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FIGURE 4. Coronary arteriograms and measurements of coronary
artery diameter in an individual patient. The angiograms on the left
demonstrate an irregular proximal LAD (top), a smooth distal left cir-

cumflex artery (middle left), and a severe stenosis of the mid left circumflex
artery (bottom left). Responses of each segment to cold pressor stim-
ulation are displayed on the right. C I denotes control, CPT peak the
peak of the cold pressor test, C2 recontrol, and NTG nitroglycerin.

changes in the resting diameters of the arteries from the
recontrol condition in the first cold pressor test (before
propranolol) to the control condition in the second cold
pressor test (after propranolol). All arteries dilated in

response to nitroglycerin, with a 37.0 + 4. 0% increase
indiameter(2.30 ± 0.18to3.20 t 0.17mm, p<
.001).

Discussion
This study has demonstrated that the cold pressor test

dilates normal and constricts atherosclerotic coronary
arteries. Normal vasodilation is impaired in the pres-
ence of early and late atherosclerosis and is replaced by
paradoxical vasoconstriction.

Vasodilator response. The finding that angiographi-
cally normal coronary arteries consistently dilated in
response to cold pressor stimulation was somewhat
surprising. Previous studies have reported vasocon-
striction as the predominant normal response to sym-
pathetic nerve stimulation produced by the cold pressor
test. 5, 16 However, these studies were limited by the
failure to carefully select patients with a low pretest
likelihood of coronary disease and with completely
smooth coronary arteries on angiography. The strict
requirement in this study was that a vessel be com-
pletely smooth angiographically to be classified as a
normal segment. Since angiography underestimates
the extent of atherosclerosis, the pathologic presence of
some atherosclerosis cannot be completely excluded
even in these smooth segments. Nonetheless, the lack
of strict anatomic classification requirements in pre-
vious studies may account for reported vasoconstric-
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FIGURE 5. Responses of atherosclerotic and normal coronary arteries to cold pressor stimulation. Results are from 17 stenotic

and 40 irregular atherosclerotic segments (left) and 43 smooth segments (right). Cl denotes control, CPT peak the peak of the
cold pressor test, C2 recontrol, and NTG nitroglycerin. *p < .01, **p < .001 for the comparison with Cl.
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PATHOPHYSIOLOGY AND NATURAL HISTORY-CORONARY VASOSPASM
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FIGURE 6. Directional changes in coronary blood flow during cold pressor stimulation in four normal coronary arteries (left),
three irregular coronary arteries (middle), and four stenotic coronary arteries (right). Cl denotes control, CPT peak the peak
of the cold pressor test, and Q coronary blood flow.

tion in "normal" vessels. In addition, earlier studies
failed to withhold adrenergic agonists and antagonists
in normal subjects and these drugs may have interfered
with the dilator response. Differences in findings may
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also have been due to earlier, less precise quantitative
angiographic methods.
The cold pressor test produces sympathetic release

of norepinephrine and epinephrine and an elevation in

GROUP I: CONTROLS
Responses to CPT; Before andAfterPropronolol

Propranolol
1mg IC

- ~~~/mAA 1

Cl CPTpeakl C2 C3 CPTpeak2 C4 NTG

FIGURE 7. Responses of normal coronary arteries to cold pressor stimulation before and after intracoronary propranolol
(arrow). Cl denotes control, CPT peak 1 peak of the cold pressor test, C2 recontrol, C3 control after propranolol, CPT peak
2 peak of the cold pressor test after propranolol, C4 recontrol after propranolol, and NTG nitroglycerin. IC = intracoronary.
**p < .001 for the comparison of CPT peak 1 with C1 and CPT peak 2 with C3. p = .002 for the comparison of CPT peak
1 with CPT peak 2.
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TABLE 1
Systemic hemodynamics during cold pressor stimulation

Control CPT peak Recontrol NTG

Group I: control subjects
Double product (HRxSBP, x 103) 10.3±1.3 13.7±1.2c 10.6+1.3 9.4+±1.A
PCWP (mm Hg) 8.4± 1.3 8.8± 1.2 8.3± 1.2 6.4±0.5A

Group II: minimal disease
Double product (HR x SBP, x 103) 9.6 ± 0.5 14.1 ±0.9C 10.0±0.5 8.7± 0.5A
PCWP (mm Hg) 8.9+ 1.1 16.5 +l .9c 11.5 ± 1.6 6.9+ 1.IA

Group III: advanced stenoses
Double product (HR x SBP, x 103) 10.2+0.8 15.6 ± 1 lc 11.1 ±0.6 9.8 ±0.7
PCWP (mm Hg) 10.8± 1.3 17.7± 1.8c 11.8± 1.4 6.2±0.9B

Results are expressed as the mean ± SE.
CPT = cold pressor test; HR = heart rate (beats/min); NTG - intracoronary nitroglycerin; SBP = systolic blood pressure.
Significance of difference when compared with control measurements: Ap < .05; Bp < .01; Cp < .001.

mean arterial pressure. 17 Sympathetic nerve activation
may dilate normal coronary arteries by several mech-
anisms, including 13-adrenergic receptors in the coro-
nary vasculature, increases in coronary blood flow, and
ca2-adrenergic activity.

/3-Adrenergic receptor stimulation dilates large cor-
onary arteries in the conscious dog and calf,8 18 and
this dilation can be attenuated by the administration of
propranolol. 19 The results of the present investigation
are consistent with these animal studies and extend to
humans the observation that the predominant effect of
sympathetic nerve stimulation normally is coronary
dilation.

Increases in coronary blood flow can also independ-
ently dilate large coronary arteries, possibly resulting
from flow-mediated endothelium-dependent vasodila-
tion.2023 In the presence of intact endothelium,
increases in flow produce vasodilation, presumably via
the release of endothelial-dependent relaxation fac-
tor(s) (EDRF). Conversely, endothelium dysfunction
or damage may result in a loss of this flow-dependent
dilation.23 In this study, cold pressor stimulation pro-
duced a 64% increase in epicardial coronary blood flow
in the patients with normal coronary arteries and this
increase in flow was associated with coronary vasodi-
lation. It is possible that this effect may in part be
mediated via the local effects of flow on the endothe-
lium, although other metabolic and neural factors can-
not be excluded.

a2-Adrenergic activity produces dilation in normal
coronary arteries indirectly through the release of
EDRF.24, 25 Recent investigations have demonstrated
the presence of a2-receptors on endothelial cells and
suggest that activation of these receptors may promote
the release ofEDRF, which counteracts the contraction
of smooth muscle cells.26 Removal of endothelium or
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injury of the endothelium by atherogenesis has been
shown to abolish the release of EDRF which then may
permit adrenergic agonists to activate smooth muscle
cell receptors to cause vasoconstriction.26, 27 There-
fore, in the normal coronary artery, the integrated
response to sympathetic stimulation during the cold
pressor test may depend on coronary blood flow and at
least four populations of receptors: a2-adrenoreceptors
on the endothelial cell, and a,-, a2-, and /8-adreno-
receptors on the smooth muscle cell.

Vasoconstrictor response. The failure of dilation in
atherosclerotic coronary arteries may be due to altered
catecholamine sensitivity and/or endothelial dysfunc-
tion. Hypersensitivity of vascular smooth muscle in the
region of an atherosclerotic plaque may produce
enhanced vasoconstriction.2829 Heistad et al.5 have
shown that atherosclerotic coronary arteries in mon-
keys demonstrate an augmented constriction in re-
sponse to vasoconstrictors such as norepinephrine and
serotonin. Additional evidence suggests that responses
to vasoconstrictor stimuli may be augmented by ath-
erosclerosis in vivo: reflex coronary vasoconstriction
has been reported to be greater in patients with ath-
erosclerotic coronary disease than in patients with nor-
mal coronary anatomy,30 the intravenous or intraco-
ronary administration of histamine has been reported
to produce coronary artery spasm in atherosclerotic
swine,31 and coronary artery spasm is more common
in patients with coronary atherosclerosis.7 Our findings
are consistent with these observations and suggest that
atherosclerosis promotes a vasoconstrictor response in
human epicardial arteries both early and late in the
disease process.

Endothelial dysfunction may play a central role in
precipitating altered vasomotion in the coronary artery.
Atherosclerosis may impair release of EDRF or other
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vasodilator substances as part of a generalized dys-
function of the endothelium and thereby permit vaso-
constrictor responses.32 The constrictor response of
atherosclerotic arteries to cold exposure mimics the
reactions of diseased epicardial arteries to the endo-
thelium-dependent vasodilator and direct smooth mus-
cle constrictor acetylcholine.33 Therefore, the endo-
thelial dysfunction that is present in atherosclerosis
may result in a loss of dilator function and permit
constrictor responses to a variety of stimuli.

Limitations of the study. The cold pressor test produces
a modest vasopressor stimulus,17 but all 30 patients
demonstrated the typical sympathetic pressor response.
The quantitative angiographic method used in this
study has been previously developed and validated. 11
Each scan is an average of four to six digitized frames,
and therefore, a mean and standard deviation is cal-
culated for each measurement of segmental diameter.
This provides a determination of errors within each
measurement and permits a statistical comparison of
the differences between measurements made in differ-
ent phases of each experiment. Measurements of flow
velocity with the Doppler catheter are subject to errors
caused by the shape of the velocity profile and the
position of the sample volume within the profile.34
However, published experiments have shown that the
measured velocity relates linearly to volume flow if the
catheter position is stable, and therefore, the catheter
can be used to determine flow response under con-
trolled conditions.34 3 In animals, paired measure-
ments of coronary blood flow velocity obtained with an
intracoronary Doppler catheter and an epicardial Dop-
pler probe have correlated highly. 34 Since flow velocity
measurements were made only after careful positioning
of the Doppler catheter in the vessel lumen (with guide-
wire extended beyond the catheter to secure its posi-
tion), and since the Doppler catheter position was not
changed during the research protocol, it is unlikely that
significant error was introduced into the flow velocity
measurements. In addition, the major objective of this
study was to assess directional changes and not abso-
lute volume flow with each intervention.

Clinical correlation. The predominant effect of sym-
pathetic nerve stimulation normally is coronary dila-
tion. The loss of dilation in atherosclerosis and result-
ing paradoxical constriction could increase coronary
vascular resistance in the presence ofadvanced stenoses
and contribute to the development of transient myo-
cardial ischemia. These findings suggest that coronary
vasomotion is intimately related to the biology of ath-
erosclerosis. Abnormal vasomotion may be a func-
tional indicator of coronary atherosclerosis and may

provide useful information in addition to the structural
anatomy defined at angiography.

We are indebted to Ms. Yolanda Gooden for assistance in
preparation of this manuscript.
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Dilation of normal and constriction of atherosclerotic coronary arteries caused by the
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