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characterized by a transient increase 
in coronary vasomotion that creates a 
dynamic coronary obstruction (8,9) and is 
associated with a distinct autonomic pat-
tern that has also been found by others 
to acutely increase circulating inflamma-
tory markers derived from macrophages 
termed the parasympathetic inflamma-
tory reflex (10).

High body mass index (BMI) is a fre-
quently used surrogate for assessment 
of excess adiposity and associated with 
both traditional CAD risk factors and 
all-cause and CAD mortality. BMI is also 
associated with autonomic dysregula-
tion (11), adipose tissue–derived proin-
flammatory cytokines and vasoactive 
peptides that have actions in the central 
nervous system and peripheral organs 
(12). Even with a modest increase in 
BMI, there is an increase in adipokines 
paralleled by histological and biochem-
ical changes characteristic of inflamma-
tion (12) and by endothelial dysfunction, 

that it is largely asymptomatic makes 
the identification of the vulnerable 
patient particularly challenging. Thus, 
the determination of risk markers for 
mental stress (MS)-provoked myocardial 
ischemia has significant implications for 
cardiovascular disease risk management 
and improved outcomes.

MS-provoked ischemia is distin-
guished by several unique pathophys-
iologic features. In particular, it is 

INTRODUCTION
Mental and emotional stress can trig-

ger acute coronary syndrome (ACS), but 
more often it provokes asymptomatic 
myocardial ischemia (1–3), a syndrome 
associated with an independent, 2.4- to 
three-fold increased risk of early morbid-
ity and mortality in patients with known 
coronary artery disease (CAD) (4–7). The 
pervasive nature of this syndrome high-
lights its clinical importance, yet the fact 
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of diverse backgrounds (19,20). Start-
ing with a 4-digit number, patients 
were instructed to subtract a specified 
number (e.g., 7) serially. Following 
a standard protocol, the patient was 
instructed to work as quickly and accu-
rately as they could, and they were both 
frequently prompted to work faster and 
firmly corrected when they made errors. 
The frequency of prompts was titrated 
to incur an error rate of 1 per 10 calcula-
tions, as we have previously described 
(19,20), and this was achieved with all 
patients. Approximately 90 s into the 
MS condition, 30–32 mCi Tc-99m tet-
rofosmin was injected, followed by a 
second 4-mL blood sample (for stress 
catecholamine assay), with acquisi-
tion of SPECT imaging approximately 
45–60 min later. This was followed by 
a second 4-mL blood sample (for stress 
catecholamine assay). Upon completion 
of the MS intervention, the catheter 
was removed and the patients were 
de-instrumented. Approximately 45 min 
after 30–32 mCi Tc-99m tetrofosmin was 
injected as previously mentioned during 
the MS condition, patients underwent 
this second myocardial perfusion scan 
for the stress condition.

Monitoring during the laboratory 
protocol was identical to that done for 
clinical stress testing. In brief, heart rate 
(HR), systolic/diastolic blood pressure 
(SBP/DBP) and 12-lead EKG were ob-
tained at 5-min intervals during BL and 
at 1-min intervals during MS. Indication 
for early termination of MS likewise was 
identical to clinical stress testing: angina 
or symptom equivalent, ST segment 
depression of greater than 3 mm, drop 
in SBP or any arrhythmia. As routinely 
reported in the literature on MS and indi-
ces of myocardial ischemia, none of these 
indications occurred during the protocol.

Blood samples for catecholamine anal-
ysis were centrifuged for 10 min at 4°C 
in an EC Centra-MP4R refrigerated high-
speed tabletop centrifuge (International 
Equipment Co.). Serum aliquots were 
obtained for the different time points 
and stored in 2-mL cryovials at –30°C 
until analysis.

high blood pressure, were classified as 
hypertensive. Use of β-blockers, statins, 
angiotensin-converting enzyme inhib-
itors (ACE inhibitor), aspirin, calcium 
channel blockers and tobacco use was 
documented.

Procedures
Patients reported to the Cardio-

vascular Neurobehavioral Medicine 
Research Laboratory at 9 a.m. on the 
day of study. Participants were asked 
to eat a light breakfast and take their 
normal medications, and adherence 
to this was confirmed on their arrival. 
Height and weight were assessed, after 
which participants were instrumented 
with 12-lead electrocardiogram (EKG) 
monitor (GE Medical MAC 5500) and 
an automated blood pressure cuff. An 
indwelling intravenous catheter was 
placed for nuclear isotope injections 
and for the collection of blood samples. 
Myocardial perfusion was assessed 
at rest and during MS by single-pho-
ton emission computed tomography 
(SPECT) with Technetium-99 (Tc-99) 
tetrofosmin using a 1-d rest–stress 
protocol. The resting perfusion scan was 
performed 45 min after an intravenous 
injection of 10–12 mCi Tc-99m tetrofos-
min (Myoview; GE Healthcare). After 
completion of the resting imaging scan, 
the participants were placed in a quiet 
room with dimmed lights in a relaxed 
semi-supine position. Participants then 
underwent the standardized laboratory 
MS protocol for our laboratory. The pro-
cedure has been previously described 
(17,19). Briefly, this is comprised of a 
resting baseline (BL) during which pa-
tients are instructed to imagine being in 
a restful setting (10 min), followed by a 
laboratory MS period (8 min).

At the end of BL, a 4-mL blood sam-
ple was collected into refrigerated tubes 
containing reduced glutathione (for rest 
catecholamine assay) and placed on 
ice. The 8-min MS condition was then 
initiated. For this condition, mental 
arithmetic—serial subtraction—was 
used, as it is a particularly potent stress 
task for both male and female patients 

one of the earliest signs of clinical ath-
erosclerosis (13). Obesity has also been 
associated with psychosocial predictors 
of cardiovascular prognosis, including 
depression, anxiety and hostility (14–16). 
Thus, the link between obesity/adiposity 
and CAD-related prognosis includes 
both physiological and psychosocial 
pathways.

The risk for developing myocardial 
ischemia during MS has been linked to 
many of the same biological and psycho-
logical variables described above with 
an increased BMI (8,17–19). We therefore 
sought to determine if BMI contributes to 
risk for developing myocardial ischemia 
during MS among patients with stable 
CAD.

MATERIALS AND METHODS

Participants
Patients with chronic stable CAD 

(n = 161), documented by remote his-
tory of ACS, surgical or percutaneous 
revascularization and/or positive exer-
cise myocardial perfusion study were 
recruited from the Cardiology outpatient 
clinics at Yale University Medical Center 
and VA Connecticut Healthcare System 
from February 2004 through October 
2010. Patients with a diagnosis of myo-
cardial infarction or unstable angina 
within 3 months of the study, surgical or 
percutaneous revascularization within 
6 months of the study, major cardiac 
arrhythmia, decompensated congestive 
heart failure, incapacitating or life-threat-
ening illness, major psychiatric disorder, 
substance abuse disorder (by history) or 
cognitive impairment, pregnancy and/
or inability to speak or read English 
were excluded. The Institutional Review 
Board at both medical facilities approved 
the study, and all participants provided 
informed consent.

Medical chart review and patient 
interview were used to obtain demo-
graphic information and determine 
cardiovascular risk profile. Participants 
with a history of systolic pressure >140 
mmHg or diastolic pressure >90 mmHg, 
or currently taking medication for 
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RESULTS
The overall study population had the 

following demographic and clinical cor-
relates’ (see Table 1): average age was 
66 years (±9), 87% were male, 93% had 
hyperlipidemia, 87% were hypertensive, 
29% were diabetic and 25% were tobacco 
users; 70% were prescribed aspirin, 93% a 
statin, 78% a β-blocker, 21% plavix, 50% an 
ACE inhibitor and 29% a calcium channel 
blocker; and the mean LVEF was 54%. All 
subjects were stable class 1 or 2 New York 
Heart Association (NYHA) classification 
with regard to symptoms. Thus, there 
were no statistically significant differences 
in these variables between those with 
versus without worsening impairment in 
myocardial perfusion from BL to MS.

Effects of MS
Of the 161 study participants, 64 

(39.8%) had a new or worsening myocar-
dial perfusion defect from BL to MS, or 
MS-provoked myocardial ischemia, with 
a group mean SDS = 4.84 (vs. 0.92 in pa-
tients without MS-provoked myocardial 
ischemia) (Table 2). Patients with versus 
without this ischemia were comparable 
with regard to clinical manifestations of 
CAD, with no BL differences in primary 
risk factors, medications, comorbidi-
ties, LVEF, severity of CAD and prior 
revascularization, or hemodynamics (see 
Table 1).

At BL, the mean SBP was 133 (±18), 
mean DBP was 75 (±10) and mean HR 
was 59 (±11), while the mean LVEF 
derived from SPECT myocardial per-
fusion imaging (MPI) was 56.0 (±10.8). 
With MS, this increased to an SBP/DBP 
of 160 (±21)/88 (±11) and HR of 69 (±12), 
while the SPECT MPI-derived LVEF was 
56.9 (±11.6). The apparent lack of change 
in LVEF from BL to post stress is not 
surprising since the post stress SPECT 
images were acquired 45–60 min after 
the stress. While the perfusion images 
acquired at that time reflect perfusion 
at the time of injection—for example, at 
the time of the stress—the gated wall 
motion images on which LVEF is de-
rived reflect wall motion at the time of 
acquisition—for example, 45–60 min after 

color display. Rest and stress images 
were visually compared for number 
and severity of perfusion defects using 
a 17-segment model. Each segment 
was scored from 0 to 4, with 0 being 
“normal uptake” and 4 being “no 
uptake,” yielding a total score. A revers-
ible defect score (summed difference score 
[SDS]) was calculated as the difference 
between summed stress (SSS) and rest 
scores (SRS). Following published guide-
lines (21), a new impairment in myocar-
dial perfusion during stress compared 
with the resting BL images in a segment 
was defined as a score ≥2 (definitely ab-
normal); a worsening impairment was 
defined as an increase in score ≥1 above 
a score of 2 or greater. If any of the 17 
segments evidenced these scores, the 
patient was categorized as having new/
worsening impairment in myocardial 
perfusion during MS challenge.

Data Analysis
BMI was treated as a continuous 

variable. Change from rest to MS for 
cardiovascular (HR and SBP/DBP) and 
neuroendocrine (epinephrine and nor-
epinephrine) indices were assessed with 
t-tests or sign rank tests as appropriate. 
Serum catecholamine levels in our popu-
lation did not have a normal distribution; 
therefore, logarithmic transformation of 
those values was warranted. A multivar-
iate logistic regression model was used 
to examine whether BMI independently 
predicted MS-provoked myocardial 
ischemia after adjusting for variables, 
whose selection was based on previous 
research. These variables included tra-
ditional cardiovascular risk factors (age, 
left ventricular ejection fraction [LVEF]); 
hypertension and diabetes based on the 
association of endothelial dysfunction in 
patient populations with either condition; 
β-blocker use because of its protective role 
for myocardial ischemia and endothelial 
function; and logarithmic transformations 
of resting serum levels of epinephrine and 
norepinephrine based on their potential 
role as mediators in MS ischemia. All 
tests were two-sided, and analyses were 
performed using SAS version 9.1.

Measurements
BMI calculations were performed 

based on height and weight obtained 
upon the patient’s arrival for the 
experiment. At the Yale General Clin-
ical Research Center, catecholamines 
were analyzed by high-performance 
liquid chromatography (ESA Inc.) using 
electrochemical detection (Coulochem II) 
after alumina extraction.

SPECT Myocardial Perfusion Imaging
Radiotracer dosing, image acquisition 

and image processing were performed 
according to guidelines of the American 
Society of Nuclear Cardiology (21) and 
followed a protocol identical to that used 
clinically in the low-dose/high-dose 
single-day protocol with rest imaging 
performed prior to stress imaging. Gated 
SPECT was performed with use of a step-
and-shoot acquisition on a Philips Forte 
γ camera system with Gd-153 line source 
attenuation correction or on a GE Discov-
ery SPECT/CT system with computed 
tomography (CT)-based attenuation 
correction. Data were acquired over 180°, 
with 64 frames with a 64 × 64 matrix, 8 
frame gating and 20% window centered 
on 140 keV photo peak of Tc-99m.

Tomographic images were recon-
structed using standard filtered back 
projection and Butterworth low-pass 
filtering, using JET stream platform 
(Philips Medical Systems). Short- and 
long-axis SPECT slices were gener-
ated, along with multilevel gated cines. 
Reconstructed images were interpreted 
using AUTOQUANT (Cedars-Sinai). 
Myocardial perfusion images were inde-
pendently analyzed and interpreted by 
two experienced nuclear cardiologists 
(RS and JM), blinded to the name and 
risk profile of the patients and all other 
medical data, including depression 
status. The concordance rate was 95%, 
with discordant studies addressed by 
another joint review where consensus 
was reached.

Perfusion and wall motion were 
assessed in a qualitative and a semi-
quantitative manner. Perfusion images 
were analyzed in both a grayscale and 
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injection, a time when any deficits in 
LVEF provoked by psychological stress 
would be expected to have normalized. 
Patients with MS-provoked myocar-
dial ischemia showed a trend of higher 
BL levels of circulating epinephrine 
(35.0 ± 50.6 pg/mL vs. 24.6 ± 26.8 pg/mL) 
and norepinephrine (402.6 ± 263.2 pg/mL 
vs. 341.0 ± 254.9pg/mL) and a greater 
increase in these catecholamines with 
MS (epinephrine 74.6% vs. 51.6%; nor-
epinephrine 8.6% vs. 5.0%) that did not 
reach significance (see Table 2).

Patients with MS-provoked myocardial 
ischemia had higher BMI (31.6 ± 5.1 vs. 
29.5 ± 4.3, respectively, p = 0.03), and in 
the multivariate model, the likelihood 
of MS-provoked myocardial ischemia 
increased by 10% for each point increase 
in BMI (odds ratio [OR] = 1.10, 95% confi-
dence interval [CI] [1.01–1.18], p = 0.025), 
by 31% (OR = 1.31, 95% CI [1.04–1.66]) 
for a 3-point increase in BMI and by 53% 
(OR = 1.53, 95% CI [1.06–2.21]) for one stan-
dard deviation (4.7 points) beyond the BMI 
mean value in our cohort (p = 0.025 for all).

DISCUSSION
In this study, we found that BMI was 

associated with an increased likelihood 
for myocardial ischemia in response to 
a cognitive stressful trigger, which is 
MS ischemia. For each 1-point increase 
in BMI, individuals with stable CAD 
were found to have a 10% increased risk 
of evidencing this ischemic syndrome 
independent of traditional cardiovascular 
risk factors for CAD-related outcomes. 

Table 1. Patient characteristics.

Total
Cohort

MS-provoked  
ischemia

(N = 161) No (N = 97) Yes (N = 64)

Demographics
Age (SD) 65.6 (9.0) 66.1 (8.1) 65.3 (9.5)
Sex (% male) 87.6 87.5 87.6
Non-White race (%) 18.0 17.2 18.6

Cardiovascular risk factors
Ejection fraction % (SD)a 53.8 (10.3) 52.6 (9.6) 54.6 (10.7)
Dyslipidemia (%) 93.3 94.4 92.7
Diabetes (%) 28.6 34.4 24.7
Hypertension (%) 87.0 89.1 85.6
Active smoker (%) 24.8 25.0 24.7
BMI (SD) 30.4 (4.7) 31.6 (5.1) 29.5 (4.3)

Medications
Aspirin (%) 69.6 70.3 69.1
Statin (%) 92.6 95.3 90.7
β-blocker (%) 77.9 78.2 77.8
Clopidogrel (%) 21.0 24.1 19.4
Ca-channel blocker (%) 29.2 32.8 26.8
ACE inhibitor (%) 50.3 51.6 49.5

Severity of coronary disease
MPI defect on exercise/
pharmacologic stress (%)

54 55 54

Prior ACS (%) 52 48 55
Prior PCI (%) 51 54 48
Number vessels (SD) 1.60 (0.96) 1.72 (0.89) 1.50 (1.03)
Prior CABG (%) 44 40 47
Number vessels (SD) 3.17 (1.00) 3.07 (0.99) 3.26 (1.01)

Months since
Revascularization (SD) 78 (72) 74 (73) 81 (71)

MPI
SRS 2.56 3.47
SSS 3.48 8.31
SDS 0.92 4.84

Ca, calcium; CABG, coronary artery bypass graft surgery; PCI, percutaneous coronary 
intervention; SD, standard deviation.
aLVEF value taken from the most recent diagnostic test in the medical record (e.g., resting 
cardiac ECHO/SPECT MPI, cardiac catheterization).

Table 2. Physiologic response to stress.

Overall
(N = 161)

MS-provoked ischemia

Yes (N = 64) No (N = 97)

Measure BL MS BL MS BL MS

SBP *133.6 ± 18.4 159.5 ± 21.0 *136.1 ± 21.0 160.1 ± 23.6 *130.6 ± 16.4 159.1 ± 19.6
DBP *75.2 ± 10.1 88.4 ± 10.8 *76.8 ± 10.7 87.5 ± 11.3 *74.3 ± 9.7 88.9 ± 10.5
HR *59.1 ± 11.0 68.6 ± 11.9 *61.3 ± 13.3 70.6 ± 13.6 *57.8 ± 9.3 67.4 ± 10.7
Epinephrine (pg/mL) 28.7 ± 38.3 46.7 ± 64.7 35.0 ± 50.6 61.1 ± 88.7 24.6 ± 26.8 37.3 ± 40.4
Norepinephrine (pg/mL) 365.5 ± 259.2 389.9 ± 236.7 402.6 ± 263.2 437.4 ± 275.0 341.0 ± 254.9 358.2 ± 202.7

Values are mean ± standard deviation. Changes from BL to MS in both SBP and DBP and HR were all significant at the *p < 0.0001 level, 
however, the differences in BL or MS values between those with (YES) versus without (NO) MS-provoked ischemia were not statistically 
significant. There were no significant differences in epinephrine and norepinephrine across conditions or between groups.
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new or worsening myocardial perfusion 
deficit provoked by MS—MS-provoked 
myocardial ischemia. The pathophysiol-
ogy underlying this finding is consistent 
with the autonomic and proinflamma-
tory consequences of adiposity. Further 
research focusing on mechanistic under-
pinnings of these observations and in 
diverse populations may advance con-
ceptual constructs regarding the complex 
effects of excess adiposity on cardiovas-
cular health.
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