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Cigarette smoking is associated with an increased
risk for vascular disease. The effects of smoking
and nicotine on coronary and peripheral arterial
function have been probed with various invasive
and noninvasive techniques. The current review
provides a brief summary of the available tech-
niques for measuring coronary or peripheral arterial
function and discusses the determinants of myo-
cardial blood flow at rest and during stress. Finally,
it summarizes research addressing the effects
of smoking on coronary and peripheral arterial
function. Acute and chronic smoking does not ap-
pear to alter substantially endothelium independent
coronary vasodilatory capacity. In contrast, active
and passive smoking alters coronary and peripher-
al arterial vasomotion in patients with and individ-
uals without coronary artery disease (CAD). There-
fore, the site of the damaging effects of smoking
appears to be the coronary endothelium. The
smoking history is correlated with the degree of
vasomotor abnormalities. Further, the degree of
smoking-induced endothelial dysfunction appears
to increase with the severity of CAD. Finally, the
coronary endothelial and peripheral arterial vaso-
motor dysfunction observed in active and passive
healthy smokers appear to be to some degree
reversible.
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Cigarette smoking is a major risk factor result-
ing in a 2-fold increased risk for peripheral
vascular! and coronary artery disease (CAD).2
Cigarette smoking accounts for one fifth of all
cardiac deaths and doubles the risk for heart fail-
ure.? Vascular effects of smoking also include an
increased risk for stroke and impotence in young
men.* Thus, epidemiologic evidence has clearly
linked cigarette smoking to vascular disease.
Despite the overwhelming epidemiologic asso-
ciation between smoking and vascular disease, the

mechanisms by which smoking exerts its deleteri-
ous effects are still incompletely understood.
Complicating the understanding of its noxious
effects is the fact that cigarette smoke contains
thousands of toxic compounds, the 2 most prom-
inent ones being nicotine and carbon monoxide.
Recent research suggests that the main site of
toxic effects on the vascular system is the endo-
thelium, and, specifically with regards to the cor-
onary system, the coronary endothelium. Nico-
tine alters the shape of endothelial cells and
reduces prostacycline production.® Increased en-
dothelial cell proliferation and intimal hyperpla-
sia as a result of nicotine exposure also have been
observed in animal experimental studies.® Serum
carbon monoxide levels are increased in smokers
and this is associated with increased numbers of
damaged endothelial cells circulating in human
blood.” Interestingly, tobacco smoke had a much
greater effect than nontobacco smoke on circulat-
ing endothelial cells and platelets, suggesting spe-
cifically harmful components of tobacco smoke.
Nicotine alone can cause acute endothelial dys-
function, although to a significantly smaller ex-
tent than cigarette smoke.® Free radicals con-
tained in the tar and the gas phase of cigarette
smoke can damage the vascular endothelium.>
Quantitative electron microscopy was used to
determine the effects of nicotine on the ultrastruc-
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ture of aortic endothelial cells in mice® that were
exposed to extremely high nicotine levels, compa-
rable with humans smoking 50 to 100 cigarettes/
day. Nicotine resulted in cytoplasmic vacuoles,
mitochondrial swelling, and edema. In fact, the
vacuole volume fraction from aortic endothelium
was twice as high in nicotine-exposed mice than
in the control group. Overall, the study showed
significant endothelial injury as a result of nico-
tine exposure.

Thus, cigarette smoke appears to damage the
coronary endothelium that plays a pivotal role in
controlling coronary function. Release of nitric
oxide from the endothelium is important for
adapting the coronary vasomotor tone to changes
in myocardial oxygen demand and impairments
in this system result in coronary endothelial dys-
function.to:1!

The effects of smoking and nicotine on coro-
nary and peripheral arterial function have been
probed with various invasive and noninvasive
techniques. The current review provides a brief
summary of the available techniques for measur-
ing coronary or peripheral arterial function and
discusses the determinants of myocardial blood
flow at rest and during stress. Finally, it summa-
rizes the research addressing the effects of smok-
ing on coronary and peripheral arterial function.

Measurements of Myocardial and
Coronary Blood Flow

Single photon emission tomography or stress
echocardiography is used clinically to determine
presence, location, and extent of CAD. These
techniques, however, are not quantitative and rely
on regional differences in the myocardial uptake
of radiotracers, as is the case for single photon
emission tomography, or wall motion heterogene-
ities for echocardiography to identify abnormali-
ties in coronary blood flow. They can only un-
cover hemodynamically significant disease once
the coronary lumen is obstructed by at least
50%.'? Such obstructive coronary disease is fre-
quently not present, especially in younger smok-
ers. Moreover, even in patients with known CAD,
the effects of smoking on coronary blood flow
cannot be quantified with these techniques. These
qualitative or semiquantitative imaging tests
therefore are not useful to evaluate sometimes-
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subtle smoking-induced alterations on myocar-
dial blood flow or coronary function.

Several invasive and noninvasive techniques
have been used to quantify the effects of smoking
on coronary or myocardial blood flow. Foremost
among the invasive techniques are the coronary
sinus thermodilution method, inert gas clearance
techniques, and intracoronary Doppler velocity
probes.'> However, because of their invasiveness
these approaches are associated with significant
morbidity and therefore only can be applied in
small groups of research subjects. In contrast,
positron emission tomography (PET) provides
quantitative measurements of myocardial blood
flow noninvasively. Several PET tracers to quan-
tify myocardial blood flow include the generator-
produced isotope rubidium-82,'#-1¢ and the cyclo-
tron-produced N-13 ammonia,'”-'®* and O-15
water!'-2” have been used in humans.

Recent tomographs permit the simultaneous
acquisition of more than 60 cross-sectional im-
ages of the left ventricular myocardium.282° Im-
ages can be obtained serially to determine the ar-
terial input function and myocardial time activity
curves.2%30 By using validated tracer kinetic mod-
els, myocardial blood flow can be quantified for
the entire left ventricle or for vascular territories,
or for even smaller myocardial regions. Estimates
of myocardial blood flow obtained in mL * min ™" -
g~ ' are reproducible within?’ and across institu-
tions?> and have been used successfully to evalu-
ate the effects of smoking on myocardial blood
flow.

Before interpreting such quantitative measure-
ments the determinants of myocardial blood flow
at rest and during various stress tests need to be
understood. The following section briefly ad-
dresses this issue.

Determinants of Myocardial Blood Flow
at Rest

Myocardial blood flow at rest correlates with myo-
cardial oxygen consumption,>! which depends on
left ventricular wall stress, contractility, pressure
work, volume work, and heart rate. Autoregula-
tory mechanisms that involve the coronary endo-
thelium, vascular smooth muscles, or myocytes
modulate the balance between myocardial oxygen
supply and demand. In isolated heart preparations
myocardial blood flow remains relatively constant
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for perfusion pressures ranging from 80 to 150
mm Hg>? for any given level of cardiac work. Dif-
ferent from these findings in the isolated heart
preparation, myocardial blood flow in humans is
related linearly to cardiac work.>> A significant
relationship between resting rate pressure prod-
uct and myocardial blood flow was shown nonin-
vasively with PET in vivo.3*37

Thus, myocardial blood flow in humans at rest
varies between individuals as a function of differ-
ences in cardiac work or oxygen consumption. It
can be modulated by physiologic processes such
as aging or interventions such as cardiovascular
conditioning.37-3® Pharmacologic interventions
such as B-receptor blockade® reduce resting
blood flow by reducing cardiac work.

For instance, a blood flow level of 0.4 mL -
min~ ' - g~ ! might be entirely normal for a hypo-
tensive patient with a low resting heart rate but
might also be found in an area of nontransmural
myocardial infarction.

Myocardial Blood Flow During Stress

Physical Stress

The coronary system is unique in its ability to
respond to increases in myocardial oxygen de-
mand with appropriate and proportional in-
creases in myocardial blood flow. This ability has
been termed the coronary vasodilatory capacity or
flow reserve. Animal experimental data as well as
studies in humans showed that coronary blood
flow could increase 3- to 5-fold in response to
physiologic or pharmacologic stimuli. Physical
exercise increases myocardial oxygen consump-
tion, which needs to be accommodated for by ap-
propriate increases in coronary blood flow. Holm-
berg et al>? established a close correlation between
coronary blood flow and cardiac work for a wide
range of rate pressure products during exercise.

Pharmacologic Stress

Because physical stress is not feasible during car-
diac catheterization and also not possible during
PET imaging, the coronary vasodilatory capacity
is most frequently probed by using pharmacologic
stressors. These stressors include dipyridamole,
adenosine,**-#! papaverine, and nitroglycerine, all
of which induce coronary vasodilation in a largely
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endothelial-independent fashion.*>*> Dipyridam-
ole, adenosine, and papaverine induce 3- to 4-fold
increases in myocardial blood flow as established
by intracoronary flow velocity measurements*
and subsequently by PET.*> However, increases in
blood flow during near-maximal arteriolar vasodi-
lation exert a secondary vasodilatory effect on the
proximal circulation if normal endothelial func-
tion is maintained. This phenomenon, termed
flow-mediated coronary or peripheral arterial vaso-
dilation has been shown to be endothelial depen-
dent.*6 Nevertheless, for the current article we
will assume that pharmacologic stress with aden-
osine, dipyridamole, papaverine, or nitroglycerine
induces coronary vasodilation in a largely endo-
thelial-independent fashion.

Physiologic processes and pharmacologic inter-
ventions can affect maximally achievable blood
flows during exercise or pharmacologic interven-
tions. Using intracoronary Doppler flow velocity
measurements, Egashira et al*” found no signifi-
cant age-dependent decline in maximally achiev-
able coronary flow. These findings were con-
firmed by Schelbert's group>* but disputed by
others.3” In addition, impairments in coronary va-
sodilatory capacity can be reversed to some degree
by lifestyle modifications.>® Therapeutic drugs
also can affect coronary blood flow. For instance,
B-receptor blockade might enhance coronary va-
sodilatory capacity by reducing extravascular re-
sistive forces during the diastolic coronary flow
phase.>®

In summary, both resting and hyperemic myo-
cardial blood flow can be altered by a variety of
physiologic processes and pharmacologic inter-
ventions. These factors need to be considered be-
fore quantitative blood flow measurements can be
interpreted in a meaningful fashion.

Probing Coronary Endothelial
Function

Zeiher et al*® observed in 1991 that endothelial
dysfunction precedes angiographically detectable
CAD. Their study included 11 patients with
smooth coronary artery disease and no risk factors
for CAD, 9 patients with smooth coronary artery
disease but risk factors for CAD, 9 patients with
smooth coronary artery segments but other areas
of disease, and 9 patients with diffuse intimal ir-
regularities. All patients underwent quantitative
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angiography and Doppler flow velocity measure-
ments during intracoronary acetylcholine for
probing endothelial-dependent coronary function
and nitroglycerine and papaverine for evaluating
endothelial-independent vasomotion. The inves-
tigators showed increasingly abnormal flow veloc-
ity responses dependent on the stage of underly-
ing early coronary artery disease or risk for
disease. Importantly, they also showed that abnor-
mal flow velocity responses to acetylcholine were
paralleled by abnormal responses to cold pressor
testing.

Lending support to the notion that endothelial
dysfunction represents a very early disease stage,
Vita et al*® reported an abnormal coronary vaso-
motor response to acetylcholine in patients with
minimal coronary artery disease. Interestingly,
they also observed an increased sensitivity of the
endothelium to adrenergic stimulation with phen-
ylephrine, which might contribute to ischemic
events.

As mentioned earlier, the coronary flow veloc-
ity response to acetylcholine is correlated with
that of cold pressor testing.*® In 1988, Nabel et al>°
evaluated the response of the coronary system to
sympathetic stimuli as induced by cold pressor
testing. This study included 8 patients with nor-
mal coronary arteries, 9 patients with mild dis-
ease, and 13 patients with atherosclerotic lesions
with greater than 50% diameter narrowing. Cold
pressor testing, during which the patient’s hands
were submersed in ice water, was used to activate
the sympathetic system. Quantitative angiogra-
phy and Doppler flow velocity measurements
were used to determine the vascular and flow ve-
locity response to cold. Exposure to cold induced
coronary vasodilation by 12% = 1% in patients
with normal coronary arteries whereas the diam-
eter decreased by 9% * 1% and 24% *= 6% in
irregular and stenotic segments, respectively.
Thus, the degree of atherosclerosis was associated
with the degree of impairment in vasomotor re-
sponse to cold. Meeder et al>! also showed a sig-
nificant relationship between coronary flow ve-
locity and the myocardial blood flow response to
cold pressor testing.

Cold pressor testing evokes a mixed neuronal
response, with releases of catecholamines from
terminal nerve endings and the adrenal medulla2
that leads to modest increases in blood pressure
and heart rate by about 30%.5> Catecholamines
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stimulate myocardial B8, receptors with corre-
sponding increases in cardiac work and coronary
blood flow in healthy individuals. Stimulation of
vascular smooth muscle o, —adreno-receptors
promotes coronary vasoconstriction whereas cor-
onary [3,-receptor stimulation promotes coronary
vasodilation. Further vasodilation results from
stimulation of endothelial a, receptors, leading to
release of nitric oxide from the endothelium.>*
Increased shear stresses owing to higher flow ve-
locities lead to further increases in nitric oxide
release.>>>5 Thus, these regulatory mechanisms
depend on a preserved endothelial function and
are dysfunctional in individuals at risk for and
those with CAD.

The degree of abnormal blood flow responses to
cold stimulation can be quantified noninvasively
with PET. Blood flow measurements during cold
pressor testing are therefore increasingly accepted
for probing endothelial-dependent coronary vaso-
motion in humans.

Another noninvasive approach for probing vas-
cular endothelial function uses brachial artery ul-
trasound. The release of a pneumatic arm cuff
after inflation is followed by flow-medicated arte-
rial vasodilation, the degree of which depends on
endothelial function.>® This is based on the notion
that increases in blood flow during near-maximal
vasodilation result in secondary flow increases
termed flow-mediated vasodilation. This second
wind is an endothelium-dependent process and
can be determined by using brachial artery ultra-
sound. As an advantage, this technique is widely
available, inexpensive, and noninvasive. As a dis-
advantage, measurements of brachial artery vaso-
reactivity might not necessarily be translatable
into coronary vasomotor function. However, this
technique has been used as a surrogate measure of
overall vascular endothelial function.

Hemodynamic Effects of Smoking

Cigarette smoking induces the release of cat-
echolamines from the adrenal medulla and termi-
nal nerve endings. This is evidenced by an early
increase of serum norepinephrine levels followed
by an increase in serum epinephrine levels.5”
Cryer et al®® observed prompt increases in blood
pressure and heart rate within 2.5 minutes after
the start of smoking, with a peak hemodynamic
response after 5 minutes.
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These catecholamines stimulate myocardial 1
receptors, resulting in increases in heart rate, con-
tractility, and systolic blood pressure. Thus, acute
smoking results in increases in cardiac work. Con-
sistently, Nicod et al>® observed a smoking-in-
duced increase in rate pressure product in 38
long-term smokers. This was owing to increases in
both heart rate and systolic blood pressure by
about 10%. Regan et al® reported similar hemo-
dynamic effects in 8 smokers with CAD, and oth-
ers confirmed these findings more recently.c! A
comparable magnitude of hemodynamic changes
occurred after 4 mg of nicotine administered in a
chewing gum.®? In addition, nicotine increased
myocardial oxygen consumption by 6% to 18% at
any rate pressure product level at rest or during
pacing. The investigators speculated that the in-
creased myocardial oxygen consumption was
caused by nicotine-induced increases in myocar-
dial contractility.

Effects of Smoking and Nicotine on
Myocardial Blood Flow, Vasomotion,
and Flow Reserve

Acute Smoking

Schelbert’s group®' at UCLA studied systemati-
cally the effects of acute and long-term smoking
on myocardial blood flow and flow reserve. PET
blood flow measurements were obtained at rest
and during dipyridamole-induced hyperemia un-
der baseline conditions and then again during
smoking of one cigarette. The baseline measure-
ments were used to determine the effects of
chronic long-term smoking while the smoking
during the blood flow measurements was per-
formed to evaluate the acute effects of cigarette
smoking on myocardial blood flow. The expected
increases in systolic blood pressure and heart rate
during acute smoking were associated with signif-
icant increases in myocardial blood flow from
0.70 £ 0.17mL-min~ '+ g ' t00.88 = 0.17 mL -
min~ '+ g~ '. Smoking during dipyridamole hyper-
emia reduced the hyperemic flows by 10%. Thus,
acute smoking resulted in a significant decline in
the myocardial flow reserve from 3.36 = 0.83 to
2.28 £ 028.¢! Importantly, the flow reserve under
baseline conditions (reflecting chronic smoking)
did not differ significantly between healthy con-
trols and smokers although a tendency toward a
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lower flow reserve in smokers was observed
(3.82 £0.71v3.36 = 0.83; P = .16). In contrast,
acute smoking reduced the myocardial flow re-
serve from 3.36 + 0.83t0 2.28 = 0.28; P <.0001).
This decline was attributed to both reductions in
hyperemic blood flows and increases in resting
blood flow during smoking. The increases in rest-
ing blood flow were owing to increases in cardiac
work during smoking and the investigators spec-
ulated that the attenuated hyperemic flow re-
sponse during acute smoking was explained by
smoking induced a2-receptor mediated coronary
vasoconstriction.

Smoking of 2 cigarettes failed to increase coro-
nary sinus blood flow in the majority of patients
with proximal left anterior descending coronary
artery or left circumflex disease.> In contrast, si-
nus blood flow increased during smoking in all 10
patients without proximal lesions. Further, smok-
ing during pacing increased coronary blood flow
by 45 = 21 mL - min~ " in patients without prox-
imal coronary artery disease, whereas patients
with proximal disease responded to pacing and
smoking with an increase of only 36 * 16 mL -
min~'. The findings suggested an abnormally in-
creased coronary vasomotor tone at the site of
proximal atherosclerotic lesions during smoking.
Alternatively, more severe endothelial dysfunc-
tion in patients with proximal than in those with
distal disease might have accounted for this find-
ing.

Acute smoking results in constriction of the
proximal and distal coronary arteries in CAD pa-
tients.®> In this study, 24 long-term smokers with
CAD were asked to smoke a cigarette during car-
diac catheterization. Coronary flow velocity was
measured at baseline and serially during cigarette
smoking. Both proximal and distal coronary ar-
tery diameter decreased by 5% to 8% in response
to smoking. In addition, despite smoking-induced
increases in rate pressure product, coronary flow
velocity decreased by 7% * 4%, whereas coronary
vascular resistance increased by 21% * 4%. Thus,
the physiologic relationship between cardiac
work and blood flow velocity was abolished dur-
ing acute smoking in patients with CAD.

In summary, acute smoking might increase cor-
onary or myocardial blood flow in otherwise
healthy subjects. In contrast, patients at risk for or
with documented CAD respond to smoking with
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increases in coronary vascular resistance or de-
creases in coronary blood flow.

Chronic Smoking

By using quantitative coronary angiography,
Zeiher et al®* measured the diameter of the epicar-
dial coronary arteries at baseline, after intracoro-
nary papaverine, and nitroglycerine in 96 smokers
or nonsmokers with CAD. Measurements were
limited to the left anterior descending coronary
artery and only patients with left anterior de-
scending stenosis of less than 30% were included.
In this population, the dilation of proximal epicar-
dial coronary arteries in response to papaverine
(as an index of endothelial dependent flow—medi-
ated coronary vasodilation) was significantly
blunted in smokers when compared with non-
smokers. The response to nitroglycerine (as a
marker of endothelial-independent coronary va-
sodilation) was also significantly attenuated yet to
asmaller degree than the flow-mediated epicardial
coronary artery vasodilation. Importantly, this
impairment was present regardless of the presence
of coronary artery sclerotic lesions as determined
by intravascular ultrasound. Thus, smokers with
coronary artery disease exhibited abnormal endo-
thelium-dependent and -independent coronary
vasomotion.

In healthy individuals, long-term smoking pri-
marily affects coronary and peripheral arterial en-
dothelial function.>0-¢1.65 Schelbert’s group®’ sys-
tematically investigated the effects of long-term
smoking on coronary vasomotion and vasodilator
capacity. The investigators included 16 long-term
smokers and 17 nonsmokers in their study of
myocardial blood flow at rest, during cold pressor
testing, and during dipyridamole-induced hyper-
emia. The hemodynamic response to cold expo-
sure was similar in smokers and nonsmokers with
increases of the rate pressure product by 20% to
30%. However, myocardial blood flow as deter-
mined with N-13 ammonia PET increased signif-
icantly only in nonsmokers but not in smokers in
response to cold. In fact, when normalized to the
rate pressure product as an index of cardiac work,
blood flow decreased in smokers but remained
unchanged in nonsmokers in response to cold. As
another important finding, the degree in impair-
ment of flow in response to cold pressor testing
was correlated with the number of years of smok-
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ing. The investigators concluded that the abnor-
mal blood flow response to cold was likely ex-
plained by coronary endothelial dysfunction.®>

To further elucidate the role of the coronary
endothelium the same group subsequently mea-
sured myocardial blood flow at rest and during
cold pressor testing under baseline conditions and
then again during L-arginine infusion.®® This ap-
proach was chosen because L-arginine is the sub-
strate for NO synthase,'® which might be useful
for restoring coronary endothelial function.
Eleven healthy smokers and 12 age-matched con-
trols were included in this study. The endothe-
lium-independent flow response to dipyridamole
was fully preserved. L-arginine, the precursor of
NO, was administered intravenously in smokers
at baseline and during cold pressor testing. At
baseline, myocardial blood flow increased by only
11% * 14% in smokers during cold pressor test-
ing (v 44% = 25% in nonsmokers), but increased
normally by 48% * 28% during cold pressor test-
ing after intravenous L-arginine. Thus, the abnor-
mal coronary vasomotion in long-term smokers in
response to cold pressor testing appears to be re-
lated to endothelial dysfunction that can be re-
stored by intravenous L-arginine.®®

Several other studies also provided support to
the notion that smoking induces endothelial dys-
function. Barua et al®” showed an abnormal flow
mediated brachial artery vasodilation in 15
healthy smokers. This impairment was present in
heavy and light cigarette smokers.®® The same
group also determined the dose-dependent effects
of cigarette smoking on brachial artery endotheli-
al-dependent and -independent blood flow.%8 Bra-
chial artery ultrasonography was used to measure
the brachial artery diameter at rest, during reac-
tive hyperemia, as a surrogate marker for arterial
endothelial function, and after sublingual nitro-
glycerine as a marker of endothelial-independent
vasodilation. The results suggested that light and
heavy smoking had comparable adverse effects on
brachial artery endothelial function. Interestingly,
both heavy and light smokers also had abnormal
basal and stimulated NO production and endothe-
lial nitric oxide synthase levels as measured in
human umbilical endothelial cell cultures.

Kugiyama et al®® used quantitative angiography
to evaluate the vasomotor response to acetylcho-
line and mono-methyl-L-arginine injected into
the left main coronary artery. Acetylcholine infu-
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sion resulted in normal coronary vasodilation in
nonsmokers. In contrast, smokers responded to
acetylcholine with coronary vasoconstriction.
Mono-methyl-L-arginine, an antagonist of L-argi-
nine, the precursor of nitric oxide, attenuated or
abolished the vasodilator response to acetylcho-
line in nonsmokers but had no effects on coronary
diameter in smokers during acetylcholine provo-
cation, suggesting that endothelial dysfunction
accounted for the abnormal vasomotor response
to acetylcholine in smokers. This dysfunction can
be reversed, at least in part, by 4 weeks of treat-
ment with the antioxidant vitamin E.7

The degree of endothelial dysfunction might
also be modified by ethnicity and dietary differ-
ences. Using the brachial artery ultrasound tech-
nique Woo et al”! studied the endothelial depen-
dent flow mediated response of the brachial artery
in 72 Chinese and 72 Caucasians. Chinese and
non-Chinese nonsmokers had a similar flow me-
diated brachial artery vasodilation of 7.9 and
8.4%. In contrast, only non-Chinese smokers had
an attenuated forearm vasodilation (3.9%) while
no such effect was observed in Chinese smokers.
The authors speculated that the greater consump-
tion of antioxidant-containing teas and foods by
the Chinese population might have exerted a pro-
tective effect.

Passive Smoking

Passive smoking is associated with an increased
risk for CAD.7? Raitakari et al”> showed that the
endothelial dysfunction observed in passive
smokers is at least partially reversible. In their
study of 60 healthy subjects, former passive smok-
ers exhibited a better brachial artery response to
reactive hyperemia than current passive smokers
(5.1% = 4.1% v 2.3% = 2.1%; P < .01). When
compared with nonsmoking controls, the endo-
thelial-dependent brachial artery dilation was,
however, still attenuated.

Celermajer et al’* enrolled 26 healthy subjects
who were exposed to environmental smoke, 26
active smokers, and 26 healthy controls to deter-
mine the brachial artery response to reactive hy-
peremia. They reported a similarly attenuated
flow-mediated brachial artery vasodilation in ac-
tive and passive smokers. Importantly, the degree
of impairment was related to the intensity of pas-
sive smoke exposure. Woo et al”> studied 20
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young casino workers with heavy exposure to en-
vironmental smoke. Brachial artery flow mediated
vasodilation was significantly lower in passive
smokers than in controls (6.6% = 3.4% v 10.6% =
2.3%;P <.0001), whereas nitroglycerine-induced
vasodilation, as a marker of endothelial-indepen-
dent vasodilation, did not differ between the 2
groups. These and other studies suggest that pas-
sive smoking can result in endothelial dysfunction
that, however, is at least in part reversible.

Effects of Nicotine

Several studies attempted to elucidate the inde-
pendent effects of nicotine on coronary vasomo-
tion. Animal experimental studies have suggested
that these effects are dose dependent.”®

Kaijser and Berglund®? studied the effects of a
chewing gum containing 4 mg of nicotine on cor-
onary sinus blood flow. Flow measurements were
obtained at baseline and during various pacing-
induced heart rates with and without nicotine
stimulation. Coronary sinus blood flow was
higher with nicotine than under baseline condi-
tions atany level of cardiac pacing. The increase in
myocardial oxygen consumption, however, was
disproportionally high relative to the nicotine- in-
duced increases in coronary sinus blood flow. The
investigators suggested that «-adrenergic coro-
nary vasoconstriction might have accounted for
this finding.

Summary

Invasive and noninvasive techniques have been
used to evaluate and quantify the effects of smok-
ing on coronary and peripheral arterial vasomo-
tion and vasodilatory function. Acute and chronic
smoking does not appear to alter substantially en-
dothelium-independent coronary vasodilatory ca-
pacity. In contrast, acute and chronic active and
passive smoking induces abnormalities in coro-
nary and peripheral arterial vasomotion in pa-
tients with and individuals without CAD. The site
of the damaging effects of smoking is the coronary
endothelium. The smoking history appears to be
correlated with the degree of vasomotor abnor-
malities. Further, the degree of smoking-induced
abnormalities in coronary function appears to in-
crease with the severity of CAD. Finally, the cor-
onary endothelial and peripheral arterial vasomo-
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tor dysfunction observed in active and passive
healthy smokers appear to be, to some degree,
reversible.

10.

1.

12.

13.

14.

15.

16.

References

. Price J, Mowbray P, Lee A, et al: Relationship be-

tween smoking and cardiovascular risk factors in the
development of peripheral arterial disease and coro-
nary artery disease. Eur Heart J 20:344-353, 1999

. Heliovaara M, Karvonen M, Vilhunen R, et al: Smok-

ing, carbon monoxide and atherosclerotic diseases.
Br Med J 1:268-270, 1978

. Manley A: Cardiovascular implications of smoking.

J Health Care Poor Underserved 8:303-310, 1997

. Rosen M, Greenfield A, Walker T: Cigarette smoking:

An independent risk factor for atherosclerosis in the
hypogastric-cavernous arterial bed of men with arte-
riogenic impotence. J Urol 145:759-763, 1991

. Pittilo R: Cigarette smoking, endothelial injury and

atherosclerosis. J Smoking Related Dis 4:17-25, 1993

. Hamasaki H, Sato J, Masuda H: Effect of nicotine on

the intimal hyperplasia after removal of rabbit carotid
artery. Gen Pharmacol 51:653-659, 1997

. Davis J, Shelton L, Eigenberg D, et al: Effects of

tobacco and non-tobacco cigarette smoking on en-
dothelium and platelets. Clin Pharmacol Ther 37:529-
533, 1985

. Neunteufl T, Heher S, Kostner K, et al: Contribution of

nicotine to acute endothelial dysfunction in long-term
smokers. J Am Coll Cardiol 39:251-256, 2002

. Zimmerman M, McGeachie J: The effect of nicotine

on aortic endothelium: A quantitative ultrasound
study. Atherosclerosis 63:33-41, 1987

Ignaro L: Biosynthesis and metabolism of endothe-
lium derived nitric oxide. Ann Rev Pharmacol Toxicol
31:535-560, 1990

Furchgott R, Zawadski J: The obligatory role of en-
dothelial cells in the relaxation of arterial smooth
muscle by acetylcholine. Nature 288:373-376, 1980
Gould KL: Noninvasive assessment of coronary ste-
noses by myocardial perfusion imaging during phar-
macologic vasodilation. I: Physiologic basis and ex-
perimental validation. Am J Cardiol 41:267-278, 1978
Marcus M, Wilson R: Methods of measurements of
myocardial blood flow in patients: A critical review.
Circulation 76:873-885, 1987

Gould K: Clinical cardiac positron emission tomogra-
phy with 82Rb—comparison to other newer cardiac
imaging techniques. Am J Cardiac Imaging 2:173-
177, 1988

Demer L, Gould K, Goldstein R, et al: Assessment of
coronary artery disease severity by positron emission
tomography. Comparison with quantitative arteriog-
raphy in 193 patients. Circulation 79:825-835, 1989
Gould K, Goldstein R, Mullani N, et al: Noninvasive
assessment of coronary stenoses by myocardial per-
fusion imaging during pharmacologic coronary vaso-
dilation. VIII. Clinical feasibility of positron cardiac
imaging without a cyclotron using generator-pro-

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

CZERNIN AND WALDHERR

duced rubidium-82. J Am Coll Cardiol 7:775-789,
1986

Schelbert H, Phelps M, Hoffman E, et al: Regional
myocardial perfusion assessed with N-13 labeled
ammonia and positron emission computerized axial
tomography. Am J Cardiol 43:209-218, 1979
Schelbert H, Phelps M, Huang S, et al: N-13 ammonia
as an indicator of myocardial blood flow. Circulation
63:1259-1272, 1981

Bergmann S, Fox K, Rand A, et al: Quantification of
regional myocardial blood flow in vivo with H2150.
Circulation 70:724-733, 1984

Herrero P, Markham J, Bergmann S: Quantitation of
myocardial blood flow with H2150 and positron
emission tomography: Assessment and error analysis
of a mathematical approach. J Comput Assist To-
mogr 13:862-873, 1989

lida H, Kanno |, Takahashi A, et al: Measurement of
absolute myocardial blood flow with H?>150 and dy-
namic positron-emission tomography. Strategy for
quantification in relation to the partial-volume effect.
Circulation 78:104-115, 1988

Huang S, Williams B, Krivokapich J, et al: Rabbit
myocardial 82Rb kinetics and a compartmental
model for blood flow estimation. Am J Physiol 256:
H1156-H1164, 1989

Herrero P, Markham J, Shelton M, et al: Noninvasive
quantification of regional myocardial perfusion with
rubidium-82 and positron emission tomography. Cir-
culation 82:1377-1386, 1990

Nitzsche E, Choi Y, Czernin J, et al: Noninvasive
quantification of myocardial blood flow in humans: A
direct comparison of the N13 ammonia and the O15
water techniques. Circulation 93:2000-2006, 1996
Sawada S, Muzik O, Beanlands R, et al: Interobserver
and interstudy variability of myocardial blood flow
and flow reserve measurements with nitrogen 13
ammonia-labeled positron emission tomography.
J Nucl Cardiol 2:413-422, 1995

Hutchins G, Schwaiger M, Rosenspire K, et al: Non-
invasive quantification of regional blood flow in the
human heart using N-13 ammonia and dynamic
positron emission tomographic imaging. J Am Coll
Cardiol 15:1032-1042, 1990

Nagamashi S, Czernin J, Kim A, et al: Reproducibility
of measurements of regional resting and hyperemic
myocardial blood flow assessed with PET. J Nucl
Med 37:1626-1631, 1996

Dahlbom M, Hoffman E, Hoh C, et al: Whole-body
positron emission tomography: Part I. Methods and
performance characteristics. J Nucl Med 33:1191-
1199, 1992

Adam L, Zaers J, Ostertag H, et al: Performance
evaluation of the whole body PET scanner ECAT
EXACT HR+ following the IEC standard. |IEEE 44:
1172-1179, 1997

Kuhle W, Porenta G, Huang S, et al: Quantification of
regional myocardial blood flow using 13N-ammonia
and reoriented dynamic positron emission tomo-
graphic imaging. Circulation 86:1004-1017, 1992
Marcus M, Wilson R: Methods of measurements of



CIGARETTE SMOKING AND CORONARY BLOOD FLOW

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

myocardial blood flow in patients; a critical review.
Circulation 76:873-885, 1987

Scott J, Hardin R, Haddy F: Pressure-flow relation-
ship in the coronary vascular bed of the dog. Am J
Physiol 199:765-769, 1960

Holmberg S, Serzysko W, Varnauskas E: Coronary
circulation during heavy exercise in control subjects
and patients with coronary heart disease. Acta Med
Scand 190:465-480, 1971

Czernin J, Muller P, Chan S, et al: Influence of age
and hemodynamics on myocardial blood flow and
flow reserve. Circulation 88:62-69, 1993

Krivokapich J, Smith G, Huang S, et al: 13N ammonia
myocardial imaging at rest and with exercise in nor-
mal volunteers. Quantification of absolute myocardial
perfusion with dynamic positron emission tomogra-
phy. Circulation 80:1328-1337, 1989

Di Carli M, Czernin J, Hoh C, et al: Relation among
stenosis severity, myocardial blood flow, and flow
reserve in patients with coronary artery disease. Cir-
culation 91:1944-1951, 1994

Uren N, Camici P, Melin J, et al: Effect of aging on
myocardial perfusion reserve. J Nucl Med 36:2032-
2036, 1995

Czernin J, Barnard J, Krivokapich J, et al: Effect of
short-term cardiovascular conditioning and low fat
diet on myocardial blood flow and flow reserve. Cir-
culation 92:197-204, 1995

Bottcher M, Czernin J, Sun K, et al: Effect of b1
receptor blockade on myocardial blood flow and va-
sodilatory capacity. J Nucl Med 38:442-446, 1997
Drury A, Szent-Gyorgyi A: The physiological activity
of adenine compounds with special reference to their
action upon the mammalian heart. J Physiol Lond
68:213-237, 1929

Wolf M, Berne R: Coronary vasodilator properties of
purine and pyrimidine derivatives. Circ Res 4:343-
348, 1956

Kinsella D, Troup W, Mc Gregor M: Studies with a
new vasodilator drug: Persantine. Am Heart J 63:146-
152, 1963

West J, Bellet S, Manzoli U, et al: Effects of persan-
tine (RA8), a new coronary vasodilator, on coronary
flow and cardiac dynamics in the dog. Circ Res
10:35-42, 1962

Rossen J, Quillen J, Lopez A, et al: Comparison of
coronary vasodilation with intravenous dipyridamole
and adenosine. J Am Coll Cardiol 32:1564-1568,
1991

Chan S, Brunken R, Czernin J, et al: Comparison of
maximal myocardial blood flow during adenosine in-
fusion with that of intravenous dipyridamole in normal
men. J Am Coll Cardiol 20:979-985, 1992

Smits P, Williams S, Lipson D, et al: Endothelial
release of nitric oxide contributes to the vasodilator
effect of adenosine in humans. Circulation 92:2135-
2141, 1995

Egashira K, Inou T, Hirooka Y, et al: Effects of age on
endothelium-dependent vasodilation of resistance
coronary artery by acetylcholine in humans. Circula-
tion 88:77-81, 1993

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

403

Zeiher A, Drexler H, Wollschlager H, et al: Modulation
of coronary vasomotor tone in humans: Progressive
endothelial dysfunction with different stages of coro-
nary atherosclerosis. Circulation 83:391-401, 1991
Vita J, Treasure C, Yeung A, et al: Patients with
evidence of coronary endothelial dysfunction as as-
sessed by acetylcholine infusion demonstrate
marked increase in sensitivity to constrictor effects of
catecholamines. Circulation 85:1390-1397, 1992
Nabel E, Ganz P, Gordon J, et al: Dilation of normal
and constriction of atherosclerotic coronary arteries
caused by the cold pressor test. Circulation 77:43-52,
1988

Meeder J, Peels H, Blanksma P, et al: Comparison
between positron emission tomography myocardial
perfusion imaging and intracoronary Doppler flow
velocity measurements at rest and during cold pres-
sor testing in angiographically normal coronary arter-
ies in patients with one-vessel coronary artery dis-
ease. J Am Coll Cardiol 78:526-531, 1996

Dimsdale J, Moss J: Plasma catecholamines in stress
and exercise. JAMA 243:340-342, 1980

Blumenthal J, Fredrikson M, Kuhn C, et al: Aerobic
exercise reduces levels of cardiovascular and sym-
pathoadrenal responses to mental stress in subjects
without prior evidence of myocardial ischemia. Am J
Cardiol 65:93-98, 1990

DefFily D, Chilian W: Coronary microcirculation: Auto-
regulation and metabolic control. Basic Res Cardiol
90:112-118, 1995

Cardillo C, Kilcoyne C, Cannon R, et al: Role of nitric
oxide in the vasodilator response to mental stress.
Am J Cardiol 80:1070-1074, 1997

Celermajer D, Sorensen K, Georgakopoulos D: Ciga-
rette smoking is associated with dose related poten-
tially reversible impairment of endothelium depen-
dent dilation in healthy young adults. Circulation
1993:2149-2155, 1993

Benowitz N: Drug therapy: Pharmacologic aspects of
cigarette smoking and nicotine addiction. N Engl
J Med 319:1318-1330, 1988

Cryer P, Haymond M, Santiago J, et al: Norepineph-
rine and epinephrine release and adrenergic media-
tion of smoking associated changes in hemodynamic
and metabolic events. N Engl J Med 295:573-577,
1976

Nicod P, Rehr R, Winniford M, et al: Acute systemic
and coronary hemodynamic and serologic responses
to cigarette smoking in long-term smokers with ath-
erosclerotic coronary disease. J Am Coll Cardiol
4:964-971, 1984

Regan T, Frank M, McGinty J, et al: Myocardial re-
sponse to cigarette smoking in normal subjects and
patients with coronary disease. Circulation 23:365-
369, 1961

Czernin J, Sun K, Brunken R, et al: Effect of acute and
long-term smoking on myocardial blood flow and
coronary vasomotion. Circulation 91:2891-2897,
1995

Kaijser L, Berglund B: Effect of nicotine on coronary
blood-flow in man. Clin Physiol 5:541-552, 1985



404

63.

64.

65.

66.

67.

68.

69.

Quillen J, Rossen J, Oskarson H, et al: Acute effect of
cigarette smoking on the coronary circulation: Con-
striction of epicardial and resistance vessels. J Am
Coll Cardiol 22:642-647, 1993

Zeiher A, Schaechinger V, Minners J: Long-term cig-
arette smoking impairs endothelium dependent cor-
onary arterial vasodilator function. Circulation 92:
1094-1100, 1995

Campisi R, Czernin J, Schoéder H, et al: Effects of
long-term smoking on myocardial blood flow, coro-
nary vasomotion, and vasodilatory capacity. Circula-
tion 98:119-125, 1998

Campisi R, Czernin J, Schoéder H, et al: L-Arginine
normalizes coronary vasomotion in long-term smok-
ers. Circulation 99:491-497, 1999

Barua R, Ambrose J, Eales-Reynolds L, et al: Dys-
functional endothelial nitric oxide biosynthesis in
healthy smokers with impaired endothelium depen-
dent vasodilatation. Circulation 104:1905-1910, 2001
Barua R, Ambrose J, Eales-Reynolds L, et al: Heavy
and light cigarette smokers have similar dysfunction
of endothelial vasoregulatory activity. J Am Coll Car-
diol 39:1758-1763, 2002

Kugiyama K, Yasue H, Ohgushi M, et al: Deficiency in
nitric oxide bioactivity in epicardial coronary arteries

70.

7.

72.

73.

74.

75.

76.

CZERNIN AND WALDHERR

of cigarette smokers. J Am Coll Cardiol 28:1161-
1167, 1996

Neunteufl T, Priglinger U, Heher S, et al: Effects of
vitamin E on chronic and acute endothelial dysfunc-
tion in smokers. J Am Coll Cardiol 35:277-283, 2000
Woo K, Robinson J, Yip G, et al: Differences in the
effects of cigarette smoking on endothelial function in
Chinese and white adults. Ann Intern Med 127:372-
375, 1997

Glantz S, Parmley W: Passive smoking and heart
disease. JAMA 273:1047-1053, 1995

Raitakari O, Adams M, McCredie R, et al: Arterial
endothelial dysfunction related to passive smoking is
potentially reversible in healthy young adults. Ann
Intern Med 130:578-581, 1999

Celermajer D, Adams M, Clarkson P, et al: Passive
smoking and impaired endothelium dependent arte-
rial dilatation in healthy young adults. N Engl J Med
334:150-154, 1996

Woo K, Chook P, Leong H, et al: The impact of heavy
passive smoking on arterial endothelial function in
modernized Chinese. J Am Coll Cardiol 36:1228-
1232, 2000

Mayhan W, Patel K: Effect of nicotine on endothe-
lium-dependent arteriolar dilation in vivo. Am J
Physiol 272:H2337-H2342, 1997



