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Cardiac Vagal Control and Dynamic Responses to
Psychological Stress Among Patients With Coronary
Artery Disease

Paul Grossman, PhD, Lana L. Watkins, PhD, Frank H. Wilhelm, PhD, Dimitris Manolakis, PhD, and
Bernard Lown, MD

mpaired control of parasympathetic modulation of

heart rate has been associated with cardiovascular
mortality in patients with coronary artery disease
(CAD) and among older populations of indetermi-
nate cardiovascular status.'? Cardiac vagal activity
moderates stress-related sympathetic influences
upon the heart and blood pressure variations.>* The
opposing forces of parasympathetic and sympathetic
efferent discharge are important determinants of car-
diac stress reactions and influence susceptibility to
ventricular arrthythmias in heart disease.35 Because
mental stress contributes to risk among CAD patients
and because diminished vagal control has been as-
sociated with elevated mortality, it is important to
delineate the role of cardiac vagal control in medi-
ating cardiovascular reactions to mental stress in
CAD. This study examined links between cardio-
vascular stress responses and individual differences
in cardiac parasympathetic control among stable
CAD patients. Patients with high and low levels of
cardiac vagal activity, as indexed by respiratory si-
nus arrhythmia (RSA), were compared during a pub-
lic-speaking mental stressor and at rest. Dependent
measures included mean RR interval, blood pressure,
rate-pressure product, cardiac output, total peripheral
resistance, and baroreflex sensitivity.

Fifteen patients with highest levels of cardiac va-
gal control and 15 patients with lowest vagal control
were selected from 46 patients with documented
CAD. Exclusion criteria were congestive heart fail-
ure, malignant ventricular arrhythmias, rheumatic
heart disease, hemodynamically significant aortic
stenosis or aortic valvular insufficiency, mitral valve
disease, ejection fraction <30%, age >75 years, di-
abetes, body mass index >335 kg/m?, absence of nor-
mal sinus rhythm, >2 previous myocardial infarc-
tions, and the daily use of class 1 and 3
antiarrhythmic agents, or digitalis.
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All patients were maintained on their normal
medication schedule during the study in order to pro-
vide results representative of real-life stress re-
sponses of coronary patients. Groups did not differ
in type or number of medications. The only signifi-
cant clinical difference between groups (Table 1) was
office heart rate, which was higher as expected in the
group with reduced vagal activity. There was also a
tendency toward more severe coronary occlusion in
the low-vagal group. There were no differences be-
tween groups on personality measures of depression
(Beck Depression Inventory), hostility (Buss~Der-
kee Scale), or anxiety (Spielberger Trait Anxiety
Scale).

Experimental conditions were presented in the
morning to seated subjects in the following order:
(1) voluntary paced-breathing, via auditery signal, at
9, 12, 15 and 18 cycles/min (3-minute periods), (2)
a 10-minute pretask resting baseline, and (3) a 7-
minute standard public-speaking task'> in which pa-
tients prepared and presented a speech about an emo-
tionally evocative situation.

The vagal-control classification was determined
from mean spectral-analysis-derived RSA during
paced breathing to control for the confounding influ-
ences of respiratory parameters upon amplitude of
RSA.® Various studies confirm the high within-sub-
ject stability of RSA over time.”®

The following signals were recorded: electro-
cardiogram, Finapres (Ohmeda, Louisville, Colo-
rado) beat-to-beat finger blood pressure, Respitrace
(Ardsley, New York) abdominal and thoracic respi-
ration, and end-tidal carbon dioxide via nasal can-
nula (Novametrix, Wallingford, Connecticut). Fina-
pres estimates of blood pressure are highly correlated
with intraarterial measures.*'°

Digitized data were stored on computer. Sam-
pling frequencies were 400 Hz for the electrocardio-
gram, 200 Hz for blood pressure and CO, signals,
and 25 Hz for respiration. Physiologic signals were
analyzed off-line by computer using customized pro-
grams. Suspect cardiac intervals were reviewed us-
ing the original electrocardiographic signal as means
of verification. Ectopic or other abnormal beats were
deleted from the RR interval series and replaced by
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TABLE | Characteristics of Low- and High-Vagal Coronary Artery Disease Groups [+ SEM)
Llow-Vagal Group High-Vagal Group
[n=15) (n=15)

Paced RSA (ms?) 402+ 1.4 5757 £ 43
Ln RSA (ms?) 3.4+02 62+02
Age [yr) 62.0+0.8 59307
Body mass index 27404 28.1 0.5
Office heart rate (beats/min)* 68.1 £ 1.0* 59.5+0.8*
Office blood pressure (mm Hg]} 130/78 + 17/10 124/79 + 16/10
Left ventricular ejection fraction 67.3+0.8 60.5 x 0.7
Documented MI 53% 53%
Time since Ml (yr) 6.8 0.9 92.1x1.0
Current angina 87% 60%
Catheterization performed 53% 53%
Mean number of occluded coronary arteries {>70%)" 1.8+0.3 1.1 +03
Bruce protocol exercise duration

5-9 min 47% 33%

>9 min 53% 67%
Mean maximum exercise ST depression {mm) 1.1+1.2 1.2+ 1.1

* p <0.05; Tp <0.10.

MI = myocardial infarction; In = natural logarithm; RSA = respiratory sinus arrhythmia

TABLE il Mean Levels {= SEM) of Dependent Measures During
Speech Stress and 10-Minute Baseline Preceding Stress
Low-Vagal High-Vagal
Measure X £ SEM X = SEM
Systolic pressure (mm
Hg)
Baseline 138.6 7.4 143.2 6.4
Speech 190.2 8.7 184.5 7.1
Diastolic pressure {mm
Hg)
Baseline 73.7 3.3 74.3 3.4
Speech 100.9 4.6 93.3 3.6
Heart rate {beats/min)
Baseline 66.8 2.5 53.2 1.6
Speech 78.6 2.9 65.1 2.0
Cardiac output {L/min}
Baseline 4.5 0.2 4.1 0.3
Speech 4.8 0.2 4.6 0.3
Peripheral resistance (U}
Baseline 1.3 0.1 1.6 0.2
Speech 1.8 0.2 1.8 0.2
Rate-pressure product
Baseline 9,123.9 553.3 75705 3250
Speech 14,515.8 7440 11,729.8 369.9
Baroreflex gain
(ms/mm Hg)
Baseline 4.2 0.8 6.2 0.5
Speech 3.3 0.6 4.3 0.5
RSA (In ms?)
Baseline 4.1 0.3 6.1 0.1
Speech 39 03 52 02
In = natural logarithm; RSA = respiratory sinus arrhythmia.

linearly interpolated values. Records with greater
than 10% ectopic beats were not submitted for spec-
tral analysis.

Mean values per condition were calculated for
heart rate, systolic, diastolic blood pressure, and rate-
pressure product. Respiratory parameters were ana-
lyzed to assure adherence to paced-breathing con-
ditions. Additionally, cardiac output and systemic
total peripheral resistance change were determined
by the previously validated pulse-contour analysis

(BEATFAST, TNO-BMI, Amsterdam, The Nether-
lands)."!

RSA and baroreflex sensitivity were estimated by
means of power spectral and cross-spectral analysis.
Our spectral estimation procedure used the Welch
algorithm, which averages periodograms.'” Time se-
ries of beat-to-beat RR intervals were linearly inter-
polated at a frequency of 4 Hz. For each experimen-
tal condition, 60-second segments data, overlapping
by half, were then detrended, filtered with & Hanning
window, and fast Fourier transformed to provide fre-
quency content. Identical procedures were employed
for systolic blood pressure and for respiration. Band-
widths employed were 0.070 to 0.1299 Hz (low-fre-
quency band) and 0.13 to 0.50 Hz (high-frequency,
or RSA, band). Previous research has determined
that RSA is almost exclusively vagally rnediated.®
Low-frequency RR interval power reflects both va-
gal and sympathetic modulation and is largely a con-
sequence of baroreflex feedback mechanisms.”” RR
interval spectral data were transformed to natural
logarithms in order to normalize distributions.

To estimate baroreflex sensitivity, cross-spectral
analysis of the magnitude component of the transfer
function employed systolic pressure as input and RR
interval as output.'* Baroreflex sensitivity was the
magnitude of RR change per millimeters of mercury
within the low-frequency band where the coherence
was >0.5. Data not reaching criterion were treated
as missing.

Repeated-measures analyses of variance were
employed with 1 grouping factor (vagal control) and
Greenhouse—Geisser corrections. Whenever base-
line levels of a variable differed between groups,
analyses of covariance adjusting for baseline values
were used to examine stress responses.

All mean data are presented in Table II. Mean
heart rate differed between groups across all condi-
tions with higher values for the low-vagal group (p
<0.0001). Both groups responded to stress with an
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tion effect indicated that the low-

* p<0.03

Diastolic Pressure Response (mmHg)

Low Vagal
CARDIAC VAGAL CONTROL

High Vagal

vagal group displayed greater
rate-pressure product increases to
mental stress than the high-vagal
group (Figure 2; p <0.05). Rate-
pressure product reactions to
stress remained significant after
adjustment for baseline levels (p
<0.05). Both rate-pressure prod-
uct and diastolic reactions were
correlated with RSA across all 46
patients of the study (r = 0.3, p
<0.05), suggesting continuous
relations.

Cardiac output increased from
rest to stress (p <0.001, respec-
tively). Although there was no
group difference, post-hoc ¢ tests

FIGURE 1. Diastolic blood pressure responses during speech stress (mean speech level mi-
nus baseline level). The significance level reflects group differences: low-vagal patients

showed greater reactions to siress.

revealed that only the high-vagal
group produced a significant
stress-related increase in cardiac

output from baseline (p =

0.03). Both low- and high-va-
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gal groups increased total pe-
ripheral resistance during the
speech task (p <0.0007 and p
<0.01, respectively). There
was also a tendency for the
low-vagal group to show a
greater increase in total pe-
ripheral resistance during the
stress task as compared to the
high-vagal group (34.3% =
7.6% vs 15.9% *= 51%; p =
0.056).

Baroreflex sensitivity was
attenuated for the low-vagal
group across all conditions (p
<0.002) and diminished
across groups from rest to
mental stress (p <0.0001).

FIGURE 2. Rate-pressure product responses during speech sfress (mean speech level minus
baseline level). The significance level reflects group differences: low-vagal E:tienls showed
higher levels across conditions and greater reactions o stress. Differences

remained significant after adjusting for baseline levels.

increase in heart rate (p <0.0001). There were no
differences between groups in heart-rate responses
to stress, although the heart-rate level of high-vagal
patients during stress was approximately the same as
the baseline level for low-vagal patients.

Systolic and diastolic blood pressures increased
from baseline to stress (p <0.0001). There were no
group differences in baseline levels of systolic or
diastolic blood pressure. However, there was a group
X condition interaction for diastolic reactions to
stressor tasks (Figure 1): low-vagal patients dem-
onstrated greater diastolic responses to the speech
task (p <0.03).

Rate-pressure product was higher among low-va-
gal subjects and greater during stress as opposed to
baseline (p <0.003). A group X condition interac-

1426 THE AMERICAN JOURNAL OF CARDIOLOGY®

VOL. 78

The principal findings are
that level of parasympathetic
cardiac control is associated
with cardiovascular and auto-
nomic responses to stress among CAD patients. Di-
astolic blood-pressure response during speech stress
increased among those patients with lower levels of
parasympathetic control, confirming a previous re-
port.'® This was consistent with a tendency among
low-vagal patients toward a greater increase in total
peripheral resistance, in contrast with high-vagal pa-
tients. Increased peripheral resistance will place ex-
tra work load on an already compromised myocar-
dium due to increased afterload.

Although there were no differences in systolic
pressure, groups varied in levels of rate-pressure
product and in stress-induced changes in rate-pres-
sure product, low-vagal patients showing greater in-
creases of rate-pressure product to the speech stres-
sor. Rate-pressure product is an index of myocardial

tween groups
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oxygen demand. These data suggest that low levels
of parasympathetic cardiac control may be directly
related to elevated myocardial oxygen demand, pos-
sibly leading to an elevated risk of ischemia. Indeed,
other studies have tied mental-stress-induced isch-
emia to exaggerated rate-pressure product reactions
among patients with CAD.'"'®

A dulling of dynamic parasympathetic respon-
siveness among low-vagal patients was suggested by
the low level of baroreflex sensitivity in this group.
Attenuated baroreflex cardiac-interval responses to
phenylephrine have recently been reported as inde-
pendent predictors of cardiac mortality and reduced
threshold to ventricular fibrillation.'” *° Baroreflex-
mediated cardiac responses are vagally mediated, but
apparently reflect a different aspect of vagal reactiv-
ity than RSA, since the 2 are only moderately cor-
related (r =~ 0.6) in this and other studies.?' These
data are consistent with the hypothesis that sympa-
thetic dominance at relatively low levels of tonic and
baroreflex-mediated vagal control may, owing to
lack of vagal restraint, result in excessive pressor and
myocardial metabolic demand during psychological
stress, as indicated by the exaggerated diastolic-pres-
sure and rate-pressure product reactions among the
low-vagal patients.

Certain limitations of these findings should be
noted. Because patients were maintained on medi-
cations during the study, it was impossible to tease
apart the effects of medications and disease. Never-
theless, the 2 groups studied were similar in medi-
cation schedule and extent of disease. Given that
most CAD patients are medicated, it seemed appro-
priate to study them in their habitual physiologic
state without exposure to possible physiologic and
psychological consequences of drug withdrawal.
Secondly, all patients in this investigation could be
characterized as moderate in the extent of heart dis-
ease, and histories usually indicated a stable course
of CAD. Relations between cardiac parasympathetic
control and cardiovascular adjustments to behavioral
stress may be different dependent upon the severity
of disorder. Thirdly, we cannot exclude that other
mechanisms besides cardiac vagal control may un-
derlie both vagal differences and cardiovascular re-
actions to stress. Although clinical characteristics of
the 2 groups were similar, a tendency toward greater
coronary occlusion was observed among low-vagal
patients. Nevertheless, much experimental evidence
indicates that decreased vagal tone mediates intra-
cellular effects of catecholamines, promotes electri-
cal instability of the myocardium, and may poten-
tiate sympathetic effects upon chronotropic and
inotropic heart function.’ It seems, therefore, likely
that variations in cardiac vagal control may moderate
stress responses.

This study indicates that variations in cardiac
vagal control among coronary patients are related
to cardiovascular responses to behavioral stress.
With impaired vagal control, repeated demands of
everyday life may produce exaggerated pressor and
myocardial metabolic states that presage enhanced
cardiovascular risk.
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