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Abstract Background. Passive smoking has been
linked to an increased risk of dying from atherosclerotic
heart disease. Since endothelial dysfunction is an early
feature of atherogenesis and occurs in young adults who
actively smoke cigarettes, we hypothesized that passive
smoking might also be associated with endothelial dam-
age in healthy young-adult nonsmokers.

Methods. We studied 78 healthy subjects (39 male
and 39 female) 15 to 30 years of age (mean *=SD,
22+4): 26 control subjects who had never smoked or
had regular exposure to environmental tobacco smoke,
26 who had never smoked but had been exposed to
environmental tobacco smoke for at least one hour dai-
ly for three or more years, and 26 active smokers. Us-
ing ultrasonography, we measured the brachial-artery
diameter under base-line conditions, during reactive
hyperemia (with flow increase causing endothelium-
dependent dilatation), and after sublingual adminis-

ASSIVE smoking, which includes exposure to both
sidestream smoke from burning cigarettes and ex-
haled mainstream smoke, has been associated with in-
creased respiratory symptoms in children' and excess
deaths from lung cancer in adults.? However, the great-
est morbidity and mortality related to passive smoking
have been attributed to atherosclerotic heart disease in
middle and old age; this factor may account for up to
20,000 deaths annually in nonsmokers in the United
States alone.’®
Studies in laboratory animals have shown that pas-
sive smoking may increase atherosclerosis in cholester-
ol-fed rabbits’ and in cockerels,®? but few studies have
assessed the effects of passive smoking on the arterial
wall in humans. Since endothelial dysfunction is an ear-
ly feature of atherogenesis in vitro," in laboratory ani-
mals,"! and in humans,'*!® it may represent an important
marker of early vascular damage. We therefore studied
endothelial function in the arteries of healthy teenagers
and young adults (mean age, 22 years) who had no
known risk factors for atherosclerosis other than pro-
longed exposure to environmental tobacco smoke.

METHODS

Subjects

We studied 78 subjects 15 to 30 years of age; all had normal blood
pressure, did not have diabetes, and had no history of hyperlipidemia
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tration of nitroglycerin (an endothelium-independent di-
lator).

Results. Flow-mediated dilatation was observed in all
control subjects (8.2=3.1 percent; range, 2.1 to 16.7) but
was significantly impaired in the passive smokers (3.1+2.7
percent; range, 0 to 9; P<<0.001 for the comparison with
the controls) and in the active smokers (4.4+3.1 percent;
range, 0 to 10; P<<0.001 for the comparison with the con-
trols; P=0.48 for the comparison with the passive smok-
ers). In the passive smokers, there was an inverse relation
between the intensity of exposure to tobacco smoke and
flow-mediated dilatation (r = —0.67, P<<0.001). In contrast,
dilatation induced by nitroglycerin was similar in all groups.

Conclusions. Passive smoking is associated with
dose-related impairment of endothelium-dependent dila-
tation in healthy young adults, suggesting early arterial
damage. (N Engl J Med 1996;334:150-4.)

01996, Massachusetts Medical Society.

or family history of premature vascular disease. They were clinically
well and taking no regular cardiovascular medications. Subjects were
recruited from among friends, families, hospital staff, and other com-
munity volunteers. All subjects gave informed consent, and the study
was approved by the institutional committees on ethical practice.

The control subjects were 26 lifelong nonsmokers who had never
been regularly exposed to environmental tobacco smoke at home
(both parents or any other cohabitants or both had been nonsmokers
while the subjects had been living with them) or in the workplace.
The passive-smoking group consisted of 26 lifelong nonsmokers with
self-reported histories of exposure to environmental tobacco smoke at
home or at work or both for at least one hour per day for at least three
years, and the active-smoking group consisted of 26 subjects who were
active smokers, with self-reported smoking histories of at least two
pack-years. One pack-year was defined as 20 cigarettes per day for
one year, or the equivalent. In the passive-smoking group, the average
intensity of exposure to environmental tobacco smoke was assessed by
questionnaire as light (one to three hours per day), moderate (four to
six hours per day), or heavy (more than six hours per day).

Study Design

Each subject made one visit to the study hospital, during which a
medical history was taken, the supine resting blood pressure was
measured, saliva was collected for later analysis of the cotinine con-
centration by rapid gas—liquid chromatography,'* and the vascular re-
activity of the brachial artery was analyzed. Except in the control sub-
jects, the amount of time since the last exposure to active or passive
smoke was less than 24 hours in every case. Total cholesterol was
measured in 70 of 78 subjects (the other 8 had not consented to ven-
esection) at the same time as or within 12 months of the arterial stud-
ies, with the use of a Hitachi 747 AutoAnalyzer. In cases in which fast-
ing samples were available, triglycerides were measured with the
AutoAnalyzer, high-density lipoprotein was measured after precipita-
tion with dextran sulfate magnesium, and low-density lipoprotein was
calculated by means of the Friedewald formula.'

The ultrasound method for measuring endothelium-dependent and
endothelium-independent arterial dilatation has been described previ-
ously.!*!® The brachial-artery diameter was measured on B-mode ul-
trasound images, with the use of a 7.0-MHz linear-array transducer
and a standard Acuson 128XP/10 system (Mountain View, Calif.). In
all studies, scans were obtained with the subject at rest, during reac-
tive hyperemia, again with the subject at rest, and after sublingual ad-
ministration of nitroglycerin. The subjects lay quietly for at least 10
minutes before the first scan. The brachial artery was scanned in lon-
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gitudinal section 2 to 15 cm above the elbow, and the center of the
artery was identified when the clearest picture of the anterior and pos-
terior intimal layers was obtained. The transmit (focus) zone was set
to the depth of the near wall, because of the greater difficulty of eval-
uating the “m” line (the interface between media and adventitia) of
the near wall as compared with that of the far wall.” Depth and gain
settings were set to optimize images of the interface between the lu-
men and the arterial wall, images were magnified with the use of a
resolution box function (leading to a video line width of approximate-
ly 0.065 mm), and machine-operating settings were not changed dur-
ing any study.

When a satisfactory transducer position was found, the skin was
marked and the arm remained in the same position throughout the
study. A resting scan was obtained, and the velocity of arterial flow
was measured with a pulsed-Doppler signal at a 70-degree angle to
the vessel, with the range gate (1.5 mm) in the center of the artery.
Increased flow was then induced by the inflation of a pneumatic tour-
niquet placed around the forearm (distal to the scanned part of the
artery) to a pressure of 250 mm Hg for 4.5 minutes, followed by re-
lease. A second scan was performed continuously for 30 seconds be-
fore and 90 seconds after deflation of the cuff, including a repeated
recording of flow velocity for the first 15 seconds after the cuff was
released. Thereafter, 10 to 15 minutes was allowed for recovery of the
vessel, after which an additional resting scan was performed. Sublin-
gual nitroglycerin spray (400 ug) was then administered, and three to
four minutes later the last scan was performed.

Data Analysis

The diameter of the vessel was measured in every case by two in-
dependent observers who were unaware of the results of the question-
naire, the smoking status of each subject, and the stage of the exper-
iment. Flow-mediated dilatation and nitroglycerin-induced dilatation
were calculated by each observer, and the average results of the two
observations were recorded. We have previously shown that this meth-
od is accurate and reproducible for measuring small changes in arte-
rial diameter,” with low rates of interobserver error in measuring
flow-mediated dilatation.'!®

The arterial diameter was measured at a fixed distance from an an-
atomical marker (such as a fascial plane or a vein seen in cross sec-
tion) with the use of ultrasonic calipers. Measurements were taken
from the anterior to the posterior “m” line at end-diastole, coincident-
ly with the R wave on a continuously recorded electrocardiogram. For
the reactive-hyperemia scan, measurements of diameter were taken
50 to 60 seconds after deflation of the cuff. Four cardiac cycles were
analyzed for each scan, and the measurements for each observer were
averaged. The vessel diameter in scans obtained after reactive hyper-
emia and the administration of nitroglycerin
was expressed as a percentage of the average
diameter of the artery in the two resting (or
control) scans (considered as 100 percent).
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flow-mediated dilatation and intensity of exposure to environmental
tobacco smoke (0=none, 1=light, 2=moderate, and 3 =heavy, as
defined above) was assessed by one-way analysis of variance. The de-
terminants of flow-mediated dilatation were then assessed by multiple
linear regression analysis, with flow-mediated dilatation as the de-
pendent variable and age, sex, blood pressure, total cholesterol con-
centration, vessel size, and intensity of exposure to environmental to-
bacco smoke as the independent variables. Similar analyses were also
performed with nitroglycerin-induced dilatation as the dependent var-
iable. Statistical significance was inferred at a two-tailed P value of
less than 0.05.

RESULTS
Base-Line Characteristics

The subjects had an average age of 22*4 years
(range, 15 to 30), with similar ages in the three groups
studied (Table 1). There were 13 male subjects and 13
female subjects in each of the control, passive-smoking,
and active-smoking groups. Other important base-line
characteristics — such as blood pressure; total, low-
density lipoprotein, and high-density lipoprotein cho-
lesterol levels; and vessel size and flow at rest — were
also similar in all three groups.

Among the passive smokers, exposure to environ-
mental tobacco smoke was light for nine subjects, mod-
erate for nine, and heavy for eight. The duration of pas-
sive smoking was 16%8 years (range, 3 to 28); 17 of 26
subjects (65 percent) had been exposed to environmen-
tal tobacco smoke throughout childhood. For the active
smokers, cigarette consumption was 7+4 pack-years
(range, 2 to 19), and the intensity of exposure was
19%8 cigarettes per day (range, 8 to 35).

Vascular-Study Results

The degree of reactive hyperemia produced by cuff
inflation and release was similar in the three groups
studied (Table 2). In response to this increase in flow,
arterial dilatation was 8.2%3.1 percent (range, 2.1 to
16.7) in the controls.

In the passive smokers, flow-mediated dilatation was

Table 1. Base-Line Characteristics of 26 Control Subjects, 26 Passive Smokers, and

26 Active Smokers.*

Volume flow was calculated by multiplying
the velocity—time integral of the Doppler flow
signal (corrected for angle) by the heart rate
and the cross-sectional area of the vessel
(m X r?). The flow velocity used in our calcu-
lation was measured in the center of the ar-
tery; absolute flow may therefore be overesti-
mated, but relative flow values before and
after cuff inflation are accurate."” Reactive hy-
peremia was calculated as the maximal flow
recorded in the first 15 seconds after cuff de-
flation divided by the flow during the first
resting (base-line) scan.

CHARACTERISTIC

Age (yr)
Sex (% male)

(mg/dl)i

(mg/dl)i

Vessel size at rest (mm)

Statistical Analysis

Descriptive data are expressed as means Flow at rest (ml/min)

Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
Total cholesterol (mg/dl)#
Low-density lipoprotein cholesterol

High-density lipoprotein cholesterol

Salivary cotinine (ng/ml)

PAssIVE ACTIVE
CONTROLS SMOKERS SMOKERS P VALUET
22+4 23%£5 22*3 0.39
50 50 50 1.0
108+9 114+14 112+10 0.19
72*8 75*+9 75*8 0.28
178+28 189+32 171x32 0.12
100+28 114+26 10020 0.20
61=11 5514 55*15 0.31
3.53+0.58 3.60£0.63 3.65+0.52 0.85
1.2+15 3.7£3.6 170102 <0.001§
99+65 10878 114+69 0.66

*SD. An analysis of variance for the three
groups was performed, followed by Scheffé’s
test for multiple comparisons, to allow pair-
wise testing for significant differences be-
tween the groups.” In the control subjects
and passive smokers, the relation between

*Plus—minus values are means =SD.
FP values are for comparisons of the three groups by analysis of variance (see the Methods section).
$To convert values for cholesterol to millimoles per liter, multiply by 0.02586.

§By pairwise comparison with the use of Scheffé’s test, salivary cotinine levels were significantly higher in active smokers
than in passive smokers or control subjects (P<<0.001 for each comparison), but there was no significant difference between
passive smokers and controls (P=0.68).
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significantly reduced (3.1%£2.7 percent; range, 0 to 9;
P<0.001 for the comparison with the controls) (Fig.
1A). Flow-mediated dilatation was impaired in both the
male passive smokers (3.2%£2.5 percent, vs. 7.3*1.9
percent in the controls; P<<0.001) and the female pas-
sive smokers (3.0£2.9 percent, vs. 9.1£3.9 percent in
the controls; P<<0.001). Flow-mediated dilatation was
4.1£3.3 percent in the subjects with light exposure to
environmental tobacco smoke, 3.1 2.2 percent in those
with moderate exposure, and 1.8£2.0 percent in those
with heavy exposure (Fig. 2).

In the group of 52 nonsmokers, flow-mediated dila-
tation was inversely related to the intensity of exposure
to environmental tobacco smoke on both univariate re-
gression analysis (r=—0.67, P<<0.001) and multiple re-
gression analysis (partial r=—0.72, P<<0.001). Even in
the group of passive smokers only, flow-mediated dila-
tation was inversely related to the intensity of exposure
to environmental tobacco smoke (r=-—0.39, P=0.04).
Salivary cotinine levels were not significantly correlated
with flow-mediated dilatation on either univariate or
multivariate analysis.

In the active smokers, flow-mediated dilatation was
4.4=*3.1 percent (range, 0 to 10), which was significantly
less than that in the controls (P<<0.001) but similar to
the value in passive smokers (P=0.48). If the group of
passive smokers was excluded, there was an inverse cor-
relation between flow-mediated dilatation and the num-
ber of cigarettes smoked daily (r=—0.57, P<<0.001).

In the controls, nitroglycerin-induced dilatation was
18.5%5.2 percent (range, 9.5 to 31.8). This response was
not impaired in the passive smokers, at 16.4%5.1 percent
(range, 8.1 to 26.5), or in the active smokers, at 17.2+5.4
percent (range, 8 to 28; P=0.33) (Fig. 1B and Table 2).
On multivariate analysis of the group as a whole, nitro-
glycerin-induced dilatation was inversely related to ves-
sel size (P<<0.001) but was not significantly related to
age, sex, blood pressure, or total cholesterol level.

DISCUSSION

Active cigarette smoking has long been known to pre-
dispose people to atherosclerotic vascular disease,?! but
it has recently become evident that exposure to environ-
mental tobacco smoke may also have deleterious cardio-

Table 2. Vascular-Study Results for 26 Control Subjects, 26
Passive Smokers, and 26 Active Smokers.*

PAsSIVE ACTIVE
VARIABLE CONTROLS SMOKERS SMOKERS P VALUE}
Flow-mediated dilatation (%)  8.2%3.1 3.1%2.7 4.4=*3.1 <0.001%
Nitroglycerin-induced dila- 185+52 164*5.1 17.2%54 0.33
tation (%)
Hyperemia (%) 550204 466*159  505*215 0.16

*Plus—minus values are means =SD.

TP values are for comparisons of the three groups by analysis of variance (see the Methods
section).

$By pairwise comparison with the use of Scheffé’s test, flow-mediated dilatation was sig-
nificantly lower in passive smokers and in active smokers than in control subjects (P<<0.001
for both comparisons), but there was no significant difference between active and passive
smokers (P=0.48).
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vascular effects, with enormous public health implica-
tions.>® This study shows that endothelial dysfunction,
an important early feature of the atherogenic process,
may occur in the systemic arteries of healthy teenagers
and young adults as a result of passive smoking. The im-
pairment of endothelium-dependent dilatation is dose-
related and may be equivalent to the degree of vascular
abnormality found in age-matched active smokers.

Environmental tobacco smoke consists of approxi-
mately 85 percent sidestream smoke (from the burning
ends of cigarettes) and 15 percent exhaled mainstream
smoke.® Since cigarettes burn at higher temperatures
during inhalation, combustion is more complete, and
some toxic components of tobacco smoke are broken
down or filtered out before inhalation. Consequently,
many toxic constituents, such as carbon monoxide and
benzopyrene, are found in higher concentrations in
sidestream than in inhaled smoke,* and more than
4000 chemicals are contained in environmental tobacco
smoke.’ One or more of these compounds may be inju-
rious to the arterial wall; in laboratory animals, expo-
sure to environmental tobacco smoke is associated with
endothelial dysfunction and with accelerated atheroscle-
rosis.”” Environmental tobacco smoke in both low and
high doses increases the percentage of the aorta cov-
ered by atheroma in cholesterol-fed rabbits,” and expos-
ing cockerels to levels of environmental tobacco smoke
routinely encountered by people in smoke-filled envi-
ronments is associated with an increase in the size of
aortic atheroma plaques.®? Sun et al.?? have shown that
dietary supplementation with L-arginine (the precursor
of nitric oxide, or endothelium-derived relaxing fac-
tor) protects cholesterol-fed rabbits from the endotheli-
al dysfunction associated with exposure to environmen-
tal tobacco smoke, suggesting that impaired endothelial
production of nitric oxide may be pathogenetically im-
portant in this animal model of atherosclerosis related
to environmental tobacco smoke.

We have previously reported impaired endotheli-
um-dependent dilatation in young cigarette smokers.!®
In humans, however, there have been few data to asso-
ciate passive smoking with damage to the arterial wall.
Short-term exposure to environmental tobacco smoke
is associated with an increase in circulating damaged
endothelial cells and also with a tendency toward en-
hanced platelet aggregation.”% It may also be associ-
ated with mild coronary-artery vasoconstriction in non-
smoking adults.?’ Passive smoking may have adverse
effects on lipid profiles,?®?* but in this study the impair-
ment of vascular reactivity observed in the passive
smokers was not related to the lipid levels, which were
similar to those of the control subjects. Passive smoking
may also be associated with an increased thickness of
the intima—media layer of the common carotid artery,*
by an unknown mechanism.

In this study, we have shown that passive smokers
have significantly impaired arterial endothelial func-
tion. Impaired bioavailability of nitric oxide, the endo-
thelium-derived relaxing factor, may be particularly
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Figure 1. Comparison of Flow-Mediated Dilatation (Panel A) and
Nitroglycerin-Induced Dilatation (Panel B) in 26 Controls, 26
Passive Smokers, and 26 Active Smokers.

Horizontal lines represent the mean values for each group.
Flow-mediated dilatation was significantly impaired in the pas-
sive and active smokers as compared with the control subjects,
whereas nitroglycerin-induced dilatation was similar
in all three groups.

important, since nitric oxide acts to inhibit platelet ag-
gregation, the adhesion of monocytes to the arterial
wall, and proliferation of smooth-muscle cells.®! Dilata-
tion mediated by brachial-artery flow is endothelium-
dependent®? and is mediated in large part by the release
of nitric oxide.* Therefore, our results suggest that the
activity of endothelial nitric oxide may be impaired in
young passive smokers as well as in active smokers. In
vitro work has also suggested that decreased nitric ox-
ide bioactivity might be implicated in smoke-related en-
dothelial dysfunction.** The actual mechanism respon-
sible for this arterial damage is not known but may be
related to the effects of tobacco smoke on interactions
between platelets and the vessel wall or on oxidation
products or lipid components that change with long-
term exposure to smoke.?%2%3336 The toxic substance or
substances involved appear to be present in both envi-
ronmental and inhaled cigarette smoke.

All the passive smokers in this study were exposed to
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environmental tobacco smoke for at least one hour dai-
ly. The intensity of exposure to environmental tobacco
smoke depends on a large number of variables, such as
the number of hours of exposure per day, the proximity
to the active smoker (or smokers), the number of active
smokers in the home or the workplace, and the size and
ventilation of the rooms where passive smoking occurs.
The relation between the extent of exposure to environ-
mental tobacco smoke and endothelial physiology was
assessed by structured questionnaire rather than by sal-
ivary cotinine levels. The latter proved useful in indi-
cating that there were probably no active smokers in
the passive-smoking group and helped substantiate ex-
posure to environmental tobacco smoke in these sub-
jects. The values reflect only recent exposure over a
short time (two to four days) to only one component of
smoke, however, and are thus of limited value in
quantifying overall exposure to environmental tobacco
smoke. There was, nevertheless, an inverse relation be-
tween an intensity score for passive smoking, based on
the number of hours of exposure per day, and endothe-
lium-dependent arterial dilatation. This dose-depend-
ent relation between passive smoking and endothelial
dysfunction is similar to that between active smoking
and arterial injury'® and is consistent with (but does
not prove) a causative role for environmental tobacco
smoke in the early stages of atherogenesis.

We deliberately studied passive smokers with a heavy
environmental exposure, and the active smokers were
young, with light-to-moderate smoking histories. In this
study, the degree of impairment of endothelium-depend-
ent responses was similar in the active and the passive
smokers. This clearly does not imply equivalent expo-
sure to smoking-related products, however, nor does it
allow comparison of the susceptibility of the arterial
wall to damage from active smoking with that from
passive smoking.

We have previously described this noninvasive meth-
od for the in vivo assessment of endothelium-dependent
and endothelium-independent arterial dilatation in chil-
dren and young adults and have found the method to
be accurate and reproducible.!®!®!® Because we studied
healthy young adults without known atherogenic risk
factors, such as diabetes or hypertension, which have
been shown to cause impaired vascular reactivity,*
we were able to investigate the effects of passive and ac-
tive smoking themselves on endothelial physiology. Al-
though it is possible that some unidentified risk factor
was present in the passive or active smokers but not in
the controls, the frequency of the major known athero-
genic risk factors was similar in all three groups. Al-
though only superficial systemic arteries can be studied
with this ultrasound-based method, endothelial dys-
function in the brachial artery appears to be well cor-
related with both coronary endothelial physiology®® and
coronary atherosclerosis.*’

Large-scale epidemiologic studies have consistently
linked passive smoking to an excess risk of atheroscle-
rotic heart disease, and some authors have suggested that
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Figure 2. Relation between the Intensity of Exposure to Passive

Smoking (None, Light, Moderate, or Heavy) and Flow-Mediated

Dilatation in 52 Healthy Nonsmoking Teenagers and Young
Adults.

For each category of intensity of exposure to environmental to-

bacco smoke, the box represents the interquartile range (be-

tween the 25th and 75th percentiles), with the mean shown as

a horizontal bar within each box. The bars outside each box
show the range of 95 percent of all values.

tens of thousands of premature deaths in nonsmokers
may be related to passive smoking, with the large major-
ity due to cardiac ischemia.*® We have now shown that
passive smoking is associated, in a dose-dependent man-
ner, with significant endothelial dysfunction, a key early
event in atherogenesis, in healthy teenagers and young
adults.

We are indebted to Robyn Richmond and Abilio de Almeida Neto
for assistance with the recruitment of subjects for this study.
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