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Abstract

We studied the vasomotion of epicardial coronary arteries
during exercise and tested the hypotheses that abnormal vaso-

constriction is related to the presence of atherosclerosis and
may be related to endothelial dilator dysfunction. During car-

diac catheterization quantitative coronary angiography was

performed in 21 patients during supine bicycle exercise. 21 of
28 smooth, angiographicaily normal vessel segments dilated
(14.0±1.8%) during exercise; four smooth segments did not
change whereas only three constricted. In contrast, 15 of 16
vessel segments with irregularities constricted in response to
exercise (17.0±0.1%) with only one segment dilating. All 10
stenotic segments constricted to exercise (23±4%). Six pa-

tients also received intracoronary acetylcholine before exercise
to test endothelium-dependent dilator function. In five of six
patients all nine vessel segments showed the same directional
response to acetylcholine and exercise. Three irregular and two
stenotic segments constricted with acetylcholine (51±21%) and
exercise (9.0±0.6%). In contrast, four smooth segments dilated
to acetylcholine (19±6%) and exercise (9±1%). Both exercise
and acetylcholine generally dilated smooth but constricted ir-
regular and stenosed coronary segments. It appears likely that
atherosclerosis plays an important role in the abnormal vaso-

motion of diseased coronary arteries during exercise and the
pattern of abnormality suggests impairment of vasodilator
function.

Introduction

There is growing interest in the disturbed vasomotion of dis-
eased coronary arteries particularly in relation to activities that
are well known to cause transient myocardial ischemia. Re-
cent studies indicate that atherosclerosis may disturb vasomo-

tor function and stenosed coronary arteries may actively re-

duce coronary blood flow (1-3). However, the mechanism(s)
responsible for coronary vasomotor changes during exercise
have not been clearly defined.

In this study we examined the response of coronary artery
segments to supine bicycle exercise in 15 consecutive patients
and demonstrated the constriction of atherosclerotic segments
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with minor luminal irregularity or stenoses. Only angiographi-
cally normal, smooth segments dilated to exercise. Wehave
previously shown that acetylcholine, an endothelium-depen-
dent vasodilator, also causds paradoxical constriction of ath-
erosclerotic epicardial coronary arteries and dilates smooth
vessels indicating that atherosclerosis leads to loss of endothe-
lium dependent vasodilator function (4). This vasomotor re-
sponse in relation to the angiographic appearance of the coro-
nary arteries was seen in patients undergoing exercise in this
study and suggested the hypothesis that the vasoconstriction of
diseased coronary arteries to exercise may be related to athero-
sclerosis and to loss of the endothelium-dependent vasodilator
mechanism. To test this hypothesis, we examined the response
of the same coronary segments to exercise and intracoronary
acetylcholine in six additional consecutive patients.

Methods

Patient selection
21 patients referred for diagnostic cardiac catheterization to assess the
extent of coronary artery disease were recruited. These patients were
divided into three groups based on angiographic evidence of athero-
sclerosis documented on the diagnostic angiograms. Classification was
made before analysis by consensus of two or three investigators who
were blinded to the study results:

Group I: smooth vessels. Six patients had entirely smooth, angio-
graphically normal-appearing coronary arteries. There were four men
and two women. All patients had atypical chest pain and a negative
exercise tolerance test. The mean age was 52±7 yr with a range of
39-58 yr.

Group II: minimal disease. Four patients had luminal irregularity
of one or more coronary arteries with focal narrowing that did not
exceed 30% of the vessel diameter. There were three men and one
woman with a mean age of 50±8 yr and a range of 38-54 yr. Each
patient had troublesome chest pain that was not clearly precipitated by
exercise and had a negative or nondiagnostic exercise tolerance test.

Group III: advanced disease. 11 patients, 10 men and 1 woman,
had a stenosis in at least one coronary artery 2 50%. Each patient had
stable exertional angina and a positive standard Bruce exercise toler-
ance test highly predictive of significant coronary artery disease de-
fined as 2-mmor greater ST segment depression, or 1-mmST segment
depression and angina (5). The mean age for this group of patients was
54±7 yr with a range of 43-64 yr.

Patients with unstable angina, Prinzmetal's variant angina, dia-
betes mellitus, myocardial infarction within 3 mo, or congestive heart
failure were excluded. Written informed consent was obtained sepa-
rately for the research protocol and for the diagnostic cardiac catheter-
ization in accordance with the guidelines established by the Committee
for the Protection of Human Subjects at the Brigham and Women's
Hospital.

Study protocol
Beta-blocking drugs were discontinued four half-lives before study.
Calcium blockers and long-acting nitrates were held for at least 12 h
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before angiography. Sublingual nitroglycerin was unrestricted until 1 h
before catheterization.

Diagnostic right and left heart catheterization was performed using
either a right brachial artery cut down (n = 8) or the standard percuta-
neous femoral approach (n = 13). 15-45 min after the diagnostic
catheterization, all patients studied began an exercise protocol. A 7
French Judkins type catheter or 7F Amplatz catheter was introduced
into the left main (n = 13) or right coronary artery (n = 2). A 7 French
Swan-Ganz catheter was placed in the pulmonary capillary wedge
position. The heart rate (beats per minute), blood pressure (millimeters
of mercury), electrocardiogram (ECG),' and mean pulmonary capil-
lary wedge pressure (PCW) (millimeters of mercury) were contin-
uously measured.

By means of test injections, the coronary arteries under study were
positioned at the measured isocenter of a Polydiagnost C biplane sys-
tem (Philips Medical Systems, Inc., Shelton, CT) and 7-9 ml of non-
ionic contrast (iohexol, Omnipaque, Winthrop-Breon, Inc., New
York) were injected at 6 ml/s at a maximum of 150 psi using a Medrad
Power Injector (3, 4, 6). Repeat coronary angiograms were obtained
while heart rate, blood pressure, the ECG, and the PCWwere contin-
uously measured. Supine exercise was performed using an ergometer
bicycle (Uniwork, model 845, Quinton Instrument Co., Seattle, WA).
Baseline measurements were recorded before exercise (control). Exer-
cise was initiated at a work level of 200-400 kg-m/min and resistance
was increased by 200 kg-m/min every 2 min. Peak exercise was defined
as the point at which the patient developed significant fatigue, ST
segment depression, or angina. All measurements were repeated at
peak of exercise, 1 min after exercise, and after 40 fig of intracoronary
nitroglycerin infused over 4 min.

Venous blood samples for plasma norepinephrine and epinephrine
were drawn at rest, peak exercise, and 1 min postexercise. Plasma
norepinephrine and epinephrine concentrations were determined by
the radioenzymatic assay described by Peuler and Johnson (7).

Because of the pattern of reactions of smooth and diseased coro-
nary segments in the first 15 patients, the next six consecutive patients
received intracoronary acetylcholine before the exercise protocol de-
scribed above. The protocol for delivering acetylcholine has been de-
scribed previously (3, 4). Briefly, after the completion of the diagnostic
catheterization, an additional 5,000 U of heparin was administered
and a No. 8 French L-4 Judkins type guiding catheter was introduced
into the left main coronary artery. A No. 2 French coronary infusion
catheter (American Edwards, Santa Ana, CA, or Advanced Catheter
System, Mountain View, CA) was advanced through the guiding cath-
eter into the proximal portion of the left anterior descending artery for
administration of acetylcholine. A No. 5 French Bipolar pacing cath-
eter was placed in the right ventricular apex and set in a demand mode
to prevent the heart rate from slowing to below 40 beats/min.

Serial 2-min intracoronary infusions of acetylcholine were admin-
istered in the following sequence: control 1 (5% dextrose and water);
vehicle control 2 (5% dextrose and water plus 0.005% manitol); graded
concentrations of acetylcholine (to achieve estimated final blood con-
centrations in the left anterior descending coronary of lo-9, l0-, l0-7,
and 10-6 M); and repeat control (5% dextrose and water). The final
coronary blood concentration of acetylcholine was estimated with the
assumption that the blood flow in the vessel was 80 ml/min (8). Ace-
tylcholine infusions were terminated either when the largest dose (10-6
M) was reached or when obvious vessel narrowing or occlusion oc-
curred. Infusions were carried out with a pump (Harvard Apparatus
Co., Inc., S. Natick, MA) to keep the flow rates under 1% of the
estimated coronary blood flow. At the end of each infusion coronary
arteriography was performed with the use of a power injection of
nonionic contrast as described above. The heart rate, systemic arterial
pressure, and ECG(leads 1, AVF, V2) were monitored continuously.

No complications were encountered during these infusions or the
exercise tests.

1. Abbreviations used in this paper: ECG, electrocardiogram; PCW,
mean pulmonary capillary wedge pressure.

Analysis of coronary arteriograms
In order to examine the serial reactions of the available coronary seg-
ments, the technically more suitable single-plane coronary angiograms
were selected from the biplane views for analysis. Segments of the
proximal, midvessel, and distal portions of either the left anterior de-
scending artery, circumflex, or right coronary artery were inspected
and two or three segments were chosen for quantitative analysis in
each patient if they showed the following characteristics: (a) 2 5 mmin
length, (b) easily identifiable using side branches as anatomical land-
marks, and (c) free of overlapping vessels. Once a coronary segment
was selected and analyzed none were rejected from this study. The
technique for the quantitative analysis of coronary artery diameters
has been described in detail (3, 4, 6, 9). For each coronary injection,
four cine frames were selected from end-diastole in one cycle when the
coronary artery showed full homogeneous opacification. The epicar-
dial coronary artery segment under study was centered, cine frames
were digitized and averaged by the use of a video camera (Cohu, Inc.,
San Diego, CA) and a computer (Microvax II, Digital Equipment
Corp., Marlboro, MA) connected to a video interface (Recognition
Concepts, Inc., Incline Village, NV) and image processor. Multiple
videoscans and two-line profile averaging were used to minimize noise.
Calibrated grids in the field of view were used to scale the data from
pixels to millimeters. A series of measurements of diameter were re-
corded for each pixel line for the length of the arterial segment, and the
data were also displayed in the form of a graph showing average diame-
ter versus length for the four cine frame estimates at each diameter
measured. Fixed coordinates were used to reproduce anatomical re-
gions of interest in repeated measurements to assess serial changes.

Statistical analysis
For each subject, the digitized cine frames for each treatment were
summedand averaged along the segment profile to give a meandiame-
ter and standard deviation at each point. A single mean diameter for
the segment for each treatment was obtained by averaging this measure
along the segment profile. These segment responses were grouped by
treatment for subjects with smooth, irregular, and stenotic vessels.
Where an analysis of variance showed significant variation among
treatment responses pairwise t tests (in two tails) were applied to com-
pare treatment groups according to the Bonferroni procedure so that
the summed errors of measurement did not exceed 0.05, allowing
rejection of the null hypothesis at the 0.95 confidence level for each
comparison. Previous validation of our techniques (3, 4, 5, 9) has
indicated that the minimum detectable change of diameter is 5%.
Therefore, this threshold was used to identify segment responses as
dilation, constriction, or no change.

The differences in directional responses to peak exercise and re-
sponse to acetylcholine infusion were tested using the Kappa statistic
(10). Changes in systemic hemodynamics were compared using the
paired t test. All values are expressed as mean±SEM.

Results

Systemic hemodynamics and catecholamine response
The rate pressure product, PCW, and catecholamine levels
increased during peak supine bicycle exercise in all 21 patients.
These data are summarized for each group in Table I. These
hemodynamic results also show that the rate pressure product
and the PCWreturn to control within 1 min after exercise.
However, in all of the groups the plasma levels of norepineph-
rine and epinephrine remained elevated at one minute after
exercise at a level that was not significantly different from the
peak measurements (Table I).

None of the group I or group II patients experienced angina
and/or ST segment changes during the exercise protocol
whereas eight of the 11 patients with an advanced stenosis
(group III) did so.
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Table L Systemic Hemodynamics and Catecholamine Response

Control Peak exercise One-minute post-exercise NTG

Group I: smooth vessels only
Rate pressure product (HR X SBPX 103) 9.1±0.42 16.3±0.59§ 10.5±0.63 7.9±0.74
PCW(mmHg) 10.6±0.93 19.0±2.6* 9.8±1.4 6.8±1.5
Norepinephrine (pg/ml) 177.3±19 425.2+68* 344.3±55.6*
Epinephrine (pg/mi) 40.1±8.2 125.4±44 70.0±25.4

Group II: minimal disease
Rate pressure product 8.7±1.3 14.6±1.9t 11.5±1.5 9.02±0.79
PCW(mmHg) 8.3±1.5 14.3±5 5.5±1.2 5.0±0.58
Norepinephrine (pg/ml) 122.6±21 242±10* 198.0±8.5
Epinephrine (pg/ml) 39.2±4.9 91±31 57.7±25.8

Group III: advanced stenoses
Rate pressure product 10.4±0.66 15.8±0.77§ 11.9±0.80 10.1±0.35
PCW(mmHg) 11.8±1.2 28.4±3.2§ 12.8±2.7 6.8±1.2
Norepinephrine (pg/ml) 185.2±54 347.6±42* 348.3±37§
Epinephrine (pg/mi) 80.0±24 113.1±32* 100.2±22

Results are expressed as mean±SE. Significance of data when compared with control measurements: * P 0.05, t P0.01, § P0.001. HR, heart
rate in beats per minute; SBP, systolic blood pressure; PCW,mean pulmonary capillary wedge pressure; NTG, nitroglycerin.

There was no significant change in heart rate or mean
blood pressure in five of the six patients receiving acetylcho-
line. The mean heart rate and systolic blood pressures were
72±5 beats/min and 128±7 mmHgat rest and 70±5 beat/min
and 128±1 mmHgwith the highest dose of acetylcholine. One
patient experienced transient occlusion of the left anterior de-
scending artery in response to 10-6 Macetylcholine. This was
associated with ST segment elevation, followed by a slowing of
the heart rate from 96 beats/min at rest to 66 beats/min after
acetylcholine, and a drop in blood pressure from 150/95
mmHgat rest to 123/78 mmHg. The vessel occlusion, ST
segment elevation, and the associated hemodynamic changes
resolved promptly (within seconds) with discontinuation of
the acetylcholine infusion.

Angiographic appearance and the reaction of coronary
segments to exercise
Fig. 1 is an illustrative example of three coronary segments
from one patient showing dilation with exercise in a smooth
segment and constriction of irregular and stenosed segments.

Group I: smooth vessels only. 15 angiographically normal
segments were analyzed in the six patients in group I and
overall showed dilation during exercise by 11±3% (P < 0.0 1),
(Fig. 2). On inspection of the individual responses, 11 seg-
ments dilated during exercise from a mean control diameter of
1.8±0.1 to 2.1±0.1 mm, a 16±3% increase. Three segments in
one patient showed no change during exercise while another
segment from this patient constricted from 1.7 to 1.6 mm, an
8% decrease in vessel diameter. All 15 of these smooth seg-
ments dilated in response to 40 jsg of intracoronary nitroglyc-
erin from a mean control diameter of 1.8±0.1 to 2.6±0.2 mm,
a 35±5% increase (P < 0.01).

Group II: minimal disease. 12 coronary segments were an-
alyzed in four patients with intimal irregularity of one or more
coronary arteries but no luminal narrowing > 30% (Fig. 3)
Seven of the segments analyzed had intimal irregularity while
five segments were smooth. All seven irregular segments con-
stricted during exercise from a mean vessel diameter of

2.0±0.4 to 1.8±0.3 mm(P < 0.005), a decrease of 14±3.5%. Of
the five smooth vessel segments, three dilated to exercise from
a mean vessel diameter of 2.2 to 2.4 mm. One smooth vessel
did not change with exercise although another smooth seg-
ment constricted from 4.0 mmduring control to 3.4 mmat
peak exercise, a 17% decrease. All segments dilated to intra-
coronary nitroglycerin. The irregular segments dilated from a
mean control diameter of 2.1±0.4 to 2.4±0.4 mm(P < 0.05)
after nitroglycerin, a 19±4% increase, while the smooth seg-
ments dilated from 2.6±0.4 to 3.2 mm(P < 0.01), a 27±12%
increase in vessel diameter.

2.5h

2.C

1.c

4I-1.0
Stenotic

Control Peak 1 min TNG
Exercise Post Ex

Figure 1. This illustration is taken from one patient who had an im-
portant stenosis of a large obtuse marginal branch of the left circum-
flex coronary artery, an irregular proximal left anterior descending
artery, and a smooth distal obtuse marginal. Exercise caused dilation
of the smooth segment and constriction of the irregular and stenosed
coronary segments. This example illustrates the heterogeneous vaso-
motor response of coronary artery segments to exercise that appear
to be related to the angiographic extent of coronary atherosclerosis.
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Figure 2. The vasomo-

tor response of coro-

nary artery segments
from a group of patients
with entirely smooth
coronary arteries at ar-

teriography. The major-
ity of segments dilated
during exercise, whereas
three remained un-

changed and one con-

stricted. The overall re-

sponse for all segments
was significant dilation.

Group III: advanced stenoses. 28 coronary segments were

analyzed in the 11 patients with at least one single stenosis
> 50%: 1 1 segments were stenotic, 9 were irregular, and 8 were

smooth. One stenotic segment could not be accurately mea-

sured due to the extreme severity of narrowing and was ex-

cluded from analysis. All 10 of the stenotic segments analyzed
constricted with exercise (Fig. 4). The mean diameter for ste-
notic segments decreased from 1.1±0.2 mmduring control to
0.9±0.2 mm(P < 0.001) at peak exercise, a constriction of
23±4%. Similarly, eight of nine irregular segments constricted
to exercise while only one segment dilated. The eight irregular
segments that constricted narrowed from a control diameter of
1.8±0.1 to 1.6±0.1 mm(P < 0.005) at peak exercise, an aver-

age constriction of 8±2%. Conversely, seven of eight smooth
segments dilated to exercise while one constricted. The eight
smooth segments dilated 10±0.3% increasing vessel diameter
from 2.1±0.2 mmat control to 2.3±0.2 mm(P < 0.02) at peak
exercise (Fig. 4).

All 28 vessel segments dilated in response to 40 ,g of intra-
coronary nitroglycerin. The mean diameter of the stenotic
segments increased 18±9% from 1.1±1.6 mmcontrol to
1.2±0.1 mm(P < 0.02), irregular segments dilated 18±5%
from 1.9±0.6 mmin control to 2.2±0.2 mm(P < 0.002), and
the smooth segments dilated 32±6% from a control diameter
of 2.1±0.2 to 2.7±0.2 mm(P < 0.001) after intracoronary
nitroglycerin.

'-Ic0\1 100

t1K

60

60

Control Peak
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Control Peak
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Figure 3. The vasomotor response of the coronary artery segments
from a group of patients with luminal irregularities but no stenoses
seen at coronary arteriography. All irregular segments constricted
with exercise. In contrast, three of the five smooth segments dilated,
one smooth segment remained unchanged, and one smooth segment
constricted.

Figure 4. In this third group of patients, the vasomotor responses of
smooth, irregular, and stenosed coronary segments were assessed
during exercise. All of the stenosed segments and all but one of the
irregular coronary artery segments constricted with exercise. In con-

trast, all but one of the smooth coronary segments dilated with exer-

cise. This group demonstrates the full range of heterogeneous re-

sponses of coronary artery segments to exercise demonstrating nor-

mal dilation of smooth vessels but constriction in early and late
coronary atherosclerosis.

The vasomotor responses to exercise of all the coronary

segments from the three groups were combined according to
angiographic appearance (Fig. 5). Of 28 smooth segments, 21
dilated from 2.0±0.1 mmin control to 2.2±0.1 mmat peak
exercise, an increase in diameter of 14±2%. The diameter of
four smooth segments did not change with exercise while three
smooth segments constricted 10±2% from a control mean di-
ameter of 2.5 to 2.1 mmat peak exercise. Conversely, 16 min-
imally diseased, irregular segments constricted from a control
diameter of 1.9±0.2 to 1.6±0.2 mm(P < 0.001) at peak exer-

cise, a 17.0±0.1% decrease. Only 1 of 16 irregular segments
dilated to exercise. All 10 of the advanced stenoses analyzed
constricted to exercise. In the 10 stenotic segments the control
diameter of 1.1±0.2 mmdecreased to 0.9±0.2 mmat peak
exercise, a change of 23±4%. All vessels dilated in response to
intracoronary nitroglycerin (smooth segments, 33±4%; irregu-
lar segments, 18±3.4%; and stenotic segments, 18±9%).

Figure 5. The separate vasomotor responses to exercise of all
smooth, all irregular, and all stenosed coronary segments. Again, the
results show dilation of smooth coronary segments but constriction
of irregular and stenosed segments with exercise. These data also in-
dicate that, at I min after exercise, the vasomotor responses have not
yet returned to control. All coronary segments dilated in response to
the intracoronary administration of nitroglycerin.
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Figure 6. The vasomotor responses of smooth, irregular, and ste-
nosed coronary segments to both intracoronary administration of
acetylcholine and exercise. When coronary artery segments showed
endothelium-dependent dilation to acetylcholine, they also showed
dilation during exercise. In contrast, all of the irregular and stenosed
coronary segments demonstrated failure of endothelium-dependent
dilation and paradoxical constriction to acetylcholine. These seg-
ments also showed abnormal constriction to exercise. One smooth
coronary segment constricted in response to acetylcholine but dilated
to exercise.

There were no correlations between changes in double
product or plasma catecholamines and the direction or extent
of vasomotor change of the coronary segments.

Response to acetylcholine and exercise
The vasomotor responses of six left anterior descending arter-
ies and one large diagonal branch to acetylcholine and exercise
were compared in six patients. In five of six patients, all nine
segments analyzed showed the same response to these two
stimuli. Four smooth segments dilated to both acetylcholine
10-6 Mand peak exercise (19±6% and 9±1%, respectively).
The control diameter of 2.1±0.3 mmincreased to 2.5±0.3 mm
after acetylcholine and dilated from a recontrol diameter of
2.2±0.2 to 2.4±0.3 mmat peak exercise. In contrast, three
irregular segments and two stenotic segments constricted to
acetylcholine 10-6 Mand exercise (51±21% and 9.0±0.6%,
respectively) (Fig. 6). The control diameter of the irregular
segments decreased from 1.9±0.6 to 1.2±1.1 mmafter acetyl-
choline (one segment occluded) and to 1.7±0.6 mmat peak
exercise. Similarly, the two stenotic segments constricted from
control diameters of 0.5 and 1.3 mmto occlusion and 1.1 mm
after acetylcholine, respectively, and constricted to 0.4 mm
and 1.0 mmat peak exercise, respectively (see Fig. 6). All
segments dilated to nitroglycerin. The smooth segments di-
lated 46±13%; irregular and stenosed segments dilated
46±14%.

The response was divergent in only one of six patients. In
this case the smooth angiographically normal left anterior de-
scending artery constricted in response to acetylcholine 10-6
M(16%) but dilated during exercise (20%). The Kappa statistic
for these six patients receiving acetylcholine before exercise
demonstrated significant agreement (0.7) in the direction of
the vasomotor responses. Since statistical significance was
achieved despite the small number of patients studied and the
results were in agreement with previous studies using acetyl-
choline in patients (3, 4), additional patients were not recruited
for this lengthy and demanding protocol.

Discussion

This study has demonstrated that the epicardial coronary ar-
teries in man exhibit a range of reactions to exercise: smooth
segments dilated while segments with early (irregularities) and
late (stenosis) angiographic evidence of atherosclerosis con-
stricted. Not only was this disturbed vasomotion associated
with the presence of atherosclerosis but the pattern of reactions
in the first 15 patients was the same as that seen after the local
administration of acetylcholine (4). In five of six consecutive
patients that followed, each coronary segment showed the
same response to exercise and acetylcholine. Although this
correlation does not prove cause and effect, these data suggest
that endothelium dependent dilation occurs during exercise
and endothelial dysfunction in early and late atherosclerosis
permits paradoxical constriction.

Gage et al. (1 1) have observed that only stenotic coronary
segments constrict during exercise and this vasoconstriction
can be prevented by pretreatment with nitroglycerin. Our re-
sults differ in that constriction was not confined to stenoses but
also occurred in nearly all irregular segments during exercise.

Possible mechanisms governing dilation of smooth
coronary arteries
The dilation of smooth coronary arteries during exercise may
be due to a combination of factors that includes elevated per-
fusion pressure, formation of vasodilatory metabolites, an in-
crease in f3-adrenergic stimulation, and the release of vasoac-
tive substance(s) by a healthy vascular endothelium.

Vatner et al. (12) have demonstrated in the intact dog that
beta-adrenergic mechanisms can mediate an increase in coro-
nary blood flow and an increase in cross sectional area of
epicardial coronary arteries. We (6) have recently shown in
man that smooth coronary segments dilate with sympathetic
nerve stimulation induced by the cold pressor test while vessels
with irregularities and stenoses constrict. The dilation of
smooth segments was only partially inhibited by 1 mg of in-
tracoronary propranolol. These data would suggest that 0-
adrenergic mechanisms are only partly responsible for the di-
lation of smooth coronary arteries.

A large number of studies in isolated arteries (13-15), in-
tact animals (16-18), and humans (3, 4) have confirmed that a
functionally intact endothelium is required for vessel relax-
ation with acetylcholine. There is some controversy in that a
limited number of in vitro and in vivo studies have shown
constriction of some apparently normal coronary arteries to
acetylcholine (19-22). The lack of consistency in the in vitro
studies may be due to vascular trauma and endothelial damage
as well as use of concentrations of acetylcholine that are high
enough to override endothelium-dependent dilation. In addi-
tion, in vitro vessel preparations are not exposed to increased
blood flow induced by acetylcholine which also mediates en-
dothelium-dependent vasodilation (12). In vivo studies de-
scribing constriction of smooth coronary arteries in response
to acetylcholine have used single bolus injections of acetylcho-
line. Bolus injection does not test a dose response and may
result in high (beyond 10-6 M) local concentrations of acetyl-
choline, which will certainly override endothelium-derived
vasodilation and directly constrict vascular smooth muscle.
Furchgott and colleagues (13) clearly showed in their experi-
ments that endothelium-dependent dilation in normal arteries
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only occurs within a particular concentration range which
must be carefully achieved in vitro and in vivo.

In addition, increases in pulsatile flow (17, 23, 24), norepi-
nephrine (16), serotonin (16), and many other agonists are
known to dilate or limit constriction of normal coronary arter-
ies via an endothelium-dependent mechanism (16, 17, 20, 24).
Interestingly, norepinephrine activates specific alpha-2 recep-
tors on the endothelial cell that attenuate norepinephrine-in-
duced contraction (16).

This study has also shown that the majority of smooth
vessel segments dilated to exercise, and four of five smooth
segments dilated to both exercise and acetylcholine. One
smooth segment dilated to exercise but constricted to acetyl-
choline. Angiography may have underestimated early athero-
sclerosis in this case. In the setting of minimal disease, the
artery may still dilate in response to exercise but manifest
failure of relaxation to acetylcholine due to early impairment
of cholinergic relaxation related to atherosclerosis (25).

Possible mechanisms causing constriction
The precise mechanism(s) of vasoconstriction observed in epi-
cardial coronary arteries is controversial (26). The possibility
of passive vascular collapse at the stenosis has been raised (1 1,
26). However, this study showed constriction of the majority
of irregular segments in vessels without significant stenoses
(seven segments) suggesting for the first time that passive col-
lapse due to diminished distending pressure is not the predom-
inant mechanism for constriction during exercise. In this exer-
cise study the patients with angiographically normal and dis-
eased coronary arteries all showed an increase in circulating
catecholamines. However, the smooth vessel segments showed
dilation whereas diseased arteries constricted. Clearly, in the
normal vessels the constrictor effects of catecholamines are
overcome resulting in dilation.

Considerable experimental evidence from intact animal
and human studies indicates that atherosclerosis is associated
with enhanced vasoconstriction in response to catechol-
amines, serotonin, histamine, and ergonovine (15, 27, 28, 29).
It is possible that the coronary constriction during exercise
seen in atherosclerotic arteries occurred because of increased
sensitivity of the smooth muscle to catecholamines or other
agonists. In addition, an impaired responsiveness of athero-
sclerotic vascular smooth muscle cells to stimuli which lead to
vasodilation might be present. Decreased responsiveness to
nitroglycerin was suggested in this study when all vessel seg-
ments were analyzed by their angiographic appearance. The 28
smooth segments dilated considerably more (33±4%) than the
16 irregular segments (18±3.4%) and the 10 stenotic segments
(18±9%). This apparent difference in the response to nitroglyc-
erin between normal and atherosclerotic vessels could be due
to atherosclerotic changes in the vessel wall (fibrosis, lipid de-
position, calcification) as well as primary smooth muscle cell
dysfunction.

Recent angiographic studies in patients have demonstrated
dilation of normal coronary segments to acetylcholine but
constriction of minimally diseased or stenotic vessels (3, 4).
These earlier studies in man have shown that endothelium-de-
pendent dilation exists in normal vessels but is replaced by
paradoxical constriction in both early and advanced athero-
sclerosis. The results of this study showed that exercise resulted
in dilation of smooth segments but constriction of irregular
and stenosed segments, a pattern similar to that seen after

acetylcholine infusion. It is possible that early and advanced
coronary atherosclerosis causes disturbance in endothelium-
dependent vasomotor function. As a result the normal domi-
nating dilator effect of healthy endothelium is lost in the dis-
eased state and constrictor influences may predominate as
seen in this study.

Clinical implications
Vasoconstriction during exercise in diseased coronary arteries
could further limit myocardial oxygen supply particularly
when superimposed on a critical coronary artery stenosis. In
addition, this paradoxical constriction might be a useful func-
tional indicator of active atherosclerosis even in a minimally
diseased vessel. Its reversal, leading to appropriate dilator re-
sponses, might parallel regression of atherosclerosis. This con-
cept is supported by primate studies (30) but human data are
currently lacking.

In summary, the dilatation or constriction of epicardial
coronary arteries with exercise appears to be related to the
presence of the angiographic evidence of atherosclerosis and is
mirrored by the response of the vessel to the endothelium-de-
pendent vasodilator acetylcholine. The loss of normal dilation
and appearance of abnormal constriction seen during exercise
in diseased vessels may be related to dysfunction of endothe-
lium-dependent dilation in atherosclerosis. These observations
may have important implications for better understanding the
pathophysiology of transient myocardial ischemia and how it
relates to the biology of atherosclerosis.
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