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Introduction

An understanding of the deposition of cigarette smoke particles in
the respiratory tract is important because many of the toxic
constituents of cigarette smoke are contained in the particles. The
quantity retained, which constitutes the dose, is some fraction of the
quantity inhaled. Measures of tobacco smoke constituents or their
metabolites are also important because they reflect the ahsorption of
tobacco smoke by the individual smoker or nonsmoker, and therefore
may be more accurate markers of the actual exposure experienced
by an individual. There is little experimental information describing
the deposition of environmental tobacco smoke in the respiratory
tract (Jarvis et al. 1983). However, cigarette smoke particles
probably behave in a manner similar to other inhaled particles. In
contrast, there are a number of observations of different markers in
the biological fluids of smokers and nonsmokers. This review begins
with a discussion of particle deposition in general and the factors
that affect deposition. This understanding is then applied to the
existing data on tobacco smoke deposition in the human respiratory
tract. Subsequently, a variety of biologic markers of smoke absorp-
tion are examined, and the levels of these markers found in smokers
and nonsmokers under a variety of circumstances are presented.
Finally, an attempt is made to quantitate the exposure of nonsmok-
ers relative to that of active smokers using levels of these biologic
markers.

Deposition

The term “deposition” refers to the transfer of a particle from
inhaled air to the surface of any portion of the respiratory tract,
from nose to alveolus. “Retention” is the quantity of deposited
material remaining in the respiratory tract at a specified time
following deposition. Retention decreases as clearance mechanisms
such as mucociliary action and ahsorption reduce the respiratory
tract burden of inhaled particles. Retention is not discussed in this
review.

An aerosol is a suspension of particles in a gaseous or vapor
medium; cigarette smoke is an aerosol. Aerosols are characterized by
such terms as mass median diameter (MMD), the diameter below
which lies one-half of the particles by mass, and count median
diameter (CMD), the diameter below which lies one-half of the
particles by number. Most naturally occurring aerosols have a log-
normal size distribution, and the magnitude of the spread of particle
size is the geometric standard deviation (GSD). Particle mass is a
function of the cube of the diameter; a particle with a diameter of 0.5
pm has one one-thousandth of the mass of a 5 pm particle. Thus, for
an aerosol with a large geometric standard deviation, the mass

181



median diameter may be considerably greater than the count
median diameter. The smaller particles of an aerosol, despite their
relatively small mass, have a large total surface area because of their
great number. A monodisperse aerosol has particles of one size, with
CMD equal to MMD, and a GSD of 1. For practical purposes, a GSD
of 1.2 or less is accepted as monodisperse. Most naturally occurring
aerosols are polydisperse, with GSDs in the 2 range. A lognormally
distributed aerosol with a GSD of 2 and a CMD of 0.1 will have an
MMD of 0.42. In this discussion, when size is referred to, it is the
MMD unless otherwise stated. Both the total deposition and the
deposition site in the respiratory tract vary substantially with
particle size.

Size Distribution of Cigarette Smoke

Mainstream Smoke

The size distribution of cigarette smoke has been of interest to
investigators for many years. The important relationship between
size and respiratory tract deposition is discussed below. Most studies
have been performed using mainstream smoke. Mainstream smoke
is the smoke exiting from the butt of the cigarette during puff-
drawing, and sidestream smoke is the smoke plume that drifts into
the environment from the burning tip of a cigarette between puffs.
Environmental tobacco smoke (ETS) is the ambient burden of
sidestream smoke and the smoke exhaled by a smoker. Involuntary
smoking is the consumption of ETS by people, either smokers or
nonsmokers, from the environment. One purpose in discussing the
size distribution and respiratory tract deposition of particles is to
illustrate the discrepancy between the measured particle size of
mainstream smoke and its measured deposition in the human
respiratory tract. The deposition fraction of mainstream smoke is
several times higher than would be predicted on the basis of its
particulate size. The measured deposition of sidestream smoke is
more in keeping with its measured size (Hiller, McCusker et al.
1982).

The standard laboratory smoke-generation technique is to force
air through the cigarette as would be done by a smoker, followed by
the rapid dilution of the resulting mainstream smoke so that particle
size can be measured. A standard 35 cm3, 2-second puff is usually
used, although actual puff volume was shown to average 45 cm3 in
one study (Mitchell 1962) and 56 cm3 in another; for individuals, the
puff volume can vary from 20 to 30 cm3 up to 70 to 80 cm3 (Hinds et
al. 1983).

The size distribution of the diluted mainstream smoke aerosol is
then measured by one of a variety of techniques such as light
scattering devices, microscopic measurement, or impactor collecting
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devices. Using various diluting and sizing techniques, particle size
measurements of mainstream cigarette smoke have been reported
from many laboratories (Table 1). One potential cause of error in
measuring the sizre distribution of mainstream cigarette smoke is the
relative insensitivity to ultrafine particles of some previously used
measurement methods. More recent studies using newer measure-
ment techniques support the suggestions by the earlier investigators
(Sinclair 1950) that there is an ultrafine (<0.l µm) component to the
cigarette smoke. Size characteristics have been measured by electron
microscopic methods, following rapid fixation of undiluted fresh
tobacco smoke, as CMD 0.2 µm and GSD 1.5 (Keith 1982). The size
distribution measured with an electrical aerosol analyzer has been
reported as CMD 0.1 µm, GSD 2.0, suggesting more ultrafine
particles than previously recognized (Anderson and Hiller 1985).
Smaller particles (< 0.4 µm) of tobacco smoke have been shown to
have a chemical composition different from that of larger particles
(Stober 1984), possibly because of the large surface area of smaller
particles.

Laboratory methods, such as rapid dilution, commonly used to
study mainstream smoke, are highly artificial and may not accurate-
ly duplicate the generation, dilution, and inhalation of mainstream
smoke by the smoker. Smoking technique and respiratory tract
conditions may promote changes in particle size. Therefore, the
particulate sizes in the respiratory tract may differ from the sizes
measured when mainstream smoke is diluted for size analysis or
when diluted sidestream smoke is inhaled by the involuntary
smoker. The smoker’s puff is taken as a bolus in a relatively small
volume of air into the humid upper respiratory tract. Smoking
techniques vary widely (Griffiths and Henningfield 1982) and have
been shown to vary significantly among groups classified as healthy
smokers compared with those with emphysema and also between
those with emphysema and those with bronchogenic carcinoma and
bronchitis (Medici et al. 1985). Some smokers hold the puff in the
mouth for several seconds prior to deep inhalation. The initial puff is
highly concentrated, with approximately 109 particles/cm3. At this
concentration, particle coagulation can occur rapidly, causing a
tenfold to a hundredfold reduction in particle number and an
increase in particle size (Hinds 1982). Also, the accumulation of
water in or on the particles in the high humidity of the respiratory
tract can increase particle diameter (Muir 1974), and may increase
the diameter as much as 30 percent (Mitchell 1962). Some evidence
suggests, however, that at least for dilute cigarette smoke, hygro-
scopic growth occurs only under supersaturated conditions (Kousaka
et al. 1982). Coagulation and water uptake by particles in the
respiratory tract may considerably alter particle size distributions so
that measurements under laboratory conditions probably do not
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TABLE 1.--Size distribution of mainstream tobacco smoke

Size (µm), concentration

Study [no. particles/cm3] Dilution Method Comment

Wells and Gerke
(1919)

Sinclair
(1950)

DallaValle et al.
(1954)

Langer and Fisher
(1956)

Keith and Derrick
(1960)

Poretendörfer and
Schraub (1972)

Porstendörfer
(1973)

CMD 0.27

CMD 0.0-0.3 fresh
CMD 0.4-0.5 aged

0.1-0.25

CMD 0.5 filter
CMD 0.6 plain
[2-5 x 108]

CMD 0.23
MMD 0.45

CMD 0.22
[5-7 x 108]

CMD 0.42
CMD 0.22

Not given

Not given

143:1

295:1

100,000:1

l0:1
3,100:l

Oscillation amplitude

Light scattering

Electrostatic separation

Microscopic impinger
collection

Aerosol centrifuge
Microscopic

Related rate of deposition
of radioactive decay
products onto particles to
particle size

Radon daughter attached
and deposited in spiral
centrifuge

Aged: size increase attributed to
water accumulation

Compared with electrostatic
precipitation
GSD 1.75

GSD 1.64
Calculated

Also measured deposition

Okada and
Matsunuma
(1974)

CMD 0.18
MMD 0.29

1,500:1 Light scattering GSD 1.48



TABLE l.--Continued

Study

Size (pm), concentration

[no. particles/cm3] Dilution Method Comment

Hinds
(1978)

McCusker et al.
(1982)

Chang et al.
(1984)

MMD 0.38-0.52
CMD 0.4
CMD 0.27

MMD 0.29-4.3
[4.2 x 109]

CMD 0.24-0.26
[3.6 x 109]
MMD 5.5 secondary
mode

10:1-700:1
10:1

3,100:l

126,000:1

6:1-18:1

1-8 x 106

Aerosol centrifuge

Laser doppler velocimetry

Electrical aerosol analyzer
(EAA)
Anderson Cascade Impactor
(CI)

Size distribution decreases as
dilution increases
GSD 1.3-1.5

Aerodynamic diameter GSD 1.4

Bimodal distribution
Primary mode (EAA) GSD 1.18
Second mode (CI) 5%-30% of
total mass

NOTE: CMD = count median diameter; MMD = mass median diameter: GSD = geometric standard deviation.



TABLE 2.--Size distribution of sidestream tobacco smoke

Study size (µm) Dilution M e t h o d Comment

Keith and
Derrick
(1960)

CMD 0.15 295:1
centrifuge

Aerosol
centrifuge

Nature of sidestream
smoke generation
process makes difficult
exact determination of
concentration at
generation and dilution

Poretendörfer
and Schraub
(1972)

CMD 0.24 Not given Related rate of
deposition of
radioactive
decay products
onto particles
to particle size

Hiller,
McCusker et al.
(1982)

CMD 0.31 Not given Laser doppler
velocimetry

GSD 1.6

NOTE: CMD = count Median diameter, GSD = geometric standard deviation.

represent distributions found in actual mainstream smoking condi-
tions.

Sidestream Smoke

Sidestream smoke is generated by cigarettes burning spontaneous-
ly between puffs and is quantitatively the major contributor to ETS.
Fifty-five percent of the tobacco in a cigarette is burned between
puffs, forming sidestream smoke (see Chapter 3). Dilution takes place
as smoke rises in the ambient air currents. This dilution with air
reduces, but probably does not eliminate entirely, the coagulation
that causes the particulate to increase in size, as they may in the
highly concentrated state that occurs when a smoker draws a puff of
mainstream smoke into the mouth and holds it briefly before
inhalation. The size distribution of sidestream smoke might be
expected to resemble that of diluted mainstream smoke. The results
of several reports of sidestream smoke size measurements (Table 2)
support this impression.

Particle Deposition in the Respiratory Tract

Total Deposition

Total deposition has been studied both theoretically and experi-
mentally. Mathematical equations can be used to predict deposition
by combining mathematical models of lung anatomy with equations
describing the behavior of particles in tubes. The major property to
be considered is particle size and its influence on impaction,
sedimentation, and diffusion. Inertial impaction is the mechanism

186



that causes particles moving in an airstream to be unable, because of
excessive mass, to follow the air-stream around a bend. Large
particles impact at the bend in the air-stream or in the lung on or
near a site of airway branching. The larger the particle the greater
its chance of depositing by impaction. Impaction is a relatively
unimportant form of deposition for particles smaller than 0.5 µm.
The effect of gravity on suspended particles causes them to fall, a
process called sedimentation, which also becomes relatively unim-
portant for particles less than 0.5 µp in size. Larger particles fall
faster, and for all particles, the greater the residence time (in the
lung) the greater the likelihood of deposition by sedimentation.
Diffusion is the net transport of particles caused by Brownian
motion. It becomes increasingly important for particles less than 0.5
µm in size (Hinds 1982). The mass median diameter of sidestream
smoke is in the 0.3 to 0.5 µm size range. Total deposition for inhaled
particles is in the 10 to 30 percent range for 0.5 µm sized particles.

In Figure 1, Lippmann’s review (1977) of the measurements of
total deposition of monodisperse aerosols in human subjects is
modified to include more recent data and data on ultrafine particle
deposition.

The respiratory pattern clearly affects particle deposition. Most
important for all particles, including environmental tobacco smoke,
is the residence time in the lung. Deposition increases with slow deep
inspiration (Altshuler et al. 1957) and with breath holding (Palmes et
al. 1966; Anderson and Hiller 1985). In hamsters, the deposition of
0.38 µm particles rises in a nearly linear fashion with oxygen
consumption (Harbison and Brain 1983). These data indicate that
deposition of ETS during involuntary smoking increases with the
increasing activity level of the exposed individual.

The presence of an electrical charge on particles may increase
deposition. Mainstream smoke is highly charged (Corn 1974). The
addition of either a positive charge or a negative charge to inhaled
particles increases deposition in animals (Fraser 1966), and neutral-
ization of the charge reduces deposition 21 percent in rats (Ferin et
al. 1983). There is little information describing the effect of a charge
on the deposition of either mainstream or sidestream smoke in
human subjects.

Particle growth by water absorption may affect deposition. Mathe-
matical models that describe the effect of humidity on particle
growth indicate the potential for a considerable change in size of
some particles during transit in the humid respiratory tract (Ferron
1977; Cocks and Fernando 1982; Renninger et al. 1981; Martonen
and Pate1 1981) and that these changes could significantly alter
deposition (Ferron 1977). Growth of 0.4 to 0.5 µm particles should
increase their deposition fraction, but growth of a 0.07 µm particle to
0.1 µm, for example, would reduce its deposition (see Figure 1). Such
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an effect has been shown for laboratory-generated aerosols in human
subjects (Blanchard and Willeke 1983; Tu and Knudson 1984). While
hygroscopic growth has been postulated for tobacco smoke (Muir
1974), it has been demonstrated in the laboratory to occur, at least
for dilute smoke, only in supersaturated conditions (Kousaka et al.
1982).

Many reports describe measured deposition of mainstream ciga-
rette smoke in the human respiratory tract (Table 3). Although few
studies of total sidestream smoke deposition are available, those few
(Table 3) suggest that sidestream smoke does indeed deposit in a
manner similar to that found for laboratory-designed research
aerosols. The deposition fraction of mainstream smoke diluted 1:30
and inhaled by rats from chamber air containing 1.68 mg/L
(assuming a rat tidal volume of 1.5 mL and a respiratory rate of 85) is
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8.1 percent (Binns et al. 1978). Deposition for the sidestream smoke
has been measured in mouth-breathing human volunteers at 11
percent, similar to that for similarly sized polystyrene latex spheres
(Hiller, Mazumder et al. 1982). Environmental tobacco smoke
exposure frequently occurs with breathing through the nose rather
than through the mouth, but inert particles in the size range of ETS
(0.2 to 0.4 µm) are not substantially reduced in number by passage
through the nose. The fraction of inert 0.2 µm particles deposited in
the alveolar region of the lung is similar for mouth breathing and
nasal breathing (Raabe 1984). It is possible that the charged or
reactive particles of ETS may behave somewhat differently than
inert particles, but it seems unlikely that nasal breathing substan-
tially alters the deposition of the small particles of ETS in
comparison with mouth breathing.

Regional Deposition

Total deposition is subdivided into the fractions depositing in the
upper respiratory tract (larynx and above), the tracheobronchial
region (trachea to and including terminal bronchioles), and the
pulmonary region (respiratory bronchioles and beyond) (Figure 2).
Deposition in these areas is referred to as regional deposition.
Particle size is a major determinant of both total and regional
deposition. A mathematical model prediction of regional deposition
of polydisperse aerosols is shown in Figure 2 (ICRP 1966).

Experimental verification of mathematical models of regional
deposition is limited. Using isotope-labeled particles, it is possible to
quantitate the upper respiratory tract deposition as a fraction of
total deposition. By assuming that the aerosol depositing in the
tracheobronchial region will be cleared within 24 hours, it is possible
to measure alveolar deposition as the fraction of the total initial
deposition below the larynx that is remaining at 24 hours and
tracheobronchial deposition as the difference between the initial
deposition and what is remaining at 24 hours. Using this method, the
deposition of 3.5 µm particles was this: total deposition, 0.79; upper
respiratory tract, 0.10, tracheobronchial region, 0.24; and pulmonary
region (alveolar), 0.45 (Emmett et al. 1982). These measurements are
below the estimated regional deposition for upper respiratory tract
deposition and higher for the pulmonary deposition than are the
measurements calculated by using the Task Group on Lung Dynam-
ics model (ICRP 1986).

The regional deposition of mainstream cigarette smoke in smokers
has also been studied. Subjects inhaled smoke from cigarettes
labeled with radioactive 1-iodohexadecane (Black and Pritchard
1984; Pritchard and Black 1984). The results indicate that less than
40 percent of the particulate mass deposited in the pulmonary
region, compared with an expected 90 percent deposition in the
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TABLE 3.--Respiratory tract deposition of mainstream and sidestream cigarette smoke

Puff volume Puff time
Study Deposition fraction (mL) (second) Smoke dilution Respiratory pattern

Mainstream smoke

Baumberger
(1923)

88% Not given Not given None Inhalation

Schmahl et al.
(1954)

98%

Polydorova (1961)

Mitchell (1962)

80%
(22-89 range)

82%
(70-90 range)

45 ± 9.8 SD
(33-65 range)

1.9 ± 0.6 SD

None

300:1

Usual spontaneous
smoking pattern

“Deep inhalation”

Dalhamn et al.
(1968)

96% ± 3.1% SD
(86-99 range)

35 2 None Pretrained
standardized pattern
(not described)

Hinds et al.
(1983)

47%
(22-75 range)

53 None Usual spontaneous,
smoking pattern

Sidestream smoke

Binns et al.
(1978)

Hiller, McCusker
et al. (1982)

8% Not applicable

11% Not applicable

30:1
(in chamber)

50-100 µg/m3

Spontaneous (rats)

1 L tidal volume, 12
breaths/min



0 . 0 1 0 . 0 5 0.1 0 .5 1 .0 5 1 0 5 0 1 0 0

Mass median diameter. pm

Figure 2.--Regional deposition of particles inhaled during
nasal breathing, as predicted using the
deposition model proposed by the Task Group
on Lung Dynamics

SOURCE: International Committee on Radiation Protection, Task Force cm Lung Dynamics (1966).

pulmonary region for 0.5 µm particles, the size reported for cigarette
smoke (Table 1). This finding further supports the concept that
mainstream smoke particles increase in size in the respiratory tract
by coagulation, hygroscopic growth, or both, and that this growth
affects total and regional deposition. The same group studied the
effect of switching the tar content of cigarettes on regional deposi-
tion. Using cigarettes with between 16 and 17 mg tar, extrathoracic
deposition was found to be 14 percent of the total deposition and
intrathoracic deposition to be 86 percent, with 51 percent in the
tracheobronchial area and 35 percent in the pulmonary region
(Pritchard and Black 1984). After switching to cigarettes with
between 8 and 9 mg tar, total deposition was 74 percent of that
measured from cigarettes with the higher tar content, the extratho-
racic deposition was unchanged, the tracheobronchial deposition was
from 34 to 42 percent, and the pulmonary deposition was 18 to 25
percent of the total mass deposited with the higher tar cigarettes.
With the use of mathematical deposition modeling, the observed
deposition pattern was consistent with one predicted for an aerosol
with an MMD of 6.5 µm, more than 10 times greater than the MMD
described for cigarette smoke (Black and Pritchard 1984).

The deposition of particles is probably not uniform within a lung
region. The mass deposited in the airways, for instance, may vary
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widely. Enhanced deposition at specific anatomic sites may be
especially important for some inhalants. For example, the concentra-
tion of carcinogenic substances at a site may favor that site for
cancer development. This may be especially important for cigarette
smoke, since lung cancer may occur at sites of high deposition such
as airway bifurcations. Deposition of a 0.3 µm laboratory-generated
stable aerosol has been shown to favor right upper lobe deposition,
and on the basis of surface density of deposition, the lobar bronchi
(Schlesinger and Lippmann 1978). The deposition per airway genera-
tion has been calculated for large particles, but has not received
sufficient attention for particles in the size range of mainstream or
sidestream smoke. A deposition peak has been predicted, using a
lung model for the fourth airway generation (trachea is 0) for 5 µm
particles, and a peak in airway surface concentration density was
predicted for 8 µm particles at the fourth generation (Gerrity et al.
1979). Both of these deposition peaks are calculated for particles
substantially larger than those of cigarette smoke.

Depositions may be quite nonuniform even within a single airway
generation. An enhanced deposition at bifurcations with highly
concentrated deposition on carina ridges within bifurcations has
been demonstrated in a five airway generation model of the human
respiratory tract for both cigarette smoke (Martonen and Lowe
1983a) and research aerosols (Martonen and Lowe 1983b).

Epidemiological studies of the pathophysiologic consequences of
involuntary smoking have emphasized, among other things, an
increase in the incidence of respiratory illness in children (see
Chapter 2). The issue of the respiratory tract deposition of particles
in children has been addressed only recently. Using morphometric
measurements from casts of the lungs of children and young adults
aged 11 days to 21 years, a mathematical growth model was created.
Using this model and conventional methods for predicting the
behavior of particles in tubes, the deposition of particles at various
ages can be predicted. On the basis of these calculations, tracheo-
bronchial depositions per kilogram of body weight for 5 µm particles
was estimated to be six times higher in the resting newborn than in a
resting adult (Phalen et al. 1985). Differences are predicted also for
particles the size of sidestream smoke, with tracheobronchial
deposition in infancy being twofold to threefold higher in adulthood.
Total deposition has also been estimated using mathematical model-
ing, with the total deposition estimated at approximately 15 percent
at age 6 months and at 10 percent in adults (Xu and Yu 1936).
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Respiratory Tract Dose of Environmental Tobacco Smoke

Cigarette  Smoke Particulate Mass Deposited

The dose of environmental tobacco smoke to the respiratory tract
is the product of the mass in inhaled air and the deposition fraction.
To this point, particle size and deposition fraction, which is related to
both size and respiratory pattern as well as to other less understood
factors such as particle charge and hygroscopicity, have been
addressed. To estimate dose, the content of smoke in inhaled air
must be known, as well as the respired minute volume. Mass content
in inhaled air varies widely, as does minute volume, which depends
considerably on activity level. Sidestream smoke concentrations
have been raised as high as 16.5 mg/m3 in experimental chambers
(Hoegg 1972). High levels, 2 to 4 mg/m3, have also been estimated
using measured carbon monoxide concentrations for rooms 140 m3 in
size containing 50 to 70 persons (Bridge and Corn 1972). Such levels
far exceed the EPA air quality standards for total suspended
particulate of 75 µg/m3 annual average and the 260 µg/m3 24-hour
average in the United States and the 250 µg/m3 24-hour average for
the United Kingdom.

Measurements of environmental smoke concentrations vary wide-
ly, depending upon the location and measurement technique (Tables
4 and 5). Levels of total suspended particulates (TSP) measured
under realistic circumstances have been found to be from 20 to 60
µg/m3 in no-smoking areas, and can range from 100 to 700 µg/m3 in
the presence of smokers (Repace and Lowrey 1980). These measure-
ments include all suspended particulates, and so could include
particles other than tobacco smoke. However, in a smoky indoor
setting where measurements as high as 600 µg/m3 have been found,
tobacco smoke is the major contributor to particulate mass, with the
non-tobacco-smoke contribution being small and similar to that
measured for nonsmoking areas, namely in the 20 to 60 µg/m3 range.
This concept is supported by studies in which tobacco smoke
concentration in the environment was determined by measuring the
nicotine content of suspended particulates. Using this technique
(Hinds and First 1975), ETS levels have been estimated to be 20 to
480 µg/m3 in bus and airline waiting rooms and as high as 640 µg/m3

in cocktail lounges. These calculations of smoke concentrations were
based on an average weighted nicotine fraction of 2.6 percent, an
approach that may underestimate tobacco smoke particulate concen-
tration.

The mass deposition in the respiratory tract can be estimated if
the atmospheric burden of cigarette smoke particulates, minute
volume, and deposition fraction is known. Assuming a smoke
concentration of 500 µg/m3, a minute volume of 12 liters per minute,
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TABLE 4.--Indoor concentration of total suspended particulates (TSP) measured in ordinary living or
working situations

Study Location

Conditions of location,
occupancy, smoking (S),

nonsmoking (NS)

TSP

µm/m3 x ±SD

Background

µm/m3 Comments

Just et al.
(1972)

Hinds and First
(1975)

Elliott and Rowe
(1975)

Coffee shop 4 locations 1,150 570 1

Bus waiting
room
Restaurant

Cocktail
lounge

Arena A

Arena B

Arena C

Not given

Not given

Attendance 9,600
Air conditioned (S)
Attendance 14,300
Air conditioned (S)
Attendance 2,000
Not air conditioned (S)
Attendance 11,000
Natural ventilation (NS)

6 air changes/hr

None apparent

Independent ventilation
systems

40
(16-58)

200
(51-450)

400
(170-640)

224

481

620

148

Not applicable

42

42

92

7 1

Suspended particulates
collected on filter; nicotine
content measured for
calculation; TSP =
nicotine/0.026

High volume sampler for
suspended particulates; also
measured CO at all locations
and benzo[a]pyrene in arena A

Cuddeback et al.
(1976)

Neal et al.
(1978)

Tavern

Tavern

Hospital
intensive
care units

0.31 ± 0.05
(0.23-0.34)

0.99

30 68

8-hr air sample collected on
filter (5 µm pore size); TSP
measured  gravimetrically

Anderson personnel sampler
used





TABLE 4.--Continued

Study Location

Conditions of location,
occupancy, smoking (S),

nonsmoking (NS)

TSP

µm/m3 x ±SD

Background

µm/m3 Comments

Spengler et al.
(1981)

35 homes
1 5 homes

5 homes

1 home2

No smokers
1 smoker
2 smokers

2 smokers, tightly sealed,
central air conditioning

24.4 ± 11.61

36.5 ± 14.5
70.4 ± 42.9

144

21.1 ± 11.9
all 55 homes

Annual mean: respirable mass
collected on filters after
removal of nonrespirable
fraction; 24-hr sample collected
every 6 days

1 Ambient particulate concentration at site, but outdoors.
2 This home is one of the five homes above.



TABLE 5.--Indoor concentration of  total  suspended particulates  (TPM) generated by smoking
cigarettes  under laboratory condit ions

Study Test conditions Ventilation
Chamber

size
Cigarette

consumption
TPM

mg/m3 Comments

Penkala and Well mixed None 9.2 m3 3 simultaneously, 2 q 3.8
de Oliveira (1975) puffs

Hoegg
(1972)

postsmoking

Sealed chamber;
experimenter and test
equipment in chamber;
measured 18 min
poetsmoking

Same, 150 min

Portable fans
circulated air

Same

25 m3

machine

24 simultaneously by
machine

4 simultaneously by

16.65

1.51

TPM measured gravimetrically
after collection of suspended
particulates on filters;
sidestream smoke collected in
chamber; mainstream smoke
discharged

Hugod et al.
(1978)

Sealed room Unventilated 20 simultaneously by
machine

5.75 TPM measured gravimetrically
from 3-hr collection on filter;
mainstream smoke in chamber

Cain et al.
(1983)

4-12 occupants
Climate-controlled
chamber

11 ft3/min/occupant 11 m3 4/hr (by occupants)
68 ft3/min/occupant 11 m3 4/hr (by occupants)

11 ft3/min/occupant 11 m3 16/hr (by occupants)

0.350
0.15

1.25

Piezoelectric balance measured
total mass over 0.01-20 pm

68 ft3/min/cccupant 11 m3 16/hr (by occupants) 0.40

Muramatsu
et al. (1983)

Climate-controlled
chamber
Climate-controlled
chamber

15.4 air changes/hr 30 m3

15.4 air changes/hr 30 m3

1/8 min to 60 min

3 simultaneously, then
2/8 min

0.19-0.26

0.47-0.522

Piezoelectric balance



and a deposition fraction of 11 percent (Hiller, McCusker et al. 1982),
mass deposition over an 8-hour work shift would be 0.317 mg.

The Concept of “Cigarette Equivalents”

Many investigators have attempted to estimate the potential
toxicity of involuntary smoking for the nonsmoker by calculating
“cigarette equivalents” (C.E.). To inhale one C.E. by involuntary
smoking, the involuntary smoker would inhale the same mass
quantity of ETS as is inhaled from one cigarette by a mainstream
smoker. This approach has led to estimates from as low as 0.001 C.E.
per hour to as high as 27 C.E. per day (Hoegg 1972; Hinds and First
1975; Hugod et al. 1978; Repace and Lowrey 1980). These differences
of up to three orders of magnitude seem illogical when most reports
of measurements of environmental concentrations of smoke, from
the most clean to the most polluted with environmental tobacco
smoke, are within tenfold to fiftyfold of each other. The following
discussion demonstrates why the C.E. can vary so greatly as a
measure of exposure.

The calculation of C.E. is as follows: PMI(p) = TSP (mg/m3) x VE;
where PMI(p) equals the particulate mass inhaled by passive smoking,
TSP equals the total suspended particulate, and VE equals the
inhaled volume. C.E. = PMI(p)/PMI(ms); where C.E. equals cigarette
equivalent and PMI(ms) equals the mass inhaled by (mainstream)
smoking one cigarette. (This is taken to be the tar content of a
cigarette as reported by the U.S. Federal Trade Commission.)

Cigarette equivalents can be calculated for any time interval
chosen, i.e., per hour, per day. Although the example given is for
particulate mass, C.E. can be calculated for any component of
cigarette smoke, such as carbon monoxide and benzo[a]pyrene. The
following calculations illustrate the different results from two
different approaches to the calculation of C.E.
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These calculations of C.E. approximate the approaches used in two
reports-Example 1 by Hinds and First (1975) and Example 2 by
Repace and Lowrey (1980)--and the results are similar. The exam-
ples are the extremes used in the two studies, and are at the
extremes of commonly cited reports of C.E. Even if the TSP
concentration used in the two examples were the same, the results
would differ 24-fold because Example 1 is calculated per hour and
Example 2 is calculated per day; 2.3-fold because of the difference in
inhaled minute volume; and 29-fold because of the difference in what
is considered to be a “standard” cigarette. Even using the same TSP
concentration, the results would be 1.6 x 103 different. If C.E. is to be
calculated, all of the factors used in the calculation should be
standardized.

The calculation of C.E. is deficient in several other ways. The
deposition fraction of the total inhaled particulate mass in the
respiratory tract from mainstream smoke is higher than from
involuntary smoking. The deposition fraction for involuntary smok-
ing is approximately 11 percent for mouth breathing (Hiller,
Mazumder et al. 1982). The deposition from mainstream smoke has
been reported to vary from 47 to 90 percent (Table 3). The cigarette
equivalent calculation considers only the quantity inhaled, and if
mass dose deposited is considered, one C.E. from passive smoking
will cause several times less mass to be deposited than the
mainstream smoke of one cigarette.

The differences in the chemical composition between sidestream
smoke and mainstream smoke make the C.E. concept misleading
unless C.E. is calculated for each smoke constituent. This has been
accomplished (Hugod et al. 1978) using measured levels of various
smoke constituents in a chamber filled with sidestream smoke. The
results indicate that one C.E. for carbon monoxide could be inhaled
5.5 times faster, and for aldehyde, 2.9 times faster, than for
particulate mass. Measurements of total particulate matter and
benzo[a]pyrene taken in an arena with active smoking revealed a
fivefold rise in TSP above background and an eighteenfold increase
in benzo[a]pyrene over background. Using the measured ben-
zo[a]pyrene concentration of 21.7 ng/m3, an inhaled volume of 2.4
m3, and 8.2 ng benzo[a]pyrene per cigarette, the occupant of such an
environment would consume 6.4 C.E. for benzo[a]pyrene (IARC 1986,
p. 87). The C.E. TSP would be 1.7. Therefore, a C.E. for the
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carcinogen benzo[a]pyrene would be inhaled 3.6 times more rapidly
than a C.E. for TSP (Elliott and Rowe 1975).

The wide latitude in the results of C.E. calculations demonstrates
the dependence of the C.E. calculation on the numerical values of the
variables chosen, and correspondingly demonstrates the marked
limitations of the use of C.E. as an atmospheric measure of exposure
to the agents in environmental tobacco smoke. When the quantifica-
tion of an exposure is needed, it is far more precise to use terms that
define the milligrams of exposure to the agent of interest per unit
time. However, the term cigarette equivalent is frequently used, not
simply as a measure of exposure, but as a unit of disease risk that
translates the measured exposures into a risk of disease using the
known dose-response relationships between the number of ciga-
rettes smoked per day and the risk of disease. If C.E. is to be used as a
unit of risk, the variables used to convert atmospheric measures into
levels of risk for the active smoker need to be determined on the
basis of the deposition and smoke exposure measures for the average
smoker. The deposition fraction of individual smoke constituents in
the population of active smokers is needed rather than the range
observed in a few individuals. In addition, the actual average yield of
the cigarettes smoked by the subjects in the prospective mortality
studies would be needed to compare the dose-response relationships
accurately. The yield using the Federal Trade Commission (FTC)
method may dramatically underestimate the actual yield of a
cigarette when the puff volume, rate of draw, or number of puffs is
increased; therefore, calculations using the FTC numbers may be
inaccurate, particularly for the low-yield cigarettes. These limita-
tions make extrapolation from atmospheric measures to cigarette
equivalent units of disease risk a complex and potentially meanin-
gless process.

Markers of Absorption

In contrast, measures of absorption of environmental tobacco
smoke, particularly cotinine levels, can potentially overcome some of
the limitations in translating environmental tobacco smoke expo-
sures into expected disease risk. Urinary cotinine levels are a
relatively accurate dosage measure of exposure to smoke; they have
been measured in populations of smokers and nonsmokers, and are
not subject to errors in estimates of the minute ventilation or yield of
the average cigarette. Potential differences in the half-life of cotinine
in smokers and nonsmokers, differences in the absorption of nicotine
relative to other toxic agents in the smoke, and differences in the
ratio of nicotine to other toxic agents in mainstream smoke and
sidestream smoke remain sources of error, but the accuracy with
which active smoking and involuntary smoking exposure can be
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compared is almost certainly substantially greater with measures of
absorption than with atmospheric measures.

Tobacco smoke contains many substances, but only a few have
been measured in human biological fluids. Of the gaseous compo-
nents, markers include carbon monoxide and thiocyanate. The latter
is not a gas but a metabolite of gaseous hydrogen cyanide. Concentra-
tions of nicotine and its metabolite cotinine are markers of nicotine
uptake. In mainstream smoke, nicotine uptake reflects exposure to
particulates. In environmental tobacco smoke, nicotine becomes
vaporized and therefore reflects gas phase exposure (Eudy et al.
1985). Quantitating tar consumption is more difficult; urinary
mutagenic activity has been used as an indirect marker.

The relative exposures of nonsmokers to various tobacco smoke
constituents differs from that of smokers. Assuming that exposure to
a single tobacco smoke constituent accurately quantifies the expo-
sure of both smokers and nonsmokers to other constituents is
inaccurate because mainstream smoke and environmental tobacco
smoke differ in composition (see Chapter 3).

To understand the usefulness and limitations of various biochemi-
cal markers, it is important to appreciate the factors that influence
their absorption by the body and their disposition kinetics within it.

Carbon Monoxide

Carbon monoxide is absorbed in the lungs, where it diffuses across
the alveolar membrane (Lawther 1975; Stewart 1975). It is not
appreciably absorbed across mucous membranes or bronchioles.
Within the body, carbon monoxide binds, as does oxygen, to
hemoglobin, where it can be measured as carboxyhemoglobin.
Carbon monoxide may also be bound to myoglobin and to the
cytochrome enzyme system, although quantitative details of binding
to the latter sites are not available. Carbon monoxide is eliminated
primarily by respiration. The amount of ventilation influences the
rate of elimination. Thus, the half-life of carbon monoxide during
exercise may be less than 1 hour, whereas during sleep it may be
greater than 8 hours (Castleden and Cole 1974). At rest, the half-life
is 3 to 4 hours.

The disposition kinetics of carbon monoxide explain the temporal
variation of carbon monoxide concentration in active smokers during
a day of regular smoking. With a half-life averaging 3 hours and a
reasonably constant dosing (that is, a regular smoking rate), carbon
monoxide levels will plateau after 9 to 12 hours of cigarette smoking.
This has been observed in studies of circadian variation of carbon
monoxide concentrations in cigarette smokers (Benowitz, Kuyt et al.
1982). Smoking is not a constant exposure source, but results in
pulsed dosing. There is a small increment in carboxyhemoglobin
level immediately after smoking a single cigarette, which then
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declines until the next cigarette is smoked. But after several hours of
smoking, the magnitude of rise and fall is small compared with the
trough values. For this reason, carboxyhemoglobin levels at the end
of a day of smoking are satisfactory indicators of carbon monoxide
exposure during that day.

Carbon monoxide exposure may be more constant during environ-
mental tobacco smoke exposure than during active smoking. The
major limitation in using carbon monoxide as a means of measuring
involuntary smoke exposure is its lack of specificity. Endogenous
carbon monoxide generation from the metabolism of hemoglobin
results in a low level of carboxyhemoglobin (up to 1 percent)
(Lawther 1975; Stewart 1975). Carbon monoxide is generated by any
source of combustion, including gas stoves, machinery, and automo-
bile exhaust. Thus, nonsmokers in a community with moderate home
and industrial carbon monoxide sources may have carboxyhemoglo-
bin levels of 2 or 3 percent (Woebkenberg et al. 1981). A carbon
monoxide level of 10 in room air results in an increment of 0.4 and
1.4 percent carboxyhemoglobin at 1 and 8 hours of exposure time,
respectively (Lawther 1975, Stewart 1975). Thus, small increments of
carbon monoxide due to environmental tobacco smoke may be
indistinguishable from that due to endogenous and non-tobacco
relatedsources.

Measurement of carbon monoxide is straightforward and inexpen-
sive. Alveolar carbon monoxide pressures are proportional to the
concentration of carboxyhemoglobin in blood; therefore, end-tidal
carbon monoxide tension accurately reflects blood carboxyhemoglo-
bin (Jarvis and Russell 1980). Expired carbon monoxide can be
measured using an instrument (Ecolyzer) that measures the rate of
conversion of carbon monoxide to carbon dioxide as it passes over a
catalytically active electrode. Blood carboxyhemoglobin can be
measured directly and quickly using a differential spectrophotome-
ter.

Thiocyanate

Hydrogen cyanide is metabolized by the liver to thiocyanate. In
addition to tobacco smoke, certain foods, particularly leafy vegeta-
bles and some nuts, are sources of cyanide. Cyanide is also present in
beer.

Thiocyanate is distributed in extracellular fluid and is eliminated
slowly by the kidneys. The half-life of thiocyanate is long, about 7 to
14 days. Thiocyanate is also secreted into saliva, with salivary levels
about 10 tunes that of plasma levels (Haley et al. 1933). The long
half-life of thiocyanate means that there is little fluctuation in
plasma thiocyanate concentrations during a day or from day to day.
Thus, the time of sampling is not critical. On the other hand, a given
level of thiocyanate reflects exposure to hydrogen cyanide over
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several weeks preceding the time of sampling. When a smoker stops
smoking, it takes an estimated 3 to 6 weeks for thiocyanate levels to
reach that individual’s nonsmoking level.

Because of the presence of cyanide in foods, thiocyanate is not
specific for exposure to cigarette smoke. Although active smokers
have plasma levels of thiocyanate two to four times those of
nonsmokers (Vogt et al. 1979, Jacob et al. 1981), light smokers or
involuntary smokers may have little or no elevation of thiocyanate.
When thousands of subjects are studied involuntary smokers have
been found to have slightly higher thiocyanate levels than those
without exposure (Friedman et al. 1983). Other studies of smaller
numbers of subjects have shown no difference in thiocyanate level
between exposed or nonexposed nonsmokers (Jarvis et al. 1984).

Serum or plasma thiocyanate levels can be measured using
spectrophotometric methods or, alternatively, gas chromatography.

Nicotine

Nicotine is absorbed through the mucous membranes of the mouth
and bronchial tree as well as across the alveolar capillary mem-
brane. The extent of mucosal absorption varies with the pH of the
smoke, such that nicotine is absorbed in the mouth from alkaline
(cigar) smoke or buffered chewing gum, but very little is absorbed
from acidic (cigarette) mainstream smoke (Armitage and Turner
1970). With aging, environmental tobacco smoke becomes less acidic;
pH may rise to 7.5, and buccal or nasal absorption of nicotine by the
nonsmoker could occur (see Chapter 3).

Nicotine is distributed rapidly to body tissues and is rapidly and
extensively metabolized by the liver. Urinary excretion of unmetabo-
lized nicotine is responsible for from 2 to 25 percent of total nicotine
elimination in alkaline and acid urine, respectively; nicotine excre-
tion also varies with urine flow (Rosenberg et al. 1980). Exposure to
environmental tobacco smoke, active smoking, and use of smokeless
tobacco markedly elevate salivary nicotine transiently out of propor-
tion to serum and urinary levels (Hoffmann et al. 1984). Nicotine is
present in breast milk (Luck and Nau 1985), and the concentration
in the milk is almost three times the serum concentration in the
mother (Luck and Nau 1984).

The rate of nicotine metabolism varies considerably, as much as
fourfold among smokers (Benowitz, Jacob et al. 1982). There is
evidence that nicotine is metabolized less rapidly by nonsmokers
than by smokers (Kyerematen et al. 1982). A given level of nicotine
in the body reflects the balance between nicotine absorption and the
metabolism and excretion rates. Thus, in comparing two persons
with the same average blood concentration of nicotine, a rapid
metabolizer may be absorbing up to four times as much nicotine as a
slow metabolizer. To determine daily uptake of nicotine directly,
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both the nicotine blood concentrations and the rates of metabolism
and excretion must be known. These variables can be measured in
experimental studies (Benowitz and Jacob 1984, Feyerabend et al.
1985), but are not feasible for large-scale epidemiologic studies.

The time course of the decline of blood concentrations of nicotine is
multiexponential. Following the smoking of a single cigarette or an
intravenous injection of nicotine, blood concentrations of nicotine
decline rapidly owing to tissue uptake, with a half-life of 5 to 10
minutes. If concentrations are followed over a longer period of time
or if multiple doses are consumed so that the tissues are saturated, a
longer elimination half-life of about 2 hours becomes apparent
(Benowitz, Jacob et al. 1982; Feyerabend et al. 1985). Because of the
rapid and extensive distribution in the tissues, there is considerable
fluctuation in nicotine levels in cigarette smokers during and after
smoking. As predicted by the 2-hour half-life, nicotine blood concen-
trations increase progressively and plateau after 6 to 8 hours of
regular smoking (Benowitz, Kuyt et al. 1982). Nicotine concentra-
tions have been sampled in the afternoon in studies of nicotine
uptake during active cigarette smoking (Benowitz and Jacob 1984,
and similar timing might be appropriate in assessing the plateau
levels that result from continuous ETS exposure, such as during a
workday.

Russell and colleagues (1985) quantitated nicotine exposure by
comparing blood nicotine concentrations during intravenous infu-
sions (0.5 to 1.0 mg over 60 minutes) in nonsmokers to the blood
nicotine concentrations in nonsmokers exposed to environmental
tobacco smoke. The data suggest that nicotine uptake in a smoky bar
in 2 hours averaged 0.20 mg per hour.

The presence of nicotine in biologic fluids is highly specific for
tobacco or tobacco smoke exposure. Nicotine concentration is sensi-
tive to recent exposure because of nicotine’s relatively rapid and
extensive tissue distribution and its rapid metabolism. Urinary
nicotine concentration has been examined in a number of studies of
environmental tobacco smoke exposure. Although influenced by
urine pH and flow rate, the excretion rate of nicotine in the urine
reflects the concentration of nicotine in the blood over the time
period of urine sampling. In other words, nicotine excretion in a
timed urine collection is an integrated measure of the body’s
exposure to nicotine during that time. When timed urine collections
are not available, nicotine excretion is commonly expressed as a
ratio of urinary nicotine to urinary creatinine, which is excreted at a
relatively constant rate throughout the day. Urinary nicotine
excretion is highly sensitive to environmental tobacco smoke expo-
sure (Hoffmann et al. 1984; Russell and Feyerabend 1975). Saliva
levels of nicotine rise rapidly during exposure to sidestream smoke
and fall rapidly after exposure has ended (Hoffmann et al. 1984).
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Presumably, this time course reflects local mouth contamination,
followed by absorption or the swallowing of nicotine.

Blood, urine, or saliva concentrations of nicotine can be measured
by gas chromatography, radioimmunoassay, or high pressure liquid
chromatography. Sample preparation is problematic in that contam-
ination of samples with even small amounts of tobacco smoke can
substantially elevate the normally low concentrations of nicotine in
the blood. Thus, careful precautions against contamination during
sample collection and processing for analysis are essential. Because
the concentrations are so low, the measurement of nicotine in blood
has been difficult for many laboratories in the past, but with
currently available assays, it is feasible for large-scale epidemiologic
studies.

Cotinine

Cotinine, the major metabolite of nicotine, is distributed to body
tissues to a much lesser extent than nicotine. Cotinine is eliminated
primarily by metabolism, with 15 to 20 percent excreted unchanged
in the urine (Benowitz et al. 1983). Urinary pH does affect the renal
elimination of cotinine, but the effect is not as great as for nicotine.
Since renal clearance of cotinine is much less variable than that of
nicotine, urinary cotinine levels reflect blood cotinine levels better
than urinary nicotine levels reflect blood nicotine levels. Plasma,
urine, and saliva cotinine concentrations correlate strongly with one
another (Haley et al. 1983; Jarvis et al. 1984).

The elimination half-life for cotinine averages 20 hours (range, 10
to 37 hours) (Benowitz et al. 1983). Because of the relatively long
half-life of cotinine, blood concentrations are relatively stable
throughout the day for the active smoker, reaching a maximum near
the end of the day. Because each cigarette adds relatively little to the
overall cotinine level, sampling time with respect to smoking is not
critical. Assuming that smoke exposure occurs throughout the day, a
midafternoon or late afternoon level reflects the average cotinine
concentration.

The specificity of cotinine as a marker for cigarette smoking is
excellent. Because of its long half-life and its high specificity,
cotinine measurements have become the most widely accepted
method for assessing the uptake of nicotine from tobacco, for both
active and involuntary smoking.

Cotinine levels can be used to generate quantitative estimates of
nicotine absorption. Galeazzi and colleagues (1985) defined a linear
relationship between nicotine uptake and plasma cotinine levels in
six healthy volunteers who received several i.v. doses of nicotine
( < 480 µg/day) for 4 days. The ability to extrapolate from this
model to levels in nonsmokers is limited, however, because the
elimination half-life of cotinine may be shorter in smokers than in



nonsmokers, as is the elimination half-life of nicotine (Kyerematen
et al. 1982).

Cotinine can be assayed by radioimmunoassay, gas chromatogra-
phy, and high pressure liquid chromatography.

Urinary Mutagenicity

Tobacco smoke condensate is strongly mutagenic in bacterial test
systems (Ames test) (Kier et al. 1974). A number of compounds,
including polycyclic aromatic hydrocarbons, contribute to this
mutagenicity. The urine of cigarette smokers has been found to be
mutagenic, and the number of bacterial revertants per test plate is
related to the number of cigarettes smoked per day (Yamasaki and
Ames 1977). Urinary mutagenicity disappears within 24 hours after
smoking the last cigarette (Kado et al. 1985).

For several reasons, the measurement of mutagenic activity of the
urine is not a good quantitative measure of tar absorption. Individu-
als metabolize polycyclic aromatic hydrocarbons and other mutagen-
ic substances differently. Only a small percentage of what is
absorbed is excreted in the urine as mutagenic chemicals. The
bacterial system is differentially sensitive to different mutagenic
compounds. The urine of smokers presumably contains a mixture of
many mutagenic compounds. In addition, the test lacks specificity, in
that other environmental exposures result in urinary mutagenicity.
The test may also be insensitive to very low exposures such as
involuntary smoking. However, one study, by Bos and colleagues
(1983), indicated slightly increased mutagenic activity in the urine of
nonsmokers following tobacco smoke exposure.

The presence of benzo[a]pyrene and 4-amino biphenyl covalently
bound to DNA and hemoglobin in smokers (Tannenbaum et al., in
press) suggests other potential measures of carcinogenic exposure.
Whether such measures will be sensitive to ETS exposure is
unknown. The development of specific chemical assays for human
exposure to components of cigarette tar remains an important
research goal.

Populations in Which Exposure Has Been Demonstrated

Absorption of tobacco smoke components by nonsmokers has been
demonstrated in experimental and natural exposure conditions.

Experimental  Studies

Nonsmokers have been studied after exposures in tobacco-smoke
filled rooms. The smoke may be generated by a cigarette smoking
machine or by active smokers placed in the room by the investigator,
or the location may be a predictably smoke-filled environment such
as a bar. The level of environmental smoke has most often been



quantitated by measuring ambient carbon monoxide concentrations.
In nonsmokers exposed for 1 hour in a test room with a carbon
monoxide level of 38 ppm, carboxyhemoglobin levels increased by 1
percent and urinary nicotine increased about eightfold (Russell and
Feyerabend 1975). Seven subjects in a similar study sat for 2 hours in
a public house (bar) with a carbon monoxide level of 13 ppm; their
expired carbon monoxide increased twofold and their urinary
nicotine excretion increased ninefold (Jarvis et al. 1983). In a study
exposing eight nonsmokers to a smoke-filled room for 6 hours, a
small increase in urinary mutagenic activity was measured (Bos et
al. 1983).

Nonexperimental  Exposures

Exposure studies performed in real-life situations have compared
biochemical markers of tobacco smoke exposure in different individ-
uals with different self-reported exposures to tobacco smoke. Absorp-
tion of nicotine (indicated by urinary cotinine levels) was found to be
increased in adult nonsmokers if the spouse was a smoker (Wald and
Ritchie 1984). In another study (Matsukura et al. 1984), urinary
cotinine levels in nonsmokers were increased in proportion to the
presence of smokers and the number of cigarettes smoked at home
and the presence and number of smokers at work. Blood and urinary
nicotine levels were increased after occupational exposure to ETS
such as a transoceanic flight by commercial airline flight attendants
(Foliart et al. 1983). Nicotine absorption, documented by increased
salivary cotinine concentration, has been shown in schoolchildren in
relationship to the smoking habits of the parents (Jarvis et al. 1985),
and using plasma, urinary, and saliva measures, in infants in
relation to the smoking habits of the mother (Greenberg et al. 1984;
Luck and Nau 1985; Pattishall et al. 1985).

Quantification of Absorption
Evidence of  Absorption in Different Populations

One questionnaire survey indicated that 63 percent of individuals
report exposure to some tobacco smoke (Friedman et al. 1983).
Thirty-four percent were exposed for 10 hours and 16 percent for 40
or more hours per week. The distribution of cotinine levels in a few
populations has been reported. In men attending a medical screening
examination, there was a tenfold difference in mean urinary
cotinine in nonsmokers with heavy exposure (20 to 80 hours per
week) compared with those who reported no ETS exposure (Wald et
al. 1984). The median and 90th percentile urinary cotinine concen-
trations for all nonsmokers who reported exposure to other people’s
smoke were 6.0 and 22.0 ng/mL, respectively, compared with a
median of 1645 ng/mL for active smokers. In 569 nons-moking



schoolchildren, salivary cotinine concentrations were widely distrib-
uted. Values were strongly influenced by parental smoking habits
(Jarvis et al. 1985). The median and 25 to 75 percent ranges (in
ng/mL) were 0.20 (0-0.5), 1.0 (0.4-1.8), 1.35 (0.7-2.7), and 2.7 (1.5-4.4)
for children whose parents did not smoke or whose father only,
mother only, or both parents smoked, respectively.

Quantif ication of  Exposure

Expired carbon monoxide, carboxyhemoglobin, plasma thiocya-
nate, plasma or urinary nicotine, and plasma, urinary, or salivary
cotinine have been used to evaluate exposure to ETS. However,
successful attempts to quantify the degree of exposure have been
limited largely to measurements of nicotine and cotinine. Expired
carbon monoxide and carboxyhemoglobin have been found to be
increased up to twofold after experimental or natural exposures
(Russell et al. 1973), ‘but not in more casually exposed subjects.
Thiocyanate was slightly increased in one very large study of heavily
exposed individuals (Friedman et al. 1983), but most studies report
no differences as a function of involuntary smoking exposure. The
most useful measures appear to be nicotine and cotinine. The data on
nicotine and cotinine measurements are presented in Tables 6 and 7
and suggest the following:

(1) Both nicotine and cotinine are sensitive measures of environ-
mental tobacco smoke exposure. Levels in body fluids may be
elevated 10 or more times in the most heavily exposed groups
compared with the least exposed groups.

(2) The time course of change in the levels of biochemical markers
depends on which marker is selected and which fluid is sampled.
There is a lag between peak blood levels of nicotine and peak blood
levels of cotinine, owing to the time required for metabolism
(Hoffmann et al. 1984). Salivary levels of nicotine, because of the
local deposition of smoke in the nose and mouth, peak early and
decline rapidly.

(3) With nicotine, salivary levels increase considerably after
environmental tobacco smoke exposure, but decline rapidly follow-
ing the end of exposure. Blood nicotine levels are too low to be very
useful in quantitating environmental nicotine exposure. Urinary
nicotine is a sensitive indicator of passive smoke exposure, but
because of its relatively short half-life, urinary nicotine levels
decline within several hours of the time of exposure.

(4) Cotinine levels are less susceptible than nicotine to transient
fluctuations in smoke exposure. Blood or plasma, urine, and saliva
concentrations correlate strongly with one another. Because of the
stability of cotinine levels measured at different times during an
exposure and the availability of noninvasive (i.e., urine or saliva)
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TABLE 6.--Continued

Study
Number of smoking

subjects status Exposure level

Mean or median concentration and range

Plasma nicotine Urine nicotine saliva nicotine
(ng/mL) (ng/mL) (ng/mL)

Before After Before After Before After

Jarvis et al.
(1984)

Greenberg
et al. (1984)

Luck and Nau
(1985)

Hospital clinic patients
46 NS No exposure - 1.0 - 3.9 - 3.8
27 NS Little exposure - 0.8 12.2 - 4.8
20 NS Some exposure - 0.7 - 11.9 - 4.4

7 NS Lot of exposure - 0.9 - 12.2 - 12.1
94 S - 14.8 - 1750 - 672

32 NS Infants, mother S - - - 531 (0-370) 12.7 (0-166)
19 NS Infant, mother NS - - - 0 (0-59) 0 (0-17)

10 NS, neonates No exposure - - 01 (0-14) - -
10 NS, neonates Nursed by S mother; - - 14 (5-110) - -

no ETS exposure
10 NS, infants S mother, not nursed - - - 35 (4-218) - -
9 NS, infants Nursed by S mother; - - 12 (3-42) - -

ETS exposure

1 ng/mg creatinine.



TABLE 7.--Cotinine measures in nonsmokers with environmental smoke exposure and comparisons
with active smoking

Study

Number
of

subjects
Smoking

status Exposure level

Plasma cotinine
(ng/mL)

Before After

Mean or median concentration and range

Urine cotinine Saliva cotinine
(ng/mL) (ng/mL)

Before After Before After

Jarvis
et al.
(1983)

7 NS Before, 11:30 a.m.
After, public house x 2 hr

1.1 7.3 4.8 12.9 1.6 8.0

Jarvis
et al. 46
(1984) 27

20
7

94

H o f f m a n n  1 0
et al.
(1984)

Wald and 101
Ritchie 20
(1984)

NS
NS
NS
NS
S

NS

NS
NS

Hospital clinic patients
No exposure
Little exposure
Some exposure
Lot of exposure

Experimental chamber
2 cigs burned
3 cigs burned
4 cigs burned

Wife abstinent
Wife smoker

- 0.8 - 1.5 - 0.7
- 1.8 - 6.5 - 2.2
- 2.5 - 8.6 - 2.8
- 1.8 - 9.4 - 2.6
- 275 - 1391 - 310

1.7 2.6 (peak 1 4 2 1 1.2 2.3
1.0 3.0 change) 14 38 1.7 2.5
0.9 3.3 14 55 1.0 1.4

- - 8.5 (median 6.0)
- - 25.2 (median 9.0)





TABLE 7.--Continued

Mean or median concentration end range

Study

Number
of

subjects
Smoking

statue Exposure level

Plasma cotinine
(ng/mL)

Before After Before

Urine cotinine
(ng/mL)

After

Saliva cotinine
(ng/mL)

Before After

Greenberg 32 NS, infants S mother - 351 (41-1885) 9 (0-25)
et al. 19 NS mother - 4 (0-125) - 0 (0-3)
(1984)

Jarvis
et al.
(1985)

269 NS

96 NS
76 NS

128 NS

Children aged 11-16
Neither parent SM

SM father
SM mother
Both parents SM

0.4
(median 0.2)
1.3 (1.0)

- 2.0 (1.7)
- 3.4 (2.4)

Luck and 10
Nau 19
(1985)

10
9

NS, neonates No exposure - 01 (0-56) -
NS, neonates Nursed by S mother; - - 100 (10-555) -

no ETS exposure
NS, infants S mother, not nursed - 327 (117-780) - -
NS, infants S mother, nursed, - 550 (225-870) - -

ETS exposure

Serum cotinine
(ng/mL)

Pattishall 20
et al. 18
(1985)

NS, children Smokers in home 4.1 - - - -
NS, children No smokers in home - 1.0 - - - -



TABLE 7.--Continued

Mean or median concentration end range

Study

Number
of

subjects
Smoking

status Exposure level

Plasma cotinine
(ng/mL)

Before After Before

Urine cotinine
(ng/mL)

After

Saliva cotinine
(ng/mL)

Before After

Coultas 68
et al. 41
(1986) 2 1

200
96
25

316
60
12

NS aged <5 No smokers in home
NS aged  <5 1 smoker in home
NS aged <5 2 or more smokers in home
NS aged 6-17 No smokers in home
NS aged 6-17 1 smoker in home
NS aged 6-17 2 or more smokers in home
NS aged >17 No smokers in home
NS aged >17 1 smoker in home
NS aged >17 2 or more smokers in home

- - - - - 0, 1.72

- - - - 3.8, 4.1
- - - - - 5.4, 5.6
- - - - - 0, 1.3
- - - - 1.8, 2.4
- - - - 5.3, 5.6
- - - - 0,  1.5
- - - - - 0.6, 2.8
- - - - - 0, 3.7

1ng/mg creatinine.
2median, mean.



measurements, cotinine appears to be the short-term marker of
choice for epidemiological studies.

(5) Mean levels of urinary nicotine and of cotinine in body fluids
increase with an increasing self-reported ETS exposure and with an
increasing number of cigarettes smoked per day. There is consider-
able variability in levels among individuals at any given level of self-
reported exposure.

Comparison of Absorption From Environmental Tobacco
Smoke and From Active Smoking

Epidemiologic studies show a dose-response relationship between
number of cigarettes smoked and lung cancer, coronary artery
disease, and other smoking-related diseases. Assuming that dose-
response relationships hold at the lower dose end of the exposure-
response curve, risks for nonsmokers can be estimated by using
measures of absorption of tobacco smoke constituents to compare the
relative exposures of active smokers and involuntary smokers.

As discussed previously, measures of nicotine uptake (i.e., nicotine
or cotinine) are the most specific markers for ETS exposure and
provide the best quantitative estimates of the dose of exposure.
Although the ratio of nicotine to other tobacco smoke constituents
differs in mainstream smoke and sidestream smoke, nicotine uptake
may still be a valid marker of total ETS exposure. Nicotine uptake in
nonsmokers can be estimated in several ways.

Russell and colleagues (1985) infused nicotine intravenously to
nonsmokers and compared resultant plasma and urine nicotine
levels with those observed in nonsmokers with ETS exposure. An
infusion of 1 mg nicotine over 60 minutes resulted in an average
plasma nicotine concentration of 6.6 ng/mL and an average urinary
nicotine concentration of 224 ng/mL. Using these data in combina-
tion with measured plasma and urinary nicotine levels in nonsmok-
ers after 2 hours in a smoky bar, nicotine uptake was estimated as
0.22 mg per hour. Since the average nicotine uptake per cigarette is
1.0 mg (Benowitz and Jacob 1984; Feyerabend et al. 1985), 0.22 mg of
nicotine is equivalent to smoking about one-fifth of a cigarette per
hour. In making these calculations, it is assumed that the disposition
kinetics of inhaled and intravenous nicotine are similar and that the
rate of nicotine exposure from ETS is constant.

Steady state blood cotinine concentrations can also be used to
estimate nicotine uptake. Galeazzi and colleagues (1985) measured
cotinine levels in smokers receiving various doses of intravenous
nicotine, simulating cigarette smoking, for 4 days. They described
the relationship: [steady state plasma cotinine concentration]
(ng/mL) = (0.783) x [daily nicotine uptake] (µg/kg/day). With such
data, a 70 kg nonsmoker with a plasma cotinine concentration of 2.5
ng/mL would have an estimated uptake of 3.2 µg nicotine/kg/day, or
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0.22 mg nicotine/day, equivalent to one-fifth of a cigarette. This
approach assumes that the half-life for cotinine and nicotine
eliminations is similar in smokers and nonsmokers, an assumption
that may not be correct (Kyerematen et al. 1982).

A third approach is to compare cotinine levels in nonsmokers with
those in smokers. Jarvis and colleagues (1984) measured plasma,
saliva, and urine nicotine and cotinine levels in 100 nonsmokers
selected from outpatient medical clinics and in 94 smokers. Ratios of
average values for nonsmokers compared with smokers were as
follows: plasma cotinine, 0.5 percent; saliva cotinine, 0.5 percent;
urine cotinine, 0.4 percent; urine nicotine, 0.5 percent; and saliva
nicotine, 0.7 percent. These data suggest that, on average, nonsmok-
ers absorb 0.5 percent of the amount of nicotine absorbed by
smokers. Assuming that the average smoker consumes 30 mg
nicotine per day (Benowits and Jacob 1984), this ratio predicts an
exposure of 0.15 mg nicotine, or one-sixth of a cigarette per day. The
most heavily exposed group of nonsmokers had levels almost twice
the overall mean for nonsmokers, indicating that their exposure was
equivalent to one-fourth of a cigarette per day. Most studies (see
Tables 6 and 7) report similar ratios when comparing nonsmokers
with smokers. The exception is Matsukura and colleagues (1984),
who reported urine cotinine ratios of nonsmokers to smokers of 6
percent. The reason for such high values in this one study is
unknown

Personal air monitoring data for nicotine exposure can also be
used to estimate nicotine uptake. For example, Muramatsu and
colleagues (1984) used a pocketable personal air monitor to study
environmental nicotine exposures in various living environments.
They reported air levels of from 2 to 48 µg nicotine/m3. Assuming
that respiration is 0.48 m3 per hour and exposure is for 8 hours per
day, nicotine uptake is estimated to range from 8 to 320 µg per day.
The average values are consistent with other estimates of one-sixth
to one-third cigarette equivalents per day in general populations of
nonsmokers exposed to ETS.

As noted before, these estimates must be interpreted with caution.
Relative absorption of nicotine in smokers and nonsmokers may
substantially underestimate exposure to other components of ETS.

Conclusions

1. Absorption of tobacco-specific smoke constituents (i.e., nicotine)
from environmental tobacco smoke exposures has been docu-
mented in a number of samples of the general population of
developed countries, suggesting that measurable exposure to
environmental tobacco smoke is common.



2. Mean levels of nicotine and cotinine in body fluids increase
with self-reported ETS exposure.

3. Because of the stability of cotinine levels measured at different
times during exposure and the availability of noninvasive
sampling techniques, cotinine appears to be the short-term
marker of choice in epidemiological studies.

4. Both mathematical modeling techniques and experimental
data suggest that 10 to 20 percent of the particulate fraction of
sidestream smoke would be deposited in the airway.

5. The development of specific chemical assays for human expo-
sure to the components of cigarette tar is an important
research goal.

217



References
ALTSHULER, B., YARMUS, L., PALMES, E.D., NELSON, N. Aerosol deposition in

the human respiratory tract: 1. Experimental procedures and total deposition.
A.M.A. Archives of Industrial Health 15(4):293-393, April 1957.

ANDERSON, P.J., HILLER, F.C. Particle Size Distribution of Mainstream Tobacco
and Marijuana Smoke Using the Electrical Aerosol Analyzer. Paper presented at
the American Association for Aerosol Research, Albuquerque, November 1985.

ANDERSON, P.J., HILLER, F.C., WILSON, F.I., Jr., LAU, I.K.T. Effect of Respiratory
Pattern on Deposition of Ultrafine Aerosols in the Human Respiratory Tract. Paper
presented at the British Occupational Hygiene Society Sixth International
Symposium on Inhaled Articles, Cambridge, September 1985.

ARMITAGE, A.K., TURNER, D.M. Absorption of nicotine in cigarette and cigar
smoke through the oral mucosa. Nature 226(5252):1231-1232, June 27, 1970.

BAUMBERGER, J.P. The amount of smoke produced from tobacco and its absorption
in smoking as determined by electrical precipitation. Journal of Pharmacology and
Experimental Therapeutics 21(1):47-57, February 1923.

BENOWITZ, N.L., JACOB, P. III. Daily intake of nicotine during cigarette smoking.
Clinical Pharmacology and Therapeutics 35(4):499-504, April 1984.

BENOWITZ, N.L., JACOB, P. III, JONES, R.T., ROSENBERG, J. Interindividual
variability in the metabolism and cardiovascular effects of nicotine in man.
Journal of Pharmacology and Experimental Therapeutics 221(2):368-372, May
1982.

BENOWITZ, N.L., KUYT, F., JACOB, P. III. Circadian blood nicotine concentrations
during cigarette smoking. Clinical Pharmacology and Therapeutics 32(6):755-764,
December 1982.

BENOWITZ, N.L., KUYT, F., JACOB, P. III, JONES, R.T., OSMAN, A.-L. Cotinine
disposition and effects. Clinical Pharmacology and Therapeutics 34(5):604-611,
November 1983.

BINNS, R., LUGTON, W.G.D., WILTON, L.V., DYAS, B.J. Inhalation toxicity studies
on cigarette smoke: 5. Deposition of smoke particles in the respiratory system of
rats under various exposure conditions. Toxicology 9(1-2):87-102, February 1978.

BLACK, A., PRITCHARD, J.N. A comparison of the regional deposition and short
term clearance of tar particulate material from cigarette smoke, with that of 2.5
µm polystyrene microspheres. Journal of Aerosol Science 15(3):224-227, 1984.

BLANCHARD, J.D., WILLEKE, K. An inhalation system for characterizing total lung
deposition of ultrafine particles. American Industrial Hygiene Association Journal
44(11):846-856, November 1983.

BOS, R.P., THEUWS, J.L.G., HENDERSON, P.T. Excretion of mutagens in human
urine after passive smoking. Cancer Letters 19(1):85-90, May 1983.

BRIDGE, D.P., CORN, M. Contribution to the assessment of exposure of nonsmokers
to air pollution from cigarette and cigar smoke in occupied spaces. Environmental
Research 5(2):192-209, 1972.

CAIN, W.S., LEADERER, B.P., ISSEROFF, R., BERGLUND, L.G., HUEY, R.J.,
LIPSITT, E.D., PERLMAN, D. Ventilation requirements in buildings: 1. Control of
occupancy odor and tobacco smoke odor. Atmospheric Environment 17(6):1183-
1197, 1983.

CASTLEDEN, C.M., COLE, P.V. Variations in carboxyhaemoglobin levels in smokers.
British Medical Journal 4(5947):736-738, December 28, 1974.

CHANG, P.-T., PETERS, L.K., UENO, Y. Particle size distribution of mainstream
cigarette smoke undergoing dilution. In: Liu, B.Y.H., Pui, D.Y.H., Fissan, H.J.
(eds.). Aerosols: Science, Technology, and Industrial Applications of Airborne
Particles. New York, Elsevier Science Publishing Company, Inc., 1984, pp. 737-740.

COCKS, A.T., FERNANDO, R.P. The growth of sulphate aerosols in the human
airways. Journal of Aerosol Science 13(1):9-19, 1982.

218



CORN, M. Characteristics of tobacco sidestream smoke and factors influencing its
concentration and distribution in occupied spaces. In: Rylander, R. (ed.). Environ-
mental Tobacco Effects on the Non-Smoker. Scandinavian Journal of Respiratory
Diseases 91(Suppl.):21-36, 1974.

COULTAS, D.B., SAMET, J.M., HOWARD, C.A., PEAKE, G.T., SKIPPER, B.J.
Salivary cotinine levels and passive tobacco smoke exposure in the home.
(abstract). American Review of Respiratory Disease 133(4, part 2)A157-A158, April
1986.

CUDDEBACK, J.E., DONOVAN, J.R., BURG, W.R. Occupational aspects of passive
smoking. American Industrial Hygiene Association Journal 37(5):263-267, May
1976.

DALHAMN, T., EDFORS, M.-L., RYLANDER, R. Retention of cigarette smoke
components in human lungs. Archives of Environmental Health 17(5):746-748,
November 1968.

DALLAVALLE, J.M., ORR, C., Jr., HINKLE, B.L. The aggregation of aerosols. British
Journal of Applied Physics 5(Suppl 3):5198-5266, 1954.

DAVIES, C.N., HEYDER, J., SUBBA RAMMA, M.C. Breathing of half-micron
aerosols: I. Experimental. Journal of Applied Physiology 32(5):591-600, May 1972.

ELLIOTT, L.P., ROWE, D.R. Air quality during public gatherings. Journal of the Air
Pollution Control Association 25(6):635-636, June 1975.

EMMETT, P.C., AITKEN, R.J., HANNAN, W.J. Measurements of the total and
regional deposition of inhaled particles in the human respiratory tract. Journal of
Aerosol Science 13(6):549-560, 1982.

EUDY, L.W., THOME, F.A., HEAVNER, D.L., GREEN, C.R., INGEBRETHSEN, B.J.
Studies on the Vapor-Particulate Phase Distribution of Environmental Nicotine
Paper presented at the 39th Tobacco Chemists’ Research Conference, Montreal,
Canada, November 1985.

FERIN, J., MERCER, T.T., LEACH, L.J. The effect of aerosol charge on the deposition
and clearance of TiO2 particles in rats. Environmental Research 31(1):148-151,
June 1983.

FERRON, G.A. The size of soluble aerosol particles as a function of the humidity of
the air: Application to the human respiratory tract. Journal of Aerosol Science
8(4):251-267, 1977.

FEYERABEND, C., HIGENBOTTAM, T., RUSSELL, M.A.H. Nicotine concentrations
in urine and saliva of smokers and nonsmokers. British Medical Journal
284(6321):1002-1064, April 3, 1982.

FEYERABEND, C., INGS, R.M.J., RUSSELL, M.A.H. Nicotine pharmacokinetics and
its application to intake from smoking. British Journal of Clinical Pharmacology
19(2):239-247, February 1985.

FOLIART, D., BENOWITZ, N.L., BECKER, C.E. Passive absorption of nicotine in
airline flight attendants. (letter). New England Journal of Medicine 308(18):1105,
May 5, 1983.

FRASER, D.A. The deposition of unipolar charged particles in the lungs of animals.
Archives of Environmental Health 13(2):152-157, August 1966.

FRIEDMAN, G.D., PEITITI, D.B., BAWOL, R.D. Prevalence and correlates of passive
smoking. American Journal of Public Health 73(4):401-405, April 1983.

GALEAZZI, R.L., DAENENS, P., GUGGER, M. Steady-state concentration of cotinine
as a measure of nicotine-intake by smokers. European Journal of Clinical
Pharmacology 28(3):301-364, 1985.

GERRITY, T.R., LEE, P.S., HASS, F.J., MARINELLI, A., WERNER, P., LOURENCO,
R.V. Calculated deposition of inhaled particles in the airway generations of normal
subjects. Journal of Applied Physiology 47(4):867-673, October 1979.

GIACOMELLI-MALTONI, G., MELANDRI, C., PRODI, V., TARRONI, G. Deposition
efficiency of monodisperse particles in human respiratory tract. American
Industrial Hygiene Association Journal 33(9):663-610, September 1972.

219



GREENBERG, R.A., HALEY, N.J., ETZEL, R.A., LODA, F.A. Measuring the exposure
of infants to tobacco smoke: Nicotine and cotinine in urine and saliva. New
England Journal of Medicine 310(17):1975-1978, April 26, 1984.

GRIFFITHS, R.R., HENNINGFIELD, J.E. Experimental analysis of human cigarette
smoking behavior. Federation Proceedings 41(2):234-240, February 1982.

HALEY, N.J., AXELRAD, C.M., TILTON, K.A. Validation of self-reported smoking
behavior: Biochemical analyses of cotinine and thiocyanate. American Journal of
Public Health 73(10):1204-1207, October 1983.

HARBISON, M.L., BRAIN, J.D. Effects of exercise on particle deposition in Syrian
golden hamsters. American Review of Respiratory Disease 128(5):904-908, Novem-
ber 6, 1983.

HEYDER, J., ARMBRUSTER, L., GEBHART, J., STAHLHOFEN, W. Deposition of
aerosol particles in the human respiratory tract. In: Aerosole in Physik, Medizin
und Technik. Bad Soden, Federal Republic of Germany, Gesellschaft fur Aerosol-
forschung, 1974, pp. 122-125.

HEYDER, J., GEBHART, J., HEIGWER, G., ROTH, C., STAHLHOFEN, W. Experi-
mental studies of the total deposition of aerosol particles in the human respiratory
tract. Aerosol Science 4:191-208, 1973.

HILLER, F.C., MAZUMDER, M.K., WILSON, JD., McLEGD, P.C.. BONE, R.C.
Human respiratory tract deposition using multimodal aerosols. Journal of Aerosol
Science 13(4):337-343, 1982.

HILLER, F.C., McCUSKER. K.T., MAZUMDER, M.K., WILSON, J.D., BONE, R.C.
Deposition of sidestream cigarette smoke in the human respiratory tract.
American Review of Respiratory Disease 125(4):406-408, 1982.

HINDS, W.C. Aerosol Technology. New York, John Wiley and Sons, 1982, pp. 113-119.
143-148.

HINDS, W.C. Size characteristics of cigarette smoke. American Industrial Hygiene
Association Journal 39(1)48-54, January 1978.

HINDS, W.C.. FIRST, M.W. Concentrations of nicotine and tobacco smoke in public
places. New England Journal of Medicine 292(16):844-845, April 17, 1975.

HINDS, W.. FIRST, M.W., HUBER, G.L., SHEA, J.W. A method for measuring
respiratory deposition of cigarette smoke during smoking. American Industrial
Hygiene Association Journal 44(2):113-118, February 1983.

HOEGG, U.R. Cigarette smoke in closed spaces. Environmental Health Perspectives
2:117-128, October 1972.

HOFFMANN, D., HALEY, N.J., ADAMS, J.D., BRUNNEMANN, K.D. Tobacco
sidestream smoke: Uptake by nonsmokers. Preventive Medicine 13(6)608-617,
November 1984.

HUGOD, C., HAWKINS, L.H.. ASTRUP, P. Exposure to passive smokers to tobacco
smoke constituents. International Archives of Occupational and Environmental
Health 42(1):21-30, 1978.

INTERNATIONAL AGENCY FOR RESEARCH ON CANCER. Tobacco Smoking
IARC Monographs on the Evaluation of the Carcinogenic Risk of Chemicals to
Humans, Vol. 38. Lyon, IARC, 1986.

INTERNATIONAL  COMMITTEE  ON RADIATION PROTECTION, TASK GROUP
ON LUNG DYNAMICS. Deposition and retention models for internal dosimetry of
the human respiratory tract. Health Physics 12(2):173-207, February 1966.

JACOB, P. III, WILSON, M.. BENOWITZ, N.L. Improved gas chromatographic
method for the determination of nicotine and cotinine in biologic fluids. Journal of
Chromatography 222(1):61-70, January 2, 1981.

JARVIS, M.J., RUSSELL, M.A.H. Expired air carbon monoxide: A simple breath test
for tobacco smoke intake. British Medical Journal 281(6238)484-485, August 16,
1980.

220



JARVIS, M.J., RUSSELL, M.A.H., FEYERABEND, C. Absorption of nicotine and
carbon monoxide from passive smoking under natural conditions of exposure.
Thorax 38(11):829-833,  November 1983.

JARVIS, M.J., RUSSELL, M.A.H., FEYERABEND, C., EISER, J.R., MORGAN, M.,
GAMMAGE, P., GRAY, E.M. Passive exposure to tobacco smoke: Saliva cotinine
concentrations in a representative population sample of nonsmoking school
children. British Medical Journal 291(6500):927-929, October 5, 1985.

JARVIS, M.J., TUNSTALLPEDOE, H., FEYERABEND, C., VESEY, C., SALLOO-
JEE, Y. Biochemical markers of smoke absorption and self-reported exposure to
passive smoking. Journal of Epidemiology and Community Health 38(4)335-339,
December 1984.

JUST, J., BORKOWSKA, M., MAZIARKA, S. Zaniecsyszcenie dymen tytoniowym
powietrxa kawiam Warszawskich [Air pollution due to tobacco smoke in Warsaw
coffee houses.] Roczniki Panstwowego Zakladu Higieny 23(2):129-135, 1972.

KADO, N.Y., MANSON, C., EISENSTADT, E., HSIEH, D.P.H. The kinetics of
mutagen excretion in the urine of cigarette smokers. Mutation Research
157(2/3):227-232, August-September 1985.

KEITH, C.H. Particle size studies on tobacco smoke. Beiträge zur Tabakforschung
International 11(3):123-131, 1982.

KEITH, C.H., DERRICK, J.C. Measurement of the particle size distribution and
concentration of cigarette smoke by the “conifuge.” Journal of Colloid Science
15(4):340-356, August 1960.

KIER, L.D., YAMASAKI, E., AMES, B.N. Detection of mutagenic activity in cigarette
smoke condensates. Proceedings of the National Academy of Science USA
71(10):4159-4163, October 1974.

KOUSAKA, Y., OKUYAMA, K., WANG, C.-S. Response of cigarette smoke particles
to change in humidity. Journal of Chemical Engineering of Japan 15(1):75-76,
1982.

KYEREMATEN, G.A., DAMIANO, M.D., DVORCHIK, B.H., VESELL, E.S. Smoking-
induced changes in nicotine disposition: Application of a new HPLC assay for
nicotine and its metabolites. Clinical Pharmacology and Therapeutics 32(6):769-
780, December 1982.

LANDAHL, H.D., TRACEWELL, T.N., LASSEN, W.H. On the retention of airborne
particulates in the human lung. A.M.A. Archives of Industrial Hygiene and
Occupational Medicine 3:359-366, 1951.

LANDAHL, H.D., TRACEWELL, T.N., LASSEN, W.H. Retention of airborne particu-
lates in the human lung. III. A.M.A. Archives of Industrial Hygiene and
Occupational Medicine 6:508-511, 1952.

LANGER, G., FISHER, M.A. Concentration and particle size of cigarette-smoke
particles. Archives of Industrial Health 13(4):372-378, April 1956.

LAWTHER, P.J. Carbon monoxide. British Medical Bulletin 31(3):256-260, Septem-
ber 1975.

LEVER, J. (cited in Davies 1974).
LIPPMANN, M. Regional deposition of particles in the human respiratory tract. In:

Lee, D.H.K., Falk, H.L., Murphy, S.D., Geiger, S.R. (eds). Reactions to Environmen-
tal Agents. Handbook of Physiology, Sec. 9. Bethesda, Maryland, American
Physiological Society, 1977, pp. 213-232.

LUCK, W., NAU, H. Nicotine and cotinine concentrations in serum and milk of
nursing mothers. British Journal of Clinical Pharmacology 18(1)9-15, July 1984.

LUCK, W., NAU, H. Nicotine and cotinine concentrations in serum and urine of
infants exposed via passive smoking or milk from smoking mothers. Journal of
Pediatrics 107(5):816-820, November 1985.

221



MARTENS, A., JACOBI, W. Die in vivo Bestimmung der Aerosolteilschendeposition
in Atemtrakt bei Mund- bzw. Nasenatmung. In: Aerosole in Physik, Medizin und
Technik. Bad Soden, Federal Republic of Germany, Gesellschaft fur Aerosolfor-
schung, 1974, pp. 117-121.

MARTONEN, T.B., LOWE, J. Assessment of aerosol deposition patterns in human
respiratory tract casts. In: Marple, V.A., Liu, B.Y.H. (eds). Fundamentals and
Status. Aerosols in Mining and Industrial Work Environments, Vol. 1. Ann Arbor,
Ann Arbor Science Publishers, 1983a, pp. 151-164.

MARTONEN, T.B., LOWE, J.E. Cigarette smoke patterns in a human respiratory
tract model. In: Marple, V.A., Liu, B.Y.H. (eds). Fundamentals and Status.
Aerosols in Mining and Industrial Work Environments, Vol. 1. Ann Arbor, Ann
Arbor Science Publishers, 1983b, p. 171.

MARTONEN, T.B., PATEL, M. Computation of ammonium bisulfate aerosol deposi-
tion in conducting airways. Journal of Toxicology and Environmental Health
8(5/6):1001-1014, November-December 1981.

MATSUKURA, S., TAMINATO, T., KITANO, N., SEINO, Y., HAMADA, H.,
UCHIHASHI, M., NAKAJIMA, H., HIRATA, Y. Effects of environmental tobacco
smoke on urinary cotinine excretion in nonsmokers: Evidence for passive smoking.
New England Journal of Medicine 311(13):828-832, September 27, 1984.

McCUSKER, K., HILLER, F.C., WILSON, J.D., McLEOD, P., SIMS, R., BONE, R.C.
Dilution of cigarette smoke for real time aerodynamic sizing with a SPART
analyzer. Journal of Aerosol Science 13(2):103-110, 1982.

MEDICI, T.C., UNGER, S., RUEGGER, M. Smoking pattern of smokers with and
without tobacco-smoke-related lung disease. American Review of Respiratory
Disease 131(3):385-388, March 1985.

MITCHELL, R.I. Controlled measurement of smoke-particle retention in the respira-
tory tract. American Review of Respiratory Diseases 85(4):526-533, April 1962.

MUIR, D.C.F. Tobacco smoke inhalation. In: Rylander, R. (ed.). Environmental
Tobacco Smoke Effects on the Non-Smoker. Scandinavian Journal of Respiratory
Disease 91(Suppl.):44-46, 1974.

MUIR, D.C.F., DAVIES, C.N. The deposition of 0.5 µm diameter aerosols in the lungs
of man. Annals of Occupational Hygiene 10:161-l 74,  July 1967.

MURAMATSU, M., UMEMURA, S., OKADA, T., TOMITA, H. Estimation of personal
exposure to tobacco smoke with a newly developed nicotine personal monitor.
Environmental Research 35(1):218-227, October 1984.

MURAMATSU, T., WEBER, A., MURAMATSU, S., AKERMANN, F. An experimen-
tal study on irritation and annoyance due to passive smoking. International
Archives of Occupational and Environmental Health 51(4):30-317, April 1983.

NEAL, A.D., WADDEN, R.A., ROSENBERG, S.H. Evaluation of indoor particulate
concentrations for an urban hospital. American Industrial Hygiene Association
Journal 39(7):578-582, July 1978.

OKADA, T., MATSUNUMA, K. Determination of particle-size distribution and
concentration of cigarette smoke by a lightscattering method. Journal of Colloid
and Interface Science 48(3):461-469, September 1974.

PALMES, E.D., ALTSHULER, B., NELSON N. Deposition of aerosols in the human
respiratory tract during breath holding. In: Davies, C.N. (ad.). Inhaled Particles
and Vapors II. Oxford, Pergamon, 1966, pp. 339-349.

PATTISHALL, E.N., STROPE, G.L., ETZEL, R.A., HELMS, R.W., HALEY, N.J.,
DENNY, F.W. Serum cotinine as a measure of tobacco smoke exposure in children.
American Journal of Diseases of Childhood 139(11):1101-1104, November 1985.

PENKALA, S.J., DE OLIVEIRA, G. The simultaneous analysis of carbon monoxide
and suspended particulate matter produced by cigarette smoking. Environmental
Research 9(2):99-114, April 1975.

222



PHALEN, R.F., OLDHAM, M.J., BEAUCAGE, C.B., CROCKER, T.T., MORTENSEN,
J.D. Postnatal enlargement of human tracheobronchial airways and implications
for particle deposition. Anatomical Record 212(4):368-380, August 1985.

POLYDOROVA, M. An attempt to determine the retention of tobacco smoke by
means of membrane filters. In: Davies, C.N. (ed). Inhaled Particles and Vapors II.
Oxford, Pergamon Press, 1961, pp. 142-147.

PORSTENDÖRFER, J. Die Bestimmung der Grossenverteilung von Aerosolen mit
Hilfe der radioaktiven Markierung und der Spiralzentrifuge. Aerosol Science
4:345-354, 1973.

PORSTENDÖRFER, J., SCHRAUB, A. Concentration and mean particle size of the
main and side stream of cigarette smoke. Staub-Reinhultung der Luft 32(10):33-36,
October 1972.

PRITCHARD, J.N., BLACK, A. An estimation of the tar particulate material
depositing in the respiratory tracts of healthy male middle- and low-tar cigarette
smokers. In: Liu, B.Y.H., Pui, D.Y.H., Fissan, H.J. (eds). Aerosols: Science,
Technology, and Industrial Applications of Airborne Particles. New York, Elsevier
Science Publishing Company, Inc., 1984, pp. 989-992.

RAABE, O.G. Size-selective sampling criteria for the thoracic and respirable mass
fractions. Annals of the American Conference of Governmental Industrial Hygien-
ists (11):53-65, 1984.

RENNINGER, R.G., HILLER, F.C., BONE, R.C. The evaporation and growth of
droplets having more than one volatile constituent. Journal of Aerosol Science
12(6):505-515, 1981.

REPACE, J.L., LOWREY, A.H. Indoor air pollution: Tobacco smoke and public health.
Science 208:464-472, May 2, 1980.

ROSENBERG, J., BENOWITZ, N.L., JACOB, P. III, WILSON, K.M. Disposition
kinetics and effects of intravenous nicotine. Clinical Pharmacology and Therapeu-
tics 28(4):517-522, October 1980.

RUSSELL, M.A.H., COLE, P.V., BROWN, E. Absorption by nonsmokers of carbon
monoxide from room air polluted by tobacco smoke. Lancet 1(7803):576-579, March
17, 1973.

RUSSELL, M.A.H., FEYERABEND, C. Blood and urinary nicotine in nonsmokers.
Lancet 1(7900):179-181, January 25, 1975.

RUSSELL, M.A.H., WEST, R.J., JARVIS, M.J. Intravenous nicotine simulation of
passive smoking to estimate dosage to exposed nonsmokers. British Journal of
Addiction  80(2):201-206,  June 1985.

SCHILLER, C.F., GEBHART, J., HEYDER, J., RUDOLPH, G., STAHLHOFEN, W.
Deposition of Monodisperse Aerosol Particles in the 0.005-0.2 µm Size Range
Within the Human Respiratory Tract. Paper presented at the British Occupational
Hygiene Society Sixth International Symposium on Inhaled Particles, Cambridge,
September 1985.

SCHLESINGER, R.B., LIPPMANN, M. Selective particle deposition and bronchogenic
carcinoma. Environmental Research 15(3):424-431, June 1978.

SCHMAHL, D., CONSBRUCH, U., DRUCKREY, H. Fluoreszenzmessungen an
Zigarettenrauch. Arzneimittel-Forschung 4(2):71-75, February 1954.

SINCLAIR, D. Optical properties of aerosols. In: Handbook on Aerosols. From the
Summary Technical Report of Division 10, National Defense Research Committee,
U.S. Atomic Energy Commission, 1950, pp. 81-96.

SPENGLER, J.D., DOCKERY, D.W., TURNER, W.A., WOLFSON, J.M., FERRIS,
B.G., Jr. Long term measurements of respirable sulfates and particles inside and
outside homes. Atmospheric Environment 15(1):23-30, 1981.

STEWART, R.D. The effect of carbon monoxide on humans. Annual Review of
Pharmacology 15:409-423, 1975.

STÖBER, W. Lung dynamics and uptake of smoke constituents by nonsmokers: A
survey. Preventive Medicine 13(6):589-601, November 1984.

223



TANNENBAUM, S.R., BRYANT, M.S., SKIPPER, P.L., MACLURE, M. Hemoglobin
Adducts of Tobacco-Related Aromatic Amines: Application to Molecular Epide-
miology. Banbury Report Vol. 23, in press.

TU, K.U., KNUDSON, E.O. Total deposition of ultrafine hydrophobic and hygroscopic
aerosols in the human respiratory tract. Aerosol Science and Technology 3;453-465,
1984.

VOGT, T.M., SELVIN, S., HULLEY, S.B. Comparison of biochemical and question-
naire estimates of tobacco exposure. Preventive Medicine 8(1):23-33, January 1979.

WALD, N.J., BOREHAM, J., BAILEY, A., RITCHIE, C., HADDOW, J.E., KNIGHT, G.
Urinary cotinine as marker of breathing other people’s tobacco smoke. (letter).
Lancet 1(8370):230-231, January 28, 1984.

WALD, N., RITCHIE, C. Validation of studies on lung cancer in nonsmokers married
to smokers. (letter). Lancet 1(8385):1067, May 12, 1984.

WEBER, A., FISCHER, T. Passive smoking at work. International Archives of
Occupational and Environmental Health 47(3):209-221, 1980.

WELLS, P.V., GERKE, R.H. An oscillation method for measuring the size of
ultramicroscopic particles. Journal of the American Chemical Society 41(3):312-
329, March 1919.

WILSON, F.J., Jr., HILLER, F.C., WILSON, J.D., BONE, R.C. Quantitative deposition
of ultrafine stable particles in the human respiratory tract. Journal of Applied
Physiology 58(1):223-229, January 1985.

WOEBKENBERG, N.R., MOSTARDI, R.A., ELY, D.L., WORSTELL, D. Carboxyhemo-
globin and methemoglobin levels in residents living in industrial and nonindustri-
al communities. Environmental Research 26(2):347-352, December 1981.

XU, G.B., YU, C.P. Effects of age on deposition of inhaled aerosols in the human lung.
Aerosol Science and Technology 5(3):349-357,  1986.

YAMASAKI, E., AMES, B.N. Concentration of mutagens from urine by adsorption
with the nonpolar resin XAD-2: Cigarette smokers have mutagenic urine.
Proceedings of the National Academy of Sciences 74(8):3555-3559, August 1977.

224


