal function in depression 

(Bremner et al., 1997; Bremner, Vythilingam, Ng, et al., 2003; Cheng, et al., 2016; Drevets, 

et al., 1997; Drysdale, et al., 2016; George, et al., 1997; Mayberg, et al., 1997; Sheline, et 

al., 2009). Alterations in these brain regions could act through neurohormonal systems to 

affect cardiovascular responses to stress. We have previously shown an increase in activation 

in the rostral anterior cingulate with MSI in a sample of CAD patients not selected for the 

diagnosis of depression (Bremner, et al., 2018). The medial prefrontal cortex, which includes 

anterior cingulate and orbitofrontal cortex, is involved in emotion and cognition. Activation 

of the medial prefrontal cortex represents the neural mechanism involved in the extinction of 

fear (Devinsky, Morrell, & Vogt, 1995; Kosson et al., 2006; Luo et al., 2007; Marsh, Blair, 

Vythilingam, Busis, & Blair, 2007; Milad & Quirk, 2002; Milad, Rauch, Pitman, & Quirk, 

2006; Pardo, Pardo, Janer, & Raichle, 1990; Quirk, 2002; Vogt, et al., 1992; Whalen et al., 

1998). This area has inhibitory inputs to the amygdala (Quirk, Garcia, & Gonzalez-Lima, 

2006), which plays a central role in the stress response. Activation of the medial prefrontal 

cortex represents the neural mechanism involved in the extinction of fear (Milad & Quirk, 

2002; Milad, et al., 2006; Quirk, 2002). Altered function in this areas could therefore 

modulate peripheral cardiovascular responses, which could in turn be associated with an 

increased risk of stress-induced myocardial ischemia (Soufer, 2004; Soufer, Jain, & Yoon, 

2009; Vaccarino & Bremner, 2013; Vaccarino & Bremner, 2014, 2015; Vaccarino & 

Bremner, 2017). The findings suggest that an aberrant brain response to stress could put 

depressed CAD patients at risk for increased mortality through myocardial ischemia or 

ventricular abnormality.

In depressed CAD patients with MSI, mental stress was associated with increased activation 

in the parietal lobe, precuneus and visual association cortex. These brain areas are involved 

in the processing of visual information and visuospatial memory. The parietal cortex is 

additionally involved in the perception of the self in space and time (Bremner, Krystal, 

Southwick, & Charney, 1995; Jonides et al., 1993; Pardo, Fox, & Raichle, 1991; Petersen, 

Fox, Posner, Mintun, & Raichle, 1988; Zandbelt, Bloemendaal, Neggers, Kahn, & Vink, 

2013) as well as modulation of peripheral cardiovascular responses to stress (de Morree, 

Szabo, Rutten, & Kop, 2013). These processes play a key role in vigilance during stress 

(Bremner, 2003; Bremner, et al., 1995). Prior studies have shown that altered parietal cortex 

function is associated with risk for cardiovascular disease (Chuang et al., 2014). Our 

findings suggest brain areas involved in visual and spatial processing that are involved in the 

stress response could underlie stress-induced ischemia in some vulnerable patients with 

depression and CAD.

The current findings support prior findings that the medial prefrontal cortex and limbic brain 

areas are involved in stress-induced cardiovascular responses. Studies in healthy human 

subjects have correlated cardiovascular responses to stress with activation in the amygdala 

(Gianaros, et al., 2008; Gianaros, et al., 2004; Lane, McRae, et al., 2009), hippocampus 

(Gianaros, et al., 2004; Lane, McRae, et al., 2009), prefrontal cortex (Jennings, et al., 2009; 

Pollatos, et al., 2007; Tanida, et al., 2004), medial prefrontal / anterior cingulate and 
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posterior cingulate (Bremner, et al., 2018; Gianaros, Derbyshire, et al., 2005; Gianaros, et 

al., 2007; Gianaros, May, et al., 2005; Gianaros, et al., 2004; Lane, McRae, et al., 2009), 

insula (Critchley, et al., 2000; Critchley, et al., 2001; Gianaros, Derbyshire, et al., 2005; 

Gianaros, et al., 2004; Lane, McRae, et al., 2009) temporal cortex (Critchley, et al., 2000), 

and cerebellum (Critchley, et al., 2000; Gianaros, Derbyshire, et al., 2005). These brain areas 

have also been implicated in CAD patients with stress (Bremner, et al., 2018; Soufer, et al., 

1998) and silent ischemia (Rosen, et al., 1996). In summary, studies to date suggest a role 

for anterior cingulate, amygdala, insula and hippocampus in stress-induced myocardial 

ischemia.

Patients with CAD and depression showed a decrease in function with mental stress in the 

cerebellum, and this effect was greater for patients with depressed CAD patients with MSI. 

In addition to coordination of movement, the cerebellum has an under-recognized role in 

social and emotional processing and regulation (Adamaszek et al., 2017; Hoche, Guell, 

Sherman, Vangel, & Schmahmann, 2016; Leiner, Leiner, & Dow, 1989; Schutter & van 

Honk, 2009). Cerebellar activation has also been correlated with increased blood pressure 

and heart rate during mental stress (Critchley, et al., 2000). A failure in this brain region to 

mount a successful response to stress may contributes to maladaptive cardiovascular 

responses to stress.

There are several limitations to the current study. No age-matched healthy volunteers 

without CAD and depression were included for comparison, therefore conclusions about the 

effects of stress on the brain that are specific to patients with CAD cannot be made. More of 

the CAD patients with depression were on antidepressants than those without depression. 

However patients had not responded to antidepressants, and our prior studies have shown 

that antidepressants increase anterior cingulate function, not decrease it, as in the current 

study (Bremner, Vythilingam, Vermetten, & Charney, 2007). The current study was designed 

to study patients with CAD and current clinically significant symptoms of depression, 

therefore given the fact that most were on antidepressants they represent an essentially 

treatment-resistant population. This sample was older and had more men than typical 

samples of depressed patients, and therefore the results are not generalizable to all typical 

populations of patients with depression. CAD is seen in older populations and is more 

common in men than women, however, so the current sample is more representative of the 

subpopulation of depressed patients with co-morbid CAD. There was a high co-morbidity of 

depression with other psychiatric disorders, particularly anxiety disorders and past histories 

of substance abuse. This is likely due to the fact that CAD patients had severe depression 

and many had abuse histories, both of which are associated with increased co-morbidity 

(Bauer et al., 2005; Blanchard, Buckley, Hickling, & Taylor, 1998; Kessler, et al., 2003; 

Kessler, Chiu, Demler, Merikangas, & Walters, 2005; Sareen et al., 2007). Additionally, 

cardiovascular disease is associated with increased rates of both depression and anxiety 

disorders (Huang, Su, Chen, Chou, & Bai, 2009; Kendler, Gardner, Fiske, & Gatz, 2009). 

Eliminating co-morbidities might have created a population which is not representative of 

patients with severe depression in the community. This study had a limited sample size, and 

since there were only a small number of CAD patients without depression who had MSI, it 

was not possible to assess the effects of MSI on brain function in patients both with and 

without depression. Additionally, the number of depressed patients with MSI was limited. 
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Future studies with larger sample sizes are needed to assess the relationship between MSI 

and brain changes in CAD patients with depression. The aims of this study were to assess 

the effects of stress on the brain. Difficulty of mental stress was adjusted to patient ability in 

order to maximize stress. Since previous studies have shown that patients with depression 

show deficits in cognitive function (Bremner, Vythilingam, et al., 2007; Burt, Zembar, & 

Niederehe, 1995; Cohen, Weingartner, Smallberg, Pickar, & Murphy, 1982; Danion et al., 

1991; Sternberg & Jarvik, 1976; Vythilingam et al., 2004) it is possible that patients 

performed worse on the cognitive tests, and that differences in neural responses to cognitive 

stress tasks contributed to differences in group results. This was a pilot study and we did not 

include study groups of depressed patients without heart disease or without either condition. 

Future studies should make such comparisons. Future studies should also look at the effects 

of stress reduction interventions on brain response.

In conclusion, CAD patients with depression showed stress-induced alterations in brain 

areas involved in stress and emotion, including a failure of rostral anterior cingulate 

activation. Depressed CAD patients with MSI compared to those without showed decreased 

activation in caudal anterior cingulate and posterior cingulate. Altered brain response to 

stress in patients with CAD and depression could act through cardiovascular and 

neurohormonal pathways, thereby increasing the risk of stress-induced myocardial ischemia 

in these patients. Furthermore, based on comparisons with our prior studies, brain 

mechanisms of MSI in CAD patients with depression may differ from those in non-

depressed populations of CAD patients.
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Figure 1. 
Imaging protocol for Single Photon Emission Computed Tomography (SPECT) imaging of 

the heart and Positron Emission Tomography (PET) imaging of the brain. Subjects initially 

undergo injection of [Tc-99m]sestamibi followed by SPECT imaging of the heart at rest, 

followed by PET imaging of the brain with counting control and mental stress tasks 

following injection of [O–15]water. At the end of the second mental stress task subjects are 

injected with [Tc-99m]sestamibi followed by SPECT imaging of the heart with stress. The 

pharmacodynamics of sestamibi permit delayed imaging of the heart that provides a picture 

of myocardial activity at the time of stress.
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Figure 2. 
Areas of decreased mental stress-induced brain function in depressed (N=13) compared to 

non-depressed CAD patients (N=15). There were decreases in bilateral rostral anterior 

cingulate in depressed CAD patients (left) not seen in non-depressed patients (yellow area 

indicated by arrow; numbers next to the color bar refer to z scores and areas represented 

correspond to areas with p<.005 and z score>2.67)
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Figure 3. 
Brain activation with stress in depressed patients without stress induced myocardial ischemia 

(N=8) compared to depressed patients with stress induce myocardial ischemia (N=5). There 

was a relative failure of activation (yellow areas) in depressed CAD patients with stress-

induced myocardial ischemia in bilateral caudal anterior cingulate (yellow area indicated by 

red arrow), superior temporal gyrus, orbitofrontal cortex (yellow area indicated by green 

arrow), and cerebellum. Numbers next to the color bar refer to z scores and areas represented 

correspond to areas with p<.005 and z score>2.67.
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Table 1.

Risk Factors and Treatments

Variable CAD with
Depression
(N=13)

CAD without
Depression
(N=15)

Age 58 (9 SD) 60 (5 SD)

Gender 11 M/2 F 13 M/2 F

Race 11 C/2 AA 14 C/1 AA

HAM-D Score 14 (4 SD) 2 (2 SD)*

Hypercholesterolemia 69% 87%

Hypertension 69% 67%

Diabetes 27% 33%

Smoking 20% 27%

Statins 62% 80%

Beta blockers 69% 53%

ACE inhibitors 77% 60%

Calcium
channel
blockers

23% 13%

Diuretics 23% 13%

Antidepressants 77% 7%

*
p<0.001

Demographics, risk factors, and medication usage in Coronary Artery Disease (CAD) patients with and without depression. SD=Standard 
Deviation; F=Female; M=Male; C=Caucasian; AA=African American; HAM-D= Hamilton Depression Scale;ACE=angiotensin converting enzyme 
inhibitor;
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