Cardiovascular stress response and coronary artery
disease: Evidence of an adverse postmenopausal
effect in women
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Obiectives To test the hypothesis that postmenopausal women demonstrate greater vascular instability, measured by
enhanced cardiovascular stress responses during mental stress, compared with men and premenopausal women.

BOCkgI“OUI‘Id Recent data suggest that estrogen plays a role in regulating vascular tone. The possible consequences
of estrogen deficiency during menopause on systemic vascular reactivity is largely unexplored.

Methods One hundred subjects (84 men and 16 women) underwent mental stress testing with radionuclide ventriculo-
graphy. Study subjects included 19 normal volunteers, 23 control subjects with chest pain syndromes or hypertension but
without coronary artery disease, and 58 coronary artery disease subjects. The subjects performed a series of three mental
stress tasks, during which hemodynamic data and radionuclide ventriculograms were obtained.

Results Overall, women demonstrated greater hemodynamic responses during mental stress measured by changes in
heart rate, systolic and diastolic blood pressure, and double product compared with those of men (all p < 0.05). Women
with coronary artery disease demonstrated greater heart rate, diastolic blood pressure, and double product stress respons-
es than their male counterparts (all p < 0.05). Women of postmenopausal age demonstrated significantly greater systolic
blood pressure reactivity than men or premenopausal women (p < 0.05).

Conclusions Women of postmenopausal age have greater cardiovascular responses to stress than men or premeno-
pausal women. These findings suggest an additional mechanism by which estrogen deficiency conveys a poor prognosis in

female patients with coronary artery disease. (Am Heart ] 1998;135:881-7.)

Evidence suggests that women with coronary artery

disease have a worse prognosis when compared with

1,2

men."* Although older age and more adverse risk factor

profiles among women with coronary artery disease
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may account for some of this difference, several large
prospective studies have demonstrated persistently
poorer outcomes among women when compared with
men after correction for these baseline differences.? It
is important to note that 92% of coronary artery disease
morbidity among women is experienced in the post-
menopausal age group, where coronary artery disease
prevalence and case-fatality rates rapidly accelerate
when compared with that of premenopausal women.?
The operative factors behind the postmenopausal
acceleration of coronary artery disease in women are
not fully understood. Adverse changes in lipoprotein
profiles associated with declining endogenous estrogen
levels appear to account for approximately only 25% to
50% of the increased postmenopausal risk.* Animal and
human studies have suggested that estrogen deficiency
is associated with altered vasomotor reactivity® and that
estrogen replacement normalizes this condition.”
Indeed, labile vasomotor tone characterized by “flush-
ing” is a clinical hallmark of menopause for many
women. Although it is known that both systemic and
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Figure 1
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Mean values + standard deviation for A heart rate (A HR,
expressed as beats/min), A systolic blood pressure (A SBP,
expressed as mm Hg), A diastolic blood pressure (A DBP,
expressed as mm Hg), and A double product (A DP, calculated
as A [heart rate x systolic blood pressure]) for men (n = 84)
and women (n = 16).

coronary arterial walls contain estrogen receptors,’ the
possible consequences of estrogen deficiency on sys-
temic vascular stress responses is largely unexplored.

Cardiovascular stress response, defined as the change
in heart rate and blood pressure in response to struc-
tured stimuli, has been demonstrated to be a predictor
of atherosclerosis® and cardiac events”19 as well as
myocardial ischemia in the laboratory!'! and during
daily life.!? We hypothesized that postmenopausal
women would demonstrate greater vascular instability,
measured by larger cardiovascular stress responses dur-
ing mental stress, than men and premenopausal women
in a group of subjects who underwent laboratory men-
tal stress with radionuclide ventriculography.

Methods

The study represents a retrospective analysis of 100 consecu-
tive subjects (84 men and 16 women) who underwent research
protocol mental stress testing examining triggered myocardial
ischemia with radionuclide ventriculography in our laboratory.
These subjects included 19 normal volunteers, 23 control sub-
jects with chest pain syndromes or hypertension but without
known coronary artery disease, and 58 patients with coronary
artery disease. Coronary artery disease was documented by a
prior cardiac event or coronary angiography demonstrating
=250% luminal diameter stenosis in one or more major epicar-
dial coronary arteries (12 = 44) or a high (=80%) likelihood of
disease (12 = 14) based on Bayesian analysis of age, sex, symp-
toms, risk factors, and the results of a prior treadmill exercise
test.!3 Control subjects had no documented coronary artery dis-
ease and a low (<20%) likelihood of disease.
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Figure 2
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Mean values + standard deviation for A HR, A SBP, A DBP,
and A DP, as described in Figure 1, for men <55 years (n = 38)
and 255 years (n = 46), and for women <55 years (n = 6) and
>55 years (n = 10).

The study protocol was approved by the medical center
institutional review board and all subjects gave written
informed consent.

Laboratory stress testing

Patients were asked to withhold B-blocking medication for
48 hours, calcium channel blockers for 24 hours, and long-
acting nitrates on the day of testing. Patients were injected
with 25 mCi of in vitro labeled technetium 99m red blood
cells. Three-channel ECG and heart rate were continuously
monitored throughout the study and 12-lead ECGs were
obtained at rest and before each mental stress task, at 2-
minute intervals during each mental stress task, and every
minute of the recovery periods. Blood pressure was recorded
at rest and before each mental stress task, every 2 minutes
during each mental stress task, and at 2-minute intervals dur-
ing recovery by use of an automated cuff (Critikon
Dynamapp, Model #1846SS). Before data collection was initi-
ated, blood pressure measurements were taken with both the
automated cuff and the standard mercury sphygmomanome-
ter to ensure that the automated blood pressure assessments
were accurate.

Mental stress

Subjects were asked to relax for 12 to 15 minutes with the
room lights off, after which baseline studies were obtained.
Subjects then performed a series of three mental stress tasks,
with 5-minute rest periods between tasks. Mental arithmetic:
Subjects were instructed to subtract serial sevens from a four
digit number for 5 minutes while being harassed about their
speed or accuracy. Stroop Color Word Task: Subjects were
presented with a rapid series of slides for 3 minutes, display-
ing the written names of colors (i.e., green) with the letters
appearing in a nonmatching color (i.e., blue). Subjects were
required to state out loud the color used to display the word,
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Table 1. Population demographic and clinical variables

Healthy volunteers Controls Coronary artery disease
Men Women Men Women Men Women
(n=15) (n=4) (n=17) (n=6) (n=52) (n=6)
Age (yr) 29+7 277 52+12 58+23 61110 63 +18*
Age = 55 yr (%) 0 0 47 67 73 100*
HTN (%) 0 0 41 50 48 50*
Prior Ml (%) 0 0 0 0 21 33
Angina (%) 0 0 29 50 73 100*
Med withdrawal (%) 0 0 6 17 56 67
[3-Blocker withdrawal (%) 0 0 6 17 33 33

Angina, Chronic angina; Med withdrawal, antianginal medication, including B-blockers, calcium channel agents, or nitrates withdrawn before testing; HTN, hypertension; MI, myocar-

dial infarction.
*Main effect for coronary artery disease.

rather than the word itself. Simulated Public Speaking:
Subjects were asked to give a 5 minute speech in front of
two observers regarding his or her personal faults or undesir-
able habits. The subject was instructed to speak frankly and
specifically and to maintain eye contact with the observers.
At the end of each mental task, the subjects were asked to
rate their feelings of tension, interest, anxiousness, arousal,
challenge, and anger on a five-point scale.

Radionuclide ventriculography

After multiple-view resting gated equilibrium blood pool
ventriculography was performed, the camera was positioned
in the left anterior oblique angle that best separated the left
and right ventricles while the subject reclined supine at a 45-
degree angle during mental stress testing. After repeat rest-
ing images before each mental task, mental stress task
images were obtained in the last 2 minutes of each task. The
gamma camera used for acquisition was equipped with a
1/4-inch sodium iodide crystal and an all-purpose parallel
hole collimator. Twenty frames of equal duration were
acquired during the cardiac cycle, resulting in approximately
100,000 counts per frame.'* After spatial and temporal
smoothing, segmental wall motion was assessed visually on
the rest and mental task by use of a continuous loop video
display. Two experienced observers scored five segments by
consensus with a five-point scale: 3 = normal, 2 = mild
hypokinesis, 1 = marked hypokinesis, 0 = akinesis, and -1 =
dyskinesis. A “stress-induced wall motion worsening score”
was calculated as the sum of the five segmental scores at rest
minus the sum of the segmental scores at peak stress. An
ischemic response was defined as a stress-induced wall
motion worsening score of 21. We have previously docu-
mented the validity and utility of these methods for the mea-
surement of inducible myocardial ischemia.!! Left ventricular
ejection fraction was calculated after end-diastolic, end-sys-
tolic, and background regions were manually assigned by a
computer operator blinded to the clinical data.14

Statistical analysis

Data are expressed as either mean values + standard devia-
tion or as proportions. To determine the magnitude of hemo-
dynamic response, difference scores were calculated from
baseline to the task at which the subject displayed the high-
est rate pressure product, calculated by the following formu-
la: heart rate (measured in beats/min) x systolic blood pres-
sure (measured in mm Hg). Analysis of the results including
all mental stress tasks was not significantly different from the
results presented and is not considered further. Analysis of
variance (ANOVA) was used to examine differences in hemo-
dynamic response with sex as a two-level between-subjects
factor (men vs women) and diagnostic group as a three-level
between-subjects factor (normal volunteers vs control sub-
jects vs patients with coronary artery disease), and age as a
covariate. Subgroup differences were further examined using
post hoc unpaired  tests (with pooled or separate variance
estimates when appropriate) or nonparametric tests (Mann-
Whitney and Kruskal-Wallis). Comparisons of proportions
were performed using chi-square tests. A p value of <0.05
was considered statistically significant.

Results

The sample population demographic and clinical vari-
ables are shown stratified by sex in Table 1. Patients
with coronary artery disease were older and more likely
to be hypertensive. Ten of 16 (63%) of the women
overall and six of six (100%) of the women with coro-
nary artery disease were 255 years, an age by which
95% of U.S. women are postmenopausal.’®> None of the
women were taking hormonal replacement therapy.

There were no differences in baseline characteristics
among the men and women (Table D, although women
as a group had a higher resting heart rate compared
with men (Table II). Normal volunteers had lower base-
line systolic and diastolic blood pressure than did
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Table Il. Baseline hemodynamics according to group
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Healthy volunteers Controls Coronary artery disease
Men Women Men Women Men Women
(n=15) (n=4) (n=17) (n=6) (n=52) (n=6)
HR (beats/min) 63+ 11 70t+7 66+9 74+ 8 65111 73+ 11*
SBP (mm Hg) 121 £ 11 106+ 16 127+ 18 130 £ 25 129 £ 25 139+ 17
DBP (mm Hg) 74+ 10 59+9 8113 771 8017 87+ 12
DP (x 102) 77 17 75118 84+ 19 97 +27 83 +22 100+ 19

HR, Heart rate; HTN, hypertension; DBP, diastolic blood pressure; DP, double product (calculated as HR x SBP); SBP, systolic blood pressure.

*Main effect for sex.

patients with coronary artery disease and controls
(p < 0.05). However, analysis of covariance revealed
that these lower baseline differences were entirely
explained by the age differences between the groups.
The presence of coronary artery disease also did not
account for any baseline hemodynamic differences after
adjustment for age.

No sex differences were observed in either the specific
task that produced the greatest hemodynamic change or
in the subjective ratings of task-induced anxiety, anger,
interest, challenge, or tension.

Sex differences in cardiovascular stress response
Mental stress induced significant increases in the heart
rate, blood pressure, and double product compared
with baseline (all p < 0.01). Women demonstrated sig-
nificantly greater hemodynamic stress responses than
men, including heart rate, diastolic blood pressure, and
double product (all Mann-Whitneys p < 0.05)(Fig. 1.
Subgroup analyses revealed that normal female vol-
unteers had elevated heart rate responses compared
with normal male volunteers. No significant sex differ-
ences in hemodynamic stress response were observed
in the control group, whereas female coronary artery
disease patients had significantly higher heart rate, sys-
tolic and diastolic blood pressure, and double product
responses to mental stress (Table IID). Analyses of vari-
ance with sex and coronary artery disease status as
between-subjects factors and covarying for age con-
firmed that women had higher heart rate, systolic and
diastolic blood pressure, and double product responses
than did men (p < 0.01), whereas no interaction
between sex and coronary artery disease status or a main
effect of coronary artery disease status on hemodynamic
response was noted. Although mental stress—induced sys-
tolic blood pressure response was substantially higher in
women in the control and coronary disease groups, these

differences did not reach statistical significance, likely
because of the small sample size.

To specifically examine sex differences in the effects
of postmenopausal age on mental stress—induced reac-
tivity, hemodynamic responses in patients 255 years old
were compared to responses of subjects <55 years of
age, taking into account the effects of coronary artery
disease status. Analysis of variance showed that women
of postmenopausal age had higher systolic blood pres-
sure and double product responses than men or pre-
menopausal women (P, action = 0-03). A similar but
nonsignificant interaction was found between age and
gender for heart rate and diastolic blood pressure. This
pattern of results remained the same when statistically
controlling for baseline hemodynamics. Given the small
sample size and differing standard deviations, nonpara-
metric analysis of variance was used, which confirmed
that postmenopausal women (72 = 10) had higher sys-
tolic and diastolic blood pressure and double product
responses than premenopausal women (7 = 6), men
>55 years of age (1 = 46), and men <55 years of age
(n = 38) (all p < 0.05). As shown in Fig. 2, women =55
years had significantly higher systolic and diastolic blood
pressure responses to mental stress compared with
women <55 years (t teStscparatc variance cstimutcsp <0.05).
Age did not affect cardiovascular reactivity in men.

Cardiovascular stress response and radionuclide
ventriculographic ischemia

Inspection of radionuclide ventriculographic response
to mental stress demonstrated overall similar left ventric-
ular ejection fraction changes among the women and
men, respectively, in the normal subjects (—1% + 12% vs
5% + 6%, p = NS) and control subjects (0% * 4% vs 1% +
3%, p = NS). Women, however, demonstrated a greater
heterogenous left ventricular ejection fraction response
and two (50%) normal female subjects had a left ven-
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Table Ill. Cardiovascular stress response according to group

A HR (beats/min) A SBP (mm Hg) A DBP (mmHg) ADP (x102)

Normal volunteers

Male (n = 15) 20+ 12 34+ 11 1MmE1 52+25

Female (n = 4) 30+ 4~ 3726 22112 70+ 32
Control subjects

Male (n=17) 1911 39115 26t 10 5827

Female (n = 6) 27 £ 24 71+47 34112 110 £ 90
Patients with coronary artery disease

Male (n = 52) 1511 51+32 28t 14 61 £ 36

Female (n = 6) 32+ 121 82+ 42 44+ 10* 140 + 60T

HR, Heart rate; DBP, diasfolic blood pressure; SBP, systolic blood pressure; DP, double product [calculated as HR x SBP).

*p <0.05 compared with men.
To <001 compared with men.

tricular ejection fraction fall of 27%, a finding that was
not observed in any of the male normal subjects or con-
trol subjects. Stress-induced wall motion worsening
scores were within normal limits for the normal and
control subjects and not significantly different between
the women and men.

The coronary artery disease patients demonstrated a
trend toward a greater left ventricular ejection fraction
change among the women compared to that of the men
(=3 £8vs 206, p=0.09), although a similar proportion
of women and men demonstrated left ventricular ejec-
tion fraction falls of >5% (17% vs 12%, p = NS). Mental
stress triggered an ischemic response in 37 of the 58
coronary artery disease patients (64%), including two of
six (33%) of the women and 35 of 52 (65%) of the men
(p = NS). No associations were found between the mag-
nitude of hemodynamic response to mental stress and
the inducibility of myocardial ischemia. Among the
patients demonstrating mental stress—induced ischemia,
women demonstrated a trend toward a more pro-
nounced decrease in left ventricular ejection fraction
during mental stress compared with the men (11% + 9%
vs 1% + 7%, respectively, p < 0.06) but not in the stress-
induced wall motion worsening score (5.0 £ 1.4 vs 3.5 £
2.4, respectively, p = NS).

Discussion

These results demonstrate that women (particularly
women with coronary artery disease) have greater car-
diovascular responses to mental stress than do men.
Also of importance, cardiovascular stress responses
appear to be greatly enhanced among women of post-
menopausal age compared with those of men and pre-
menopausal women, especially with regard to blood
pressure. Although in this small data set the observed

enhanced cardiovascular reactivity among the post-
menopausal women was not associated with a greater
frequency of induced myocardial ischemia, we cannot
discount the possibility that this enhanced hemodynam-
ic stress response may have an adverse effect in terms
of triggering cardiac events.

The mechanisms responsible for the greater cardio-
vascular stress responses among women compared with
men are unknown. Prior studies among healthy popula-
tions have demonstrated that young women have a
higher heart rate reactivity than do young men, 017 sim-
ilar to our findings among the normal volunteer sub-
jects. These sex-related differences have been found to
emerge at the time of adolescence, suggesting that
reproductive hormones play a role in their determina-
tion.'® Two prior studies that evaluated older healthy
subjects have reported findings similar to ours with
regard to elevated blood pressure reactivity during men-
tal stress among postmenopausal women when com-
pared with premenopausal women.'??° Owens et al.1”
have demonstrated that these group differences corre-
late with low serum estradiol levels but not plasma cat-
echolamine levels, suggesting that estrogen deficiency
plays a role in elevating cardiovascular reactivity among
postmenopausal women. Alternatively, poor physical
exercise habits or comorbid conditions such as hyperten-
sion that are prevalent in older women may result in
greater cardiovascular reactivity because of deconditioning.

Elevated cardiovascular reactivity can have adverse
consequences, both in terms of enhancing the athero-
sclerotic process and in triggering cardiac events such
as myocardial infarction and cardiac death. These data,
as well as previous data from our laboratory?! and oth-
ers,?? demonstrate that elevated cardiovascular reactivity
is associated with greater falls in left ventricular ejection
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fraction, independent of the presence of coronary artery
disease. Work in animals has also demonstrated that
elevated cardiovascular reactivity, measured by heart
rate surges in cynomolgus monkeys in response to a
threatening stimulus, is associated with greater athero-
sclerosis,® possibly through mechanisms of greater
endothelial injury and subsequent cholesterol infiltra-
tion. Studies in human beings have shown that elevated
blood pressure reactivity is associated with future car-
diac events such as myocardial infarction and sudden
death,”19 possibly through an association with coronary
artery vasoconstriction? and resultant myocardial
ischemia?® or triggering of atherosclerotic plaque rup-
ture.?> The current results’ lack of concordance with our
previous results demonstrating an association between
elevated cardiovascular reactivity and myocardial
ischemia?? is likely the result of our small subgroup
sample sizes.

The current study findings help further our under-
standing of women with coronary artery disease.
Although previous studies have found that women
with coronary artery disease have a more adverse
prognosis when compared with men,'? a biologic
basis for this has not been clearly elucidated. More
advanced age and adverse baseline risk factor profiles
among women as compared with men appear to
account for some of this difference.'? Sex-related dif-
ferences in the management of coronary artery dis-

26 may also play a role, although recent analyses
question this.?”?8 The current study findings support an
additional explanation for these sex-related differences
in outcomes. Our results suggest the hypothesis that
enhanced hemodynamic responses to stress in post-

€ase

menopausal women with coronary artery disease may
place women at greater risk for adverse cardiac events,
possibly via triggering of plaque rupture or myocardial
ischemia. Pertinent to the current study findings,
Williams et al.> demonstrated that surgical menopause
via bilateral oophorectomy elevates coronary artery
vascular reactivity in cynomolgus monkeys. Work in
both animals® and human beings® has documented that
subsequent estrogen replacement re-establishes normal
vasomotor responses in coronary and brachial arteries
among estrogen-deficient female subjects.

Limitations

The current study has several limitations. First, we
did not have serum hormonal determinations on the
women to confirm their premenopausal or post-
menopausal status and thus used an age criteria for
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this purpose. This limitation precludes drawing any
direct conclusions regarding a relationship between
low estrogen levels and elevated cardiovascular reactiv-
ity from our data, although previous work has docu-
mented this relationship.'” Second, our age cutoff of 55
years for postmenopausal status is a conservative esti-
mate that possibly may have excluded some younger
women that were postmenopausal. It is possible that
larger group differences would have been observed
with a less conservative age cutoff. Testing with
prospective identification of menopausal status is clear-
ly indicated. Third, we tested the premenopausal
women in our study without regard to the phase of
their menstrual cycle. Although previous work by
Stoney et al.? suggests that cardiovascular response to
stress does not vary according to the phases of the
menstrual cycle, firm conclusions regarding this have
not been drawn. Finally, our retrospective analysis,
cross-sectional study design, lack of women <55 years
with coronary artery disease, and small subgroup sam-
ple sizes limited the generalizability of our results.
Further prospective work assessing cardiovascular
response to stress with larger numbers of women is
needed to adequately test this hypothesis.

Implications

Previous work has hypothesized a vascular reactivity
mechanism to in part explain the adverse cardiovascu-
lar effects of estrogen deficiency in women. These
results provide preliminary support for this as a biolog-
ic mechanism and suggest that elevated cardiovascular
response to stress may contribute to more adverse out-
comes in postmenopausal women with coronary artery
disease. Accordingly, estrogen replacement therapy
may improve outcomes in postmenopausal women
with coronary artery disease by reducing the cardiovas-
cular response to stress. Studies have demonstrated
that estrogen treatment improves coronary® and
brachial3® artery vasoreactivity, as well as exercise
duration,! in postmenopausal women. Further
prospective work is needed to explore the relationship
between serum hormone level, hemodynamic and
vasomotor responses, and cardiac mortality among
women with coronary artery disease, as well as the
possible therapeutic effect of estrogen treatment.
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