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Large Coronary Arteries in Humans Are Responsive to Changing
Blood Flow: An Endothelium-Dependent Mechanism That Fails in

Patients With Atheroscierosis

ELIZABETH G. NABEL, MD, FACC, ANDREW P. SELWYN, MD, FACC*

PETER GANZ, MD, FACC*
Ann Arbor, Michigan and Boston. Massachusetts

Changes in blood flow can alter vasomotion of conduit
arteries, This study examined vasomotor responses to
incremental blood flow induced by papaverine in the
epicardial arteries of 10 patients with angi hicall;

31.7 £ 4.2%, p < 0.001} and in group 2 (26.4 £ 3.2%,
p < 0.001),
In five patients from group 1 acetylcholine, an endathe-

normal coronary arteries (group 1) and in 14 patients
with arterial irregularities (group 2) usin, quantitalive
angiography and Doppler ultrasound flow velocity mea-
surcments. An increase in coronary blood flow of 384.3
32.8% (p < 0.001) in group 1 patients was associated
with dilation of the proximal coronary artery segment and
823.2 + 4.6% increase in cross-sectional ares (p < 0.001).
In contrast, in group 2 patients a similar increase in
coronary blood flow of 339.3 = 18.7% (p < 0.001) was
assoclated with mixed responses and a rodest met con-
striction in cross-sectional areu of —7.4 = 2.8% (p < 0.05).
The dilation response ta nitroglycerin was intact in grougp 1

lium-dependent dilator, produced an increase in cross.
sectional avea of 20.7 2 4.6% (p < 9.05) the! paralieed the
vesponse to an increase in flow in the same scgment (
4.3 * 6.1% increase in ersss-sectional area, p < 0.05).
Five group 2 patients demunstrated a vasoconstrictor re-
sponse to acetylcholine {a —22.8 + 3.4% decrease in
cross-sectional area, p < 0.05) together with an impaired
dilation respense to incremental flow (n —-64 x 32%
decrease in cross-sectional area). Thus, the normal flow-
mediated dilation of coronary arteries is lost in atheroscie-
rosis and this impairment may be due to endothelial cell
vasodilator dysfunction.

(J Am Coll Cardiol 1990;16:349-56)

The vasomotion of epicardial coronary arteries in bumans is
of interest in relation to the causes of transient myocardiat
ischemia. The pattern of dilation of normal coronary arteries
and paradoxic constriction of atherosclerotic arteries has
been observed du-ing common stimuli for ischemia such as
physical exercise (1,2) and cold pressor testing (3). Although
these stimuli are important in the pathophysiology of ische-
mia during everyday life. their mechanisms are difficult 10
interpret in light of simultzreous changes in multiple varia-
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bles. such as heart rate, blood pressure. coronary blood flow
and the activation of the sympathetic nervous system.

The large epicardial arteries must accommodate changes
in coronary blood flow. With the aim of investipating this
important fi this study d the of
epicardial coronary arteries under conditions of increasing
blood Aow. This condition was of particular interest because
increasins blood flow resuits in endothetium-dependent re-
laxation of the conduit arteries in animals (4-6) and in
angiographically smooth coronary arteries in humans (7).
The present study descrites the responses of angiographi-
cally normal and atherosclerotic coronary arteries to in-
creases in blood flow produced by papaverine, a dilator of
resistance vessels. To further define the mechanisms of this
response. the same segments of the normat and atheroscle-
rotic coronary arteries examined with increased flow were
also studied with acetylcholine, an endothelium-dependent
vasodilator, to test the hypothesis that flow-mediated dila-
tion iri humans is endothelium dependeni and that the loss of
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this reaction in patients with atherosclerosis is due to dys-
function of the endothelium.

Methods

Patiemt classification, Twenty-four patients undergoing
diagnostic cardiac catheterization were studied. Patient clas-
srﬁcatmn was based on the extent of atherasclerosis on the

before initiation of the experimental

protocol.

Group 1. Normal canirol group. Ten patients had angio-
graphically normal, smooth coronary arteries throughout the
coronary system with no lJuminal irregularities in the study or
nonstudy vessels. All of these patients had atypical chest
pain and normal exercise tolerance test results. Seven pa-
tients were women and three were men with ages ranging
from 39 to 63 years (mean 49.8).

Group 2. Patients with ntherosclerosis. Fourteen pa-
tients were studied who had angiographic luminal irregular-
ities consistent with coronary atherosclerosis. None of the
patients had a focal stenosis =50% in the study vessel to
avoid the confounding effect of a flow-limiting stenosis. Nine
patients had a stenosis of >50% diameter narrowing in a
nonstudy vessel. These patients had chest pain and abnor-
mal exercise tolerance test results. Five patients had luminal
irregularities and no stenosis >50% diameter narrowing in
the nonstudy vessel. These five patients had nondiagnostic
exercise test results, Four patients were women and 10 were
men; their ages ranged from 39 to 72 years (mean S5.1) {p =
NS compared with group 1). One palient carried a diagnosis
of variant angina but had had normal results on a previous
ergonavine study. Patients with unstable angina, myocardial
infarction, valvular heart disease, left ventricular hypertro-
phy or heart failure were excluded.

Written mfurmed consent was obtained from all patients
before the diagnosti in d: with guude-
lines blished by the C for the P of
Human Subjects at the Brigham and Women's Hospital and
the Committee to Review Grants for Clinical Research and
Investigation Involving Human Beings of the University of
Michigan Medical Center.

Study design, Aniianginal thicrapy was discontinued 24 to
72 h before the study began except for the unrestricted use of
sublingual nitroglycerin for up to 1 h before catheterization.

Di, ic left heart cath and coronary arte-
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(Elec-
tronics for Medicine VRI16 and MEICOR, Siemens) to
display mean and phasic velocity signals. Before placement
in the guide catheter, the Doppler catheter was zeroed and
calibrated on a 0 to 40 cm/s scale. The Doppler flow velocity
catheter was positioned through the guide catheter over an
0.035 cm (0.014 in.) guide wire into the midportion of the left
anterior descending or left circumflex artery. The Doppler
flow velocity catheter was placed in the center of the vessel,
the guide wire was removed and a stable fow velocity signal
with minimal noise was obtained. Before beginning the
experimental protacol the position of the Doppler flow
velocity catheter and the range gate control were adjusted to
optimize the audio flow velocity signal and the phasic flow
velacity waveform. The Doppler catheter position and the
range gate control were not changed after thls. The posmon
of the Doppler flow velocity catt was
through the protocol.

The experimental protocol was then performed. After
control conditions were established, papaverine (12 mg) was
infused as a bolus through the Doppler flow velocity catheter
{8). Angiography was performed at the peak increase in
coronary blood flow velocity between 90 and 120 s after the
bolus injection. A 5 min recovery period was allowed. A
steady state intracoronary infusion of nitroglycerin (50 pg)
was administered through the Doppler flow velocity catheter
over 4 min to test smooth muscle dilator function (9).

Heart rate and mean and phasic arterial pressure were

d fy. Serial 2! in orth
views of the study vessel with nonionic contrast medium
were performed in the contvol period, after the papaverine
dose, after the recontrol period and after intracoronary
nitroglycerin infusion. Continuous measurements of coro-
nary blood flow velocity were recorded from the Doppler
flow velocity catheter.

The coronary artery segment proximal to this catheter
was analyzed to study the effects of increasing blood flow
alone on coronary artery diameter in contrast o the com-
bined effects of blood flow and papaverine (Fig. 1). The last
five consecutive patients in each group underwent combined
papaverine and acetylcholine study. In these patients, after
the serial papaverine infusion and reestablishment of recon-
trol conditions, the Doppler ﬂow velocity catheter was
pulled back to the same p that was anal,
for Ihe effects of mcreasmg blood flow (Fig. 1). Serial

) J

riography were performed using a standard perc

of i Icholine were delivered

femoral approach. After the aiagnostic catheterization was
completed the coronary angiograms were reviewed and
patient classification and study vessel were determined. An
8F guide catheter was introduced into the left main coronary
artery. Heparin (10,000 U} was administered intravenously.
A 2.5F Dopples fiow velocity catheter (20 MHz pulsed
Dappler catheter, Millar Insiruments) was connected 1o a
velocimeter (model DC-101, Millar Instruments) and then to

through the Doppler calheter to thls proximal segment so
that the same segment could be analyzed for the response to
increasing blood flow and to acetylcholine. Two-minute
intusions (0.8 ml/min) were used to deliver increasing doses
of acetylcholine o achieve estimated final intracoronary
blood in the p 1 of 1077 and
1075 mallliter (16). Coronary angiograms were obtained and
coronary flow velocity, electrocardiogram, heart rate and
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| Acetyicholine

Papaverine

Figure 1. Schematic drawing of placement of the Doppler flaw
wvelocity catheter (solid black line} within the left anterior descending
coronary artery. Papaverine was infused through the distal port of
the Doppler flow velocity catheter. A segrentl proximal to the

ine infusion was analyzed for coronary on. For the
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overlap was analyzed at end-diastole (12). The same segment
was analyzed after each control condition and drug infusion.
The lengih of the segment analyzed was 6.4 * 0.2 mm. The
inter- and intraobserver variability of coronary artery diam-
eter using this vali d system is low (r =
0.95 and ¢ = 0.92, respectively) (14,15).

Estimates of changes in coronary blood flow. Estimates of
coronary blood flow (QQ) were made from measurements of
mean coronary flow velocity (V) and vessel cross-sectional
atea (CSA)

Q=VxCsA

Cross-sectionai area was determined from measurements
of coronary artery diameter in the region studied from

suhsequem acetylchaline studies. the Doppler flow velocity catheter
was withdrawn proximal to the previously analyzed coronary artery
segment and acetylcholine was mfused through the Doppler cathe-
ter. The to ylcholine was analyzed in the

SEME SCPNICNT as previously analyzed for pap:

blood pressure were measured at the end of each 2 min
infusion. The final coronary blood concentrations of acetyl-
choline were estimated with the assumption that blood flow
in the left anterior and left circumflex arteries was 80 ml/min
(11). A second recontrol period was established and followed
by intracoronury infusica of nitroglycerin, as described
previously.

Quantitative corcnary angiography. Quantitative coro-
nary angmgraphy was performed by a previously described
and d technique (12). N ic contrast medium was
injected into the left coronary artery at arate of S mlis to a
total of 8 or 9 ml with a Medrad power injector to optimize
the quality and reproducibility of the opacification (13}.
Angiograms were obtained while the patients held their
breath to avoid the possible effects of respiration. A biplane
system was used to allow two image intensifiers to be
positioned so that the center of each field of view was in line
with a single position in space (isocenter). The covonary
artery under study was placed in isocenter. A segment of the
coronary actery 2 to 3 cm proximal to the Doppler flow
velocity catheter that was free of side branches or vessel

h | views, an efliptic model:

DixD2)yx 7
4

CSA=

where Dt = coronary artery diameter in the anteroposterior
proiection and D2 = coronary artery diameter in the lateral
pregection.

Statistical anadysis. Ail data are expressed as mean values
* SE. Statistical comparisons were made by two-tailed
analysis of variance and kevel of signifivance was determined
by Fisher's exact ¢ test. The difference in directional re-
sponse of cross-sectional area and blood flow between
groups 1 and 2 was tested by unpaired r test. Statistical
significance was d if the null hypothesis could be
rejected at the 0.05 probability {p) level.

Results

Hemodynumics (Table 1). There were no sigaificant
changes in heart rate and ayalollc or diastolic blood pmssure
after the infusion of papa or acetylcheli
with control cunditions in either group 1 {normal arter:/) or

group 2 (atheroscleratic artery). A minor decrease in systolic
bloed pressure (p < 6.05) was observed after the intracoro-
nary administration of nitroglycerin in both groups.

Coronary bleod flow. ln panems wn(h normal coronary

arteries (group 1), pap: p duni in cor-
Table 1. H J ic R to Intusions of Papaverine. Acetylcholine and Nitrogiycerin
Papaverine ACh
C, (12mg) [ 110" mrolliter) [} NTG (50 42)

Normal aneries (group 1)

Blood pressure (S/D) (mm Hg} IBEW=23 1S+ e75z3 NS*eTT2d 7267723 N6~ 577 =3 NI 6523

Heart rate (beats/min} 423 W2 523 2 B3 523
Atherosclerotic arteries (group 2)

Blood pressure (S/D) (mm Hg) Ho=3%6+3 LO=¥7=3 MIxI77+3 W0=3Tx3 1H0O=3IM=3 106=xN5ix]

Heart rate (beats/min) 764 KEX To x4 W4 Tox4 LERS

*p < 0.05. ACh = acetylchotine: C = control: D = diastolic: NTG = nitroglycenn: $ = systolic.
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Figure 2. Increase in coronary blood flow (A) produced by papava
erine infusion and the associated increase in coronary cross-
sectional area (B) in the 10 patients with normal coranary arieries
fgroup 1). The i In blood flow by pap was
associated with a dilatiun of the coronary artery segment praximal
to the infusion site. ***p < 0.001.

onary blood flow of 384.3 = 32.8% (p < 0.001). This
increment in coronary blood flow was associated with dila-
tion of the coronary artery segment proximal to the infusion
site in al) 10 patients; there was a mean inciease of 23.2 =
4.6% in cross-sectional area from 8.2 = 0.8 mm?® {p < 0.001)
(Fig. 2). In all patients the coronary artery dilated
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Figuee 3. increasing coronary blood flow (A) produced by papaves-
ine infusion and the associated vasomotor response (B in the 14
patients with atherosclerolic coronary arteries (group 2). The incre-
ment ia caranary hinod Aow in athernsclerotic commary arteries was
associated with a modest net constriction of cross-zectional area,
with constrietion ohserved in 11 patients and dilarion observed in 3
patients. *p < 0,05; ***p < 0.001.

the proximal posed to am § in blood flow
(p < 0.05). Examination of the data revealed that 11 patients
exhibited constriction and 3 patients exhibited dilation (Fig.
3). The dilator response to intracoronary nitroglycerin was
intact in grous 2 patients with a 26.4 + 3.2% increase in

I esponse to inlracoronary nitroglycerin (50 pe), with a
31.7 = 4.2% increase in cross-sectional area (p < 0.001).
In the patierts with atherosclerosis (group 2), papavering
&t an equivalent dose produced & similar incrense in coro-
nary bleod flow of 339.3 = 18,7% (p < 0.001), kn conirast (o
the patients with normal coronary arteries, this increment in
blood flow was associated with a modest net constriction of
—=7.4 + 2.8% in cross-sectional area from 7.2 £ 0.9 mm? in

ero: ional area (p < 0.001). The spectrum of epicardial
coronary ariery response to incremental bload flow is dem-
onstraled in Figure 4, which depicts the dilator response of
normal arferies and the mixed but mostly constrictor re-
sponsé of atheresclerotic arterics,

Systemic recirculation of papaverine was exclnded as a
cause of dilation in group | paticnis and mixed responses in
group 2 patieats by examining the vasomotor response o
papavering in the proximal portion of the contralateral left
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Figure 4. The range of epicardial coronary artery vasomotor re-
sponse to incremental blood flow in normal coronary arteries (solid
line) and atherosclerotic coronary arteries (broken line). Normal
arteries exhibited a ditator and ath ic arteries had

a mixed but mostly " response 1o i | blood flow.

coronary artery. There were no significant changes in cross-
sectional arca between control and papaverine infusions in
group 1 (5.4 + 0.2t0 5.3 = 0.2 mm?) and in group 2(7.3 + 0.5
t0 7.2 % 0.6 mm?).

Paired mponses to pspaverme wnd acetylcholine. To
study endotheli ion as a mecha-
nism for flow.mediated dilation, five consecutive patients in
each group underwent sequential papaverine and acetylcho-
line study. In group 1 (normal control} papaverine produced
an increase in coronary blood flow (395.2 * 27.6%, p < 0.01)
ard assocxated vasodilation of 24.3 * 6,1% {rom 9.2 = 0.8
mm? (p < 0.05) in the proximal coronary artery segment in
all five patients (Fig. 5). Acetylcholine i [ of
the proximal coronary artery segment also produced a
significant dilation of the same segment of 20.7 + 4.6% from
92 + 0.8 mm® (p < 0.05). All proximal artery segments
dilated with intracoronary nitroglycerin by 29.3 * 6.9% from
9.2 £ 0.8 mm® (p < 0.05) and blood flow increased by 26.2 +
7.4% (p =< 0.05).

In group 2 an increase in coronary blood flow was
observed after papaverine infusion (322.6 = 22.5%, p <
0.01), which was iated with a mean d in coro-
nary cross-sectional area in the proximal coronary artery
segment of —6.4 = 3.2% from 8.4 = 0.8 mm’ (p = NS)

pared with control {Fig. 6). After infusion
of acetylcholine to a concentcation of 10~® mobliter, signif-
icant vasoconstriction was observcd in the same segment,
—~22.8 = 3.4%, from 8.4 + 0.8 mm? (p < 0.95). Intracoronary
nitroglycerin produced significant ditation in all pmxlmal
coronary segments (20.8 = 6,7% from 8.4 + 0.8 mm’, p <
0.05) and blood flow increased by 63.8 = 21.5% (p < 0.05).

Intracoronary administration of acetylcholine also pro-
duced an increase in coronary blood flow of 284.0 + 38.0%
(p < 0.01) in group 1 and 191.2 = 31.2% (p < 0.01) in group
2 patients.
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NORMAL. CORONARY APTERIES
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Figure 5. 1 coronary response 1o i
blood flow (pap 12mg)andi y acelylchaline (10°°
moliter) in five patients with normal coronary arterics (group 1).
Papaverine produced an increase in blood flow and associated
vasodilation in the proximal coronary artery segment. A parallel
vasodilator response was observed with acetylcholine (ACh) infu-
sion, There was no significant difference in coronary cross-sectional
arca among C,, C, and C, conditions. C, = baseline control; C; =
repeat control; C, = second repeat control; NTG = nitroglycerin.
*p <0.05.

Discussion
The major findings of this study are that angiographically
smooth human coronasy arteries dilated in response to an
increase in coronary blood flow and to the local administra-
tion of the endothelium-dependent vasodilator acetylcho-
tine. This normal mechanism was lost in atherosclerotic

Figure 6. ine and (ACh) study in
ﬁve patients with a(h:msnlemuc coronary arteries {group 2). An
increase in coronary blood flow afler papaverine infusion was
associated with a mean decrease in coronary cross-sectional area in
the proximal coronary artery segment: after infusion of acetykcho-
line (10~° moliter), vasoconstriction was also observed. There was
no significant difference in coronary cross-scctional area among C,,
C, and C, conditions. Abbreviations as in Figure 5. *p < 0.05.
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arteries, which failed to dilate in response to both increases
in blood flow and acetylcholine. All coronary segments
dilated in response to the smooth muscle cell relaxing agem
nitroglycerin.

Endothelial regulation of local bloed flow. Experimental
evidence sugpests that the endothelium regulates local vessel
tone in response to changes in blood flow (5,6,16,17). The
mechanism for the flow-induced vasodilation was initially
proposed to be the spreadirg of 2 rel signal alang ihe

vascular wall, emerging from arterioles in the

JACC Voi. 16, No. 2
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that are associated with abnormal responses to injury and
platelet activation (28,29). Likewise, variations in the direc-
tion and magnitude of shear stress may promote athemgen—
esiv (30.31). Recent data (32) also suggest that increases in

shear siress may sti production by endo-
thelial cells.
Mechaiisms of iction. In the present study, the

presence of atherosclerosis in human coronary arteries im-
paired flow. medlaled dilation. One possible mechanism for

tion (18,19). but later experiments failed to show inhibition
of this response with transection of the anery distal to the
site of measurements (20,21). The h

the p in atnn is may be en-
doihelial cell dysft and a t of EDRF release
(33, 34) ‘This conclusion is supported by the findings of

iction to acetylcholine in the same

unknown until recently when Holtz et al. (4) d ated
that endothelial cells act as mediators of flow-dependent
dilation. M ical 1 of end cells from the
canine femoral artery abolished dilation in response to both
increased blood flow and acetylcholine but not in response to
mtroglycer.n a dlrect smooth muscle relaxant (16,22). Use
of the bk y tech developed for the d of the
endothelium-derived relaxing faclor demonstrated that ace-
tylcholine and biood fiow release a relaxing substance with
the same characteristics (23,24).

The h by which cells sense and
respond to mechanical forces generated by blood flow are
not letely known. R dings of calcium ion channel
activity from endothelial cells have revealed that the opening
frequency of these channels increases when the cell mem-
brane is stretched (25), More recently a potassium-selectiv

dothotial

lerotic arteries with abnormal responses to in-
creased blood flow. Interestingly, this study suggests that
the precise mechanism of the action of acetylcholine may
also be complex, invalving a direct receptor-mediated
(20 34) and an |nd|recl ﬂow-medmted eﬂ‘ect (4,5). Indeed,
d an in coro-

nary bleod ﬂow |n pauems wuh atheroscierotic and normal
coronary arteries, although of smaller magnitude than that
observed with papaverine. Despite the possible multiple
mechanisms of acetylcholine action, this agent has been
shown 1o induce endothelium-dependent dilation in the
normal artery and loss of dilation with constriction if the
dothelium is dysfi 1 (10). Further evid of en-
dothelial cell dysfi in the ath lerotic segments is
lhe preserved dilation in fesponse to the nonendothelium-

shear stress-activated chammel was identified that is activated
by increasing levels of shear stress and that recovers fully on
cessation of flow (26). These ionic currents may represent
the first step in the transduction of a mechanical force (blood
flow, shear stress) to a vascular response (flow-mediated
dilation).

Mechanisms of vasodilation. This study provides evi-
dence that incremental blood flow is associated with dilation
in angiographically smooth coronary arteries and, as such, is
a property of normal human arteries. In addition, the dem-
onstration of vasadilation in response to increments in blood
flow and acetylcholine suggests that the release of endothe-
lium-dependent relaxing factor or factors (EDRF) by intact
endothelium may promote vasodilation in human arteries.
These data support previous findings in animal models that
increases in blood flow trigger the release of a substance that
has many characteristics of EDRF (24). Although it is
unlikely that endothelial cells sense chanzes in volume flow
in an artery, local changes in shear stress on the endothelium
may Stimulate the release of endothelium-dependent relaxing
factors. We have recently demonstrated (27) vasodilation of
angiographically smooth human coronary arteries in re-
sponse (o increased shear stress and loss of this response in

ic arteries. £ ions in shear stress result in
disruption of endothelial cell morphology in animat models

dent dilator nitroglycerin.

The faiturc of ditation in atherosclerotic coronary arteries
may be the result of altered catecholamine sensitivity.
Hypersensitivity of vascular smooth muscle in the region of
an atherosclerotic plaque may also produce enhanced vaso-
constrictian (33). Several investigators (35-37) have reported
impairment of endothelium-dependent relaxation in animal
vessels with diet-induced atherosclerosis. Many substances
that elicit the release of EDRF, such as serotonin, norepi-
nephrine, vasopressin and others, also exert a direct vaso-
constrictor effect on vascular smooth muscle (35,38). Al-
though the release of EDRF normally modulates the
cons\nctor action of these tumpounds. in the setting of

h is these | agents could produce
exaggerated vascular constriction because of an unopposed
effect on the smooth muscle. It is unlikely that increased
catecholamines produced the vasoconstricior response ob-
served in atherosclerotic vessels in this study because nei-
ther papaverine nor acetylcholine produced a change in
heart rate or bluod pressure.

Limitations. Althvugh a variety of pharmacologic and
physiologic stimuli are capable of promoting an increuse in
coronary bleod flow, papaverine was choscn for this study
because it is a relativeiy dilater of
vessels and has minimal effects on the large cpicardial
coronary arteries (8). Examination of the distal coronary




artery segl posed to both i | blood flow and
papaverine failed to reveal a difference in the change in
coronary luminal area compared with the change induced by
the flow alone in the proximal segment (data not shown). In
addition, the dllalmn nbserved in the pm)umal segment with
papaverine is probably not due to sy of
this agent because similar dilation was not ebserved in the
contralateral left coronary artery.

The time sequence of dilation after the onset of incremen-
tal flow in human coronary arteries is not known. Previous
studies (5) in closed chest conscious dogs have suggested
that peak dilation occurs approximately 60 s after the induc-
tion of reactive hyperemia in this model. In the current study
coronary reactions were measured soon after the increase in
coronary bleod flow velocity peaked, approximately 90 to
120 s after papaverine injection.

Clinical implications. Flow-induced vasodilation of epi-
cardial human coronary arteries may contribute to the
normal physiologic response during exercise or other
stresses. The response of normal corenary arteries to exer-
CIse or lo the cold pressor test |s dilation and this response is

d b in lerotic arteries (2,3).
These physnologlc stimuli may exert their effect, in part, by
increasing blood flow and promoting dllatlon in normal
coronary arteries. Loss of this resp in lerotic
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