
Eur Respir J 1997; 10: 2384–2397
DOI: 10.1183/09031936.97.10102384
Printed in UK - all rights reserved

Copyright ERS Journals Ltd 1997
European Respiratory Journal

ISSN 0903 - 1936

Assessment of exposure to environmental tobacco smoke

M.S. Jaakkola*, J.J.K. Jaakkola**

*Finnish Institute of Occupational Health,
Helsinki, Finland. **Harvard University,
School of Public Health, Boston, MA, USA.

Correspondence: M.S. Jaakkola
Finnish Institute of Occupational Health
Topeliuksenkatu 41 aA, FIN-00250 Helsinki
Finland

Keywords: Biomarkers
exposure assessment
personal monitoring
questionnaires
tobacco smoke

Received: January 7 1997
Accepted after revision April 24 1997

Since the early 1980s, there has been growing con-
cern about potential adverse health effects related to
exposure to environmental tobacco smoke (ETS). Evidence
has accumulated on ill-health associated with ETS, and
such exposure has now been documented among chil-
dren and adults in many countries [1–8]. A major dif-
ficulty in studying the ill-health effects of ETS has been
assessing exposure, since this may occur in multiple set-
tings with highly variable concentrations and exposure
profiles may vary considerably during different age peri-
ods. Accurate and precise exposure assessment is cru-
cial, since health effects of ETS are likely to be relatively
small in magnitude. Appropriate exposure assessment is
also needed for inferring causality and for risk assess-
ment. In addition, exposure assessment is obviously nec-
essary for development of preventive strategies.

The purpose of this paper is to present a theoretical
framework for assessment of exposure to ETS, and to
review current methods of exposure assessment in order
to provide guidelines for choice of appropriate methods
for different types of study. General definitions and con-
cepts of exposure and its assessment will be presented,
followed by definitions and components of ETS. The
principles for assessment of ETS exposure will then be
presented. Current methods of assessment will be reviewed
in terms of their advantages and disadvantages, fol-
lowed by a very brief summary of the ill-health effects
of ETS. This allows the criteria for selection of the

appropriate method of assessing ETS exposure to be set
in context, and to be formulated as user guidelines.

Definitions of concentration, exposure and dose

Concentration

Concentration is the amount of a contaminant at a
particular location in a particular medium [9]. For exam-
ple, for an air pollutant it is the amount of the material
contained in a specified volume of air. Air pollutant
concentrations are usually expressed as mass per unit
volume, e.g. µg·m-3, and gaseous pollutants may also
be expressed as a mixing ratio with air, e.g. parts per
million (ppm) by volume. Air pollutant concentrations
vary in time and space.

Exposure

Exposure is defined as the contact of pollutant with a
susceptible surface of the human body [9–11]. For ETS,
this means contact with the eyes, the epithelium of the
nose, mouth and throat, and the lining of the airways
and alveoli. With respect to time, there are a number of
possible formulations, including instantaneous expo-
sure, peak exposure, average exposure over a specified
time period, and cumulative exposure [11].
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ABSTRACT: We present a theoretical framework for assessment of exposure to
environmental tobacco smoke (ETS), and review current methods in order to pro-
vide guidelines for different types of studies. Exposure assessment should include
both a quantitative dimension and consideration of time-specificity of exposure.

The ultimate aim is to measure the concentrations of ETS encountered by an
individual for different time periods in various microenvironments. The first step
is to identify an indicator of ETS. Personal monitoring of air nicotine and res-
pirable suspended particulates (RSPs) are the most direct assessment methods.
Indirect assessment methods include stationary measurements of tobacco smoke
constituents in different microenvironments and/or questionnaire-derived infor-
mation, modelled with time-activity information. Biomarkers, such as nicotine and/or
cotinine in body fluids or hair, can be used as surrogate measures of dose, although
they are usually affected by individual processes in the body after exposure.

The best approach to assess ETS exposure will depend on the aim of the study,
the health outcome, and the resources. Personal monitoring of nicotine or RSPs is
the best method in studies of short-term health effects with small study samples.
Stationary measurements of indoor air nicotine or RSPs are suitable for overall
monitoring of ETS in different microenvironments over time. Questionnaires and
interviews are suitable when studying health outcomes with a long latency period
and rare diseases requiring large study populations. Cotinine in body fluids and
nicotine concentration in hair can be used to assess cumulative exposure over days
or months, respectively. A combination of different methods is often the best
approach.
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Dose

Dose is defined as the amount of contaminant that
crosses a boundary of the body [9, 10, 12]. Dose varies
with the exposure concentration, the time course of expo-
sure, and with the physiological state of the individual,
including breathing pattern [9]. If the pollutant is absorb-
ed, for example across the lung epithelium into the blood,
the amount absorbed is the dose to the body, and the
pollutant that reaches the target organ of toxic action
is the biologically effective dose [9].

Assessment of exposure

According to the definition presented, exposure to a
pollutant implies the simultaneous presence of a per-
son and the pollutant at a particular location and at a
specified time. In the assessment of exposure, several
aspects of exposure profile should be considered. Table
1 summarizes the relevant aspects that should be con-
sidered in the assessment of exposure to airborne pol-
lutants.

Quantitative assessment of exposure

Quantitative assessment of exposure should include
the magnitude of the pollutant concentration in a spec-
ified environment, the duration of exposure, and the
time pattern of exposure [9].

Magnitude of the pollutant concentration. This is deter-
mined by the number and type of pollution sources in
a given environment and by the characteristics of the
environment. For air pollutants, important characteris-
tics include the volume of the polluted space, the rate
of air change and other factors affecting removal. The
relevant concentration for an individual's exposure to a
pollutant is the concentration in the breathing zone of
the person, which is also determined by the proximity
of the person to the pollution source.

Duration of exposure. This is the time period during
which a person is exposed to the pollutant in a speci-
fied microenvironment. A microenvironment refers to
"a three-dimensional space with a volume in which con-
taminant concentration is spatially uniform during some
specific time interval" [12].

Time pattern of exposure. This characterizes the expo-
sure over time experienced by an individual who moves
through time and space and encounters highly variable
pollutant concentrations.

Time-specificity of exposure

Important aspects of exposure assessment are related
to time-specificity of exposure. The critical question is:
what is the biologically relevant exposure? This varies
according to the pollutant and the health outcome of in-
terest. Time-specificity of exposure is a complex issue,
because several dimensions should be considered.

Time period or latency period from exposure to the
manifestation of the health outcome. Development of
different health outcomes requires variable time periods
after exposure has taken place. Potential health effects
of pollutants range from acute transient sensory and irri-
tant effects through short-term physiological reactions
to severe long-term diseases [13]. For example, expo-
sure to ETS may cause acute exacerbation of asthma or
development of lung cancer detected 10–20 yrs later.

Exposure-time profile. Different health outcomes are
related to different time profiles of exposure. For exam-
ple, respiratory symptoms may be related to repeated
high peak exposure levels, while development of lung
cancer may require cumulative exposure over long time
periods. Failure to recognize the relevant time profile
of exposure may lead to false-negative findings or to
biased estimates of effects.

Age period or maturation phase. For some health out-
comes, the biologically relevant exposure is that which
takes place during a susceptible age period or a sus-
ceptible phase of maturation. For example, exposure
taking place during a critical developmental phase of
the foetus can cause birth malformations, whereas sim-
ilar exposure at a later stage may have no serious effects.

Calendar time. When assessing health effects of pollu-
tants on populations, the relevant exposure may be that
taking place over a certain calendar time period. Such
information is often needed for risk management pur-
poses.

Prospective versus retrospective assessment of exposure

Exposure assessment can be made prospectively or
retrospectively, with important implications for vali-
dity issues. Prospective assessment takes place before the
manifestation of the health outcome. This is usually
preferable, since potential misclassification of exposure
by prospective assessment is likely to be nondifferen-
tial rather than differential. Unfortunately, prospective
assessment is often unfeasible, especially for diseases
with a long latency period. 

Retrospective exposure assessment takes place after
the manifestation of the health outcome. This type of
assessment is more likely to present problems regard-
ing the validity and precision of exposure estimates.
Differential misclassification is the major validity con-
cern. Recall bias may be a problem in retrospective
assessment: diseased subjects (or their surrogates) may
be more prone to recall exposure than nondiseased ones.

Table 1.  –  Relevant issues of exposure profile to be
considered in assessment of exposure to air pollutants

Quantitative assessment of exposure
Magnitude of the pollutant concentration in a specified microen-
vironment
Duration of exposure in a specified microenvironment
Time pattern of exposure

Variable pollutant concentrations encountered by an 
individual as he/she moves through time and space

Time-specificity of exposure
Time period or latency period from exposure to the manifes-
tation of the health outcome of interest
Relevant exposure-time profile

Peak exposure concentration, average exposure, or 
cumulative exposure

Susceptible age period or maturation phase
Calendar time 
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Precision of exposure assessment is dependent on how
well the actual exposure can be reconstructed from the
information available at the time of assessment. Factors
such as available information on the distributions and
strength of exposure sources, measurements of pollut-
ant concentrations, and information on activity patterns
of the subjects affect the precision of exposure esti-
mates. The potential impacts of different types of expo-
sure misclassification on health effect estimates are
discussed later, in the context of validity issues.

Definitions and components of environmental
tobacco smoke

Exposure to ETS is defined as the exposure of a per-
son to tobacco combustion products from smoking by
others [14]. Passive smoking and involuntary smoking
are synonymous terms. Exposure to ETS is also used
to describe exposure of a foetus to tobacco combustion
products and/or their metabolites from an actively or
passively smoking mother [2].

Tobacco smoke contains over 4,500 compounds found
in both vapour and particle phases. These compounds
include five known human carcinogens, 10 probable
human carcinogens, three animal carcinogens and many
toxic agents, such as carbon monoxide, ammonia, acro-
lein, acetone, nicotine and nitrogen oxides [6]. Tobacco
smoke also contains respirable suspended particulates,
which contain dicyclic and polycyclic aromatic hydro-
carbons, some of which are known animal carcinogens.

Mainstream smoke is tobacco smoke generated dur-
ing puff-drawing in the burning cone of a tobacco prod-
uct, which is inhaled directly by the smoker before it
is released into the surrounding air [2]. Sidestream smoke
is defined as a combination of: 1) smoke emitted into
the air during burning of a tobacco product between
puffs; 2) smoke escaping into the surrounding air dur-
ing puffs; and 3) smoke components that diffuse thro-
ugh cigarette paper [2]. ETS is composed of sidestream
smoke and exhaled mainstream smoke, the former con-
tributing to nearly all of the vapour-phase constituents
and over half of the particulate matter [6]. Mainstream
and sidestream smoke are qualitatively similar in chem-
ical composition, but due to differences in the burning
conditions the quantities of constituents are different.
The cigarette burns at a higher temperature during inhala-
tion, leading to more complete combustion in mainstream
smoke. Thus, sidestream smoke contains considerably
higher concentrations of many carcinogenic and toxic
substances than the mainstream smoke; for example, the
five known and the 10 probable human carcinogens are
enriched in the sidestream smoke; table 2 presents the
ratios of sidestream smoke to mainstream smoke emis-
sions of selected compounds from filterless cigarettes.
A filtered cigarette can produce substantially reduced
mainstream smoke emissions compared to filterless cig-
arettes, while the sidestream smoke emissions show lit-
tle variability between the two types [6].

Assessment of exposure to ETS

The basic aim in the assessment of exposure to ETS
is to measure the concentrations of ETS encountered by
an individual for different time periods as he/she moves

through various microenvironments, such as home, work-
place and public places. Figure 1 illustrates the concepts
of exposure assessment by an example of ETS expo-
sure in an office worker. The ordinate shows the con-
centrations that the individual encounters in different
microenvironments, indicated by m1, m2, etc. The ab-
scissa shows the time that the individual spends in each
microenvironment, indicated by t1, t2, etc. In the morn-
ing, for example, the individual is exposed to smoking
by her husband at the breakfast table, shown by m1 and
t1. She then takes a bus to work and encounters little
exposure (m2, t2). In the workplace, she is exposed to
smoking by colleagues (m3, t3). She takes lunch at a
restaurant, where the ETS concentration is high (m4, t4).

Table 2.  –  Emissions of selected tobacco smoke con-
stituents in fresh, undiluted mainstream smoke (MS) and
diluted sidestream smoke (SS) from unfiltered cigarettes
according to the US Environmental Protection Agency
(EPA) report [6]

Constituent  Emissions in MS SS/MS ratio

Known human carcinogens
Benzene 12–48 µg 5–10
2-Naphthylamine 1.7 ng 30
4-Aminobiphenyl 4.6 ng 31
Nickel 20–80 ng 13–30
Polonium-210 0.04–0.1 pCi 1–4
Probable human carcinogens
Formaldehyde 70–100 µg 0.1–50
Hydrazine 32 ng 3
N-Nitrosodimethylamine 10–40 ng 20–100
N-Nitrosodiethylamine ND–25 ng <40
N-Nitrosopyrrolidine 6–30 ng 6–30
1,3-Butadiene 69.2 µg 3–6
Aniline 360 ng 30
Benzo[a]pyrene 20–40 ng 2.5–3.5
N-Nitrosodiethanolamine 20–70 ng 1.2
Cadmium 110 ng 7.2
Toxic substances
Carbon monoxide 10–23 mg 2.5–4.7
Acrolein 60–100 µg 8–15
Ammonia 50–130 µg 3.7–5.1
Nitrogen oxides 100–600 µg 4–10

PCi: picocurie (1 Curie = 3.7×1010 Becquerel); ND: nonde-
tectable.
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Fig. 1.  –  An example of environmental tobacco smoke (ETS) expo-
sure of an office worker. The ordinate shows the concentrations that
the person encounters in a number (i) of different microenvironments
(mi). The abscissa shows time periods that the person spends in each
microenvironment (tj).       : mean concentration. For further expla-
nation see text.
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Afterwards she is again exposed to smoking at work
(m5, t5). Later, she encounters relatively low ETS lev-
els, while shopping (m6, t6), and somewhat higher lev-
els at home due to spouse smoking (m7, t7). 

Depending on the objective of the study, the expo-
sure of interest may be the mean ETS concentration,
indicated by the horizontal line in figure 1, or the cumu-
lative exposure, indicated by the area under the con-
centration-time curve. Time-specific exposure assessment
can be made by measuring the concentrations that the
person encountered during a specified time period, for
example time period t4, indicated by the bold line on
figure 1. This framework forms the basis for different
methods of ETS exposure assessment, discussed later.

Since environmental tobacco smoke is a complex
mixture of gases and particulate matter, ETS exposure
is in reality composed of numerous concentration-time
curves of different compounds. Relatively little is known
about the importance of individual constituents in caus-
ing adverse health effects, and interactions between dif-
ferent compounds may also play an important role.
Thus, assessment of exposure to the entire ETS mixture
is relevant. The first step in exposure assessment is to
identify an indicator (or a marker) of ETS, that can be
measured and that represents the magnitude, duration
and frequency of ETS exposure [6]. It is more feasible
to measure one indicator compound, than several or all
compounds. Further, by selecting a good indicator, it is
possible to assess overall exposure to the complex mix-
ture. An indicator may be a chemical compound mea-
sured in the air, a variable derived from questionnaire
responses, a metabolite measured in biological speci-
mens, or an estimate derived by modelling [6, 15]. Ideally,
an indicator of ETS should vary with the source stren-
gth, and be easily and accurately measured at an afford-
able cost. If it is a chemical compound in the air or a
biomarker, it should be unique to tobacco smoke, be eas-
ily detectable in air or biological specimens at low con-
centrations, and should occur in a consistent ratio to
other components of ETS that are related to health con-
cerns [16]. 

In this paper, direct and indirect methods of ETS
exposure assessment are introduced. The strengths and
limitations of these methods are discussed in relation to
the requirements set for an ideal indicator, as well as in
relation to validity issues.

Validity issues

Any assessment method of exposure to ETS should
be valid (i.e. accurate), and therefore not influenced by
systematic errors. Such a method should also be reli-
able (i.e. precise), so that the random error affecting the
estimates is within acceptable limits.

Measurement validity is defined as the degree to which
a measurement measures the phenomenon that it pur-
ports to measure [17]. Validation of ETS exposure as-
sessment methods is problematical, since there is no
gold standard. The validation is, thus, based on compa-
ring results obtained with one method to those obtained
with the other "nonideal" methods [18]. Measurement
validity comprises three dimensions [17, 19].
1) Content validity describes the extent to which the
measurement incorporates the domain of the phenome-

non under study. For example, assessment of ETS expo-
sure should include all important microenvironments
where exposure takes place.
2) Criterion validity describes the extent to which the
measurement correlates with the phenomenon being stud-
ied. For example, questionnaire-derived assessment of
ETS exposure could be compared with personal moni-
toring of an indicator compound in the air, but, as men-
tioned above, no gold standard method is available for
ETS.
3) Construct validity describes the extent to which the
measurement corresponds to the theoretical concepts or
constructs concerning the phenomenon under study. For
example, when assessing ETS exposure, the relevant time
period is dependent on the mechanisms underlying the
health outcome of interest.

Reliability of exposure assessment refers to the sta-
bility of the measurement results and is tested by exam-
ining repeatability of the results. Reliability encompasses
the nonsystematic, random variation observed upon re-
peated measurements [17, 19].

Measurement error or misclassification of ETS expo-
sure can be nondifferential, i.e. it is not related to the
health outcome status. This type of misclassification leads
to an imprecise estimate of exposure, which generally
leads to an underestimation of any true effect of expo-
sure on health. Such misclassification will, thus, re-
duce the sensitivity of the study to detect small adverse
effects, which is relevant to studies of ETS. In a quan-
titative study, a random measurement error may bias the
estimate of effect per unit of exposure [20].

Misclassification can also be differential, i.e. related
to the health outcome status. This type of misclassifi-
cation can bias the results of a study in either direction,
so that a spurious relationship may be created or an
existing relationship may go undetected. Recall bias,
described earlier, is a special case of differential mis-
classification. Another type of information bias is caused
by more complete assessment of exposure in the diseased
than in the nondiseased subjects.

Direct assessment methods

Figure 2 shows a diagram of the chain of elements
leading to exposure of an individual and finally to a bio-
logically effective dose. ETS is produced by the sources,
that is smokers, present in the same space as the indivi-
dual. The source strength is determined by the number
of smokers and their smoking pattern. Environmental
factors, including the volume of the polluted space, the
ventilation system, and other factors affecting removal
of ETS, modify the concentration of ETS encountered
in a given environment. In addition to the concentration
of ETS, the uptake depends on breathing rate, mouth
versus nose breathing, airway geometry and other res-
piratory factors, and, thus, modifies the dose received
by the human body. The biologically effective dose is
determined by individual processes taking place after
uptake, including metabolism and elimination of the com-
pound. For some health effects, such as irritation of
mucous membranes, the dose received by the body is
very similar to the biologically effective dose, but for
other effects, such as cancer, individual metabolism and
elimination greatly influence the biologically effective



dose. Figure 2 illustrates exposure in a given micro-
environment. The total exposure of an individual is
determined by concentrations of ETS and time intervals
spent at different microenvironments.

Personal monitoring. Personal monitoring of relevant
tobacco smoke components can be considered as the
most direct method to assess ETS exposure. Personal
monitoring measures the contact of an individual with
different concentrations of a pollutant in the course of
his/her normal activities, using samplers worn for sev-
eral hours to several days [12]. Personal monitoring usu-
ally measures an integrated exposure across a variety of
environments occupied by the person over time. Con-
tinuously recording instrumentation with data-logging
capacity has also been developed [9, 21]. The samplers
can be passive, working on the principle of diffusion,
or active pumps, collecting and concentrating the air
contaminant for further analysis or drawing air through
a direct-reading detector [6, 12]. 

Limitations of personal monitoring methods to assess
ETS exposure include the following: 1) they can only
be used for relatively short time periods; 2) the time
period during which monitoring is carried out may not
be representative of an individual's normal activities in
the long run; 3) they are presently not available for all
components of ETS related to health concern; and 4)
they are time-consuming and expensive, and thus, may,
not be feasible in studies with large samples.

Vapour-phase nicotine and respirable suspended parti-
culates. Vapour-phase nicotine and respirable suspended
particulates (RSPs) are the most commonly measured in-
door air indicators of ETS, although personal monitoring
equipment is available also for some other components of
tobacco smoke, such as carbon monoxide, nitrogen oxi-
des and formaldehyde [12, 15]. The advantages of nico-
tine and RSPs include the availability of validated and
easy measurement methods, existing knowledge of their
emission rates from tobacco combustion, and knowledge
of their relation to other ETS components [6].

Nicotine is emitted in side-stream smoke particle
phase and evaporates as it is diluted. It is suitable as an
indicator of ETS, since it is specific to tobacco com-
bustion and is emitted in large quantities in ETS [6].
Nicotine can be collected on a glass fibre backup filter
treated with sodium bisulphate and analysed by gas

chromatography [22–24].
A disadvantage of vapour-
phase nicotine as an ETS
indicator is its high adsorp-
tion rate to indoor surfaces
and a tendency to be re-
emitted even in the absence
of active smoking. This pro-
perty can change its con-
centration  relative to other
ETS constituents.

Respirable suspended par-
ticles are defined as parti-
cles with an aerodynamic
diameter of <10 µm. RSP
samples can be collected on
Fluoropore or Teflon filters

applying cyclone or impactor separators to collect res-
pirable particles, and the RSP sample is then assessed
by gravimetric, optical or piezoelectric methods [16, 21,
25, 26]. RSPs contain compounds that are probably
responsible for adverse health effects, such as poly-
cyclic aromatic hydrocarbons and tobacco-specific N-
nitrosamines. A disadvantage is that RSPs are not specific
for tobacco combustion, and other important indoor and
outdoor sources have to be taken into account when
using RSPs as an ETS indicator.

Selected examples of personal monitoring of RSP and
nicotine. SPENGLER et al. [27] reported an extensive
study using a personal monitoring method in the assess-
ment of ETS-related RSP. In the study, 24 h personal
RSP exposures were recorded with the Harvard/EPRI
sampling system (Harvard School of Public Health,
Boston, MA, USA) in 101 nonsmoking subjects living
in two rural Tennessee communities [25, 27]. Exposure
measures recorded with personal monitoring were com-
pared with simultaneously collected home indoor and
outdoor RSP concentrations. Ambient RSP pollution
measurements were consistently smaller than exposures
by personal monitoring by, on average, 25 µg·m-3, indi-
cating the strong influence of indoor environment on
personal exposures. Correlations between home indoor
RSP concentrations and personal RSP exposures were
high. ETS at home was a substantial contributor to per-
sonal RSP exposure, the average personal RSP expo-
sure being 28 µg·m-3 higher in subjects exposed to ETS
at home, compared to those not exposed at home. Predic-
tive regression models including home ETS exposure
explained 16–17% of the variation in personal RSP con-
centrations. To illustrate the importance of home ETS
exposure for personal RSP exposures, figure 3 shows
the cumulative frequency distributions of ambient and
personal RSP concentrations of the ETS-exposed and
non-ETS-exposed groups.

COGHLIN et al. [28] compared indices based on ques-
tionnaire and seven-day diary of ETS exposure during
1 week with weekly nicotine levels collected with pas-
sive personal monitors in 53 nonsmoking volunteers.
Based on the personal monitoring measurements, air
nicotine concentrations averaged over the week ranged
0.11–11 µg·m-3 with a median of 2.8 µg·m-3 in the first,
and 1.7 µg·m-3 in the last phase of the study. Nicotine
concentrations in selected social situations, such as in
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Fig. 2.  –  The chain of elements that lead to exposure of an individual to environmental tobacco smoke
(ETS) and the factors that determine the resulting dose to the human body and the biologically effective
dose. Different environmental and intrinsic factors that influence or modify exposure and dose are illustrated.
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bars and restaurants, ranged 6–82 µg·m-3. An index of
ETS exposure (hsp index), summing reported exposure
in all locations over 7 days and weighted according to
the number of hours of exposure (h), the number of
smokers present (s) and the proximity of smokers (p),
provided the best correlation with nicotine levels obtained
by personal monitoring. The correlation coefficient (r)
was 0.910 for the questionnaire-based index and 0.948
for the diary-based index. ETS exposure index was fur-
ther refined by taking into account a measure of ETS
intensity in certain situations, and this index predicted
closely the nicotine levels obtained by personal moni-
toring with an r2 of 0.98 for both the questionnaire-
based and diary-based indices.

Indirect assessment methods

Indirect assessment methods of ETS exposure refers
here to the approach by which information is collected
about: 1) concentrations of indoor air tobacco smoke
constituents or ETS sources in different microenviron-
ments; and 2) time periods spent by individuals in each
microenvironment, and subsequent indirect exposure
assessment made by combining the available informa-
tion either with mathematical formulas or by modelling
approaches. On the basis of collected data the follow-
ing matrix can be formed:

t0 t1 t2 t3 t4

m1 c10 c11 c12 c13 c14
m2 c20 c21 c22 c23 c24
m3 c30 c31 c32 c33 c34
m4 c40 c41 c42 c43 c44

where mi refers to a number (i) of different microenvi-
ronments, for example, home, workplace, restaurant etc.
The symbol tj refers to a number (j) of time periods
spent in each microenvironment, and may refer either
to calendar time or a certain age period. The symbol cij

refers to the concentration of pollutant in each of the

microenvironments at each of these times, based either
on actual measurements or on estimates derived by
modelling. Modelling approaches may include infor-
mation on the number and strength of ETS sources in
each microenvironment and on modifying environmen-
tal factors. From this matrix, total cumulative exposure
of an individual (Etot) can be estimated by multiplying
the pollutant concentration in each microenvironment
(cij) by the time spent in that environment (tij) and sum-
ming the time-weighted concentrations, as indicated by
the following formula:

Etot = Σcij × tij

Time-specific exposure can be estimated in a similar
way by focusing on relevant time periods instead of
total exposure, for example by calculating cumulative
exposure during a specified age period.

Stationary measurements. Several components of tobac-
co smoke have been measured in indoor air as potential
indicators of ETS, including nicotine, carbon mono-
xide, nitrogen dioxide, aromatic hydrocarbons, aldehy-
des, acrolein, acetone, benzene, toluene, N-nitrosamines,
and RSP [6]. If concentrations of a specified tobacco
smoke component are measured in all microenvironments
occupied by an individual and this information is com-
bined with detailed time-activity information to assess
total exposure of that individual, the stationary moni-
toring method approaches direct personal monitoring of
exposure. However, more often data is available on
mean concentrations of compounds in different types of
microenvironments and this information is then com-
bined with individual time-activity data to provide an
indirect estimate of the  individual's exposure.

Concentrations of ETS constituents vary between indoor
locations and over time. Factors that influence or mod-
ify indoor concentrations of ETS constituents include:
1) the number of smokers and their smoking pattern; 2)
the volume of the space; 3) the ventilation or infiltration
rate of the indoor space; 4) the concentration of the con-
taminant in the ventilation or infiltration air; 5) air mix-
ing in the space; 6) removal of contaminant by surfaces
or chemical reactions; 7) re-emission of contaminant by
surfaces; and 8) the effectiveness of any air cleaners that
may be present [6, 16]. Limitations of stationary mea-
surement methods include: 1) indoor and outdoor sour-
ces of contaminants, other than combustion of tobacco,
leading to low specificity; 2) difficulties in measuring
low concentrations of pollutants, leading to low sensi-
tivity; 3) the fact that only relatively short time periods
can be monitored; and 4) high cost of measurements.

Vapour-phase nicotine and RSP. Vapour-phase nicotine
and RSP are again the most commonly used indicators
of the presence and concentration of ETS [6]. At pre-
sent there are a number of validated and inexpensive
active monitoring methods for indoor air nicotine and
RSP, and for nicotine there are also passive monitoring
methods. The advantages and limitations of using these
compounds in the assessment of ETS exposure have
already been discussed in the context of personal mon-
itoring.

Selected studies of indoor air nicotine and RSP. Cham-
ber studies have demonstrated that indoor air nicotine

Fig. 3.  –  Cumulative frequency distributions of central site ambient
(       ) and personal RSP concentrations of environmental tobacco
smoke (ETS)-exposed (      ) and non-ETS-exposed (-------) subjects
among 101 nonsmoking adults from two rural Tennessee communi-
ties. ETS-exposed subjects lived in households with at least one smok-
er and non-ETS-exposed subjects lived in nonsmoking households.
(Reprinted, with permission, from [27]. American Chemical Soc-
iety, 1985).
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and RSP concentrations vary with the ETS source strength,
and measurements in field studies have shown that their
residential concentrations correlate highly with the re-
ported amount of smoking [29–32]. For example, LEADERER

and HAMMOND [30] reported a field study of 96 resi-
dences in Onondaga and Suffolk Counties in New York
State, USA, where indoor air vapour-phase nicotine and
RSP were monitored over a period of 1 week. Weekly
nicotine and RSP indoor levels were shown to be relat-
ed in a linear fashion with the reported number of cig-
arettes smoked in the house during that period, as shown
in figure 4. The ratio of RSP: nicotine was around 11,
which was in accordance with other field studies yield-
ing estimates ranging 9–10 [33, 34]. Vapour-phase nico-
tine was thus judged to be a good predictor for ETS-related
RSP. The impact of smoking on indoor RSP levels was
pronounced in the study, since residences reporting smok-
ing had RSP levels on average three times those mea-
sured in residences that reported no smoking (44 versus
15 µg·m-3).

Questionnaires and interviews. Questionnaires and
interviews are the most commonly used exposure ass-
essment method in studies of health effects of ETS.
Information on ETS sources and time-activity patterns
of individuals can be used to assess exposure indirect-
ly, utilizing modelling approaches. There are several
advantages in the use of questionnaires, which have
contributed to their position as the assessment method
of choice. These include the following: 1) question-
naires can provide detailed information on ETS source
strength; 2) they can provide exposure information ret-
rospectively, when it is no longer possible to make mea-
surements of air pollutant concentrations or biomarkers;
3) they can provide information on long-term exposure,
which is relevant for many health effects; 4) they can
provide simultaneous information on time-activity pat-
tern and modifying environmental factors; 5) they can
provide information on possible confounders in studies
of health effects; 6) they are the least expensive method
to obtain information on ETS exposure and are, thus,
suitable for studies with large sample sizes. On the other
hand, there are also many concerns associated with
questionnaire assessment, including: 1) lack of a gold
standard with which to validate questionnaires; 2) lack
of commonly accepted standardized questionnaires; and
3) the possibility of misclassification of exposure for
several reasons [6]. Misclassification may result from
the respondents' failure to recall exposure precisely, in-
tentional false reporting of exposure, and biased recall.
The first results in nondifferential misclassification of
exposure and leads to an underestimation of any true
health effect. The other two factors lead to differential
misclassification of exposure, which can bias the esti-
mates of health effects either away from or towards the
null. In retrospective studies, recall bias could lead to
an overestimation of any true effect of ETS or even to
the creation of a spurious relation, if diseased subjects
are more prone to recall exposure than nondiseased
ones. Recall bias has become a more pertinent issue dur-
ing recent years, since the public awareness of adverse
health effects related to ETS has increased. In addition,
failure of the questions to elicit relevant information on
exposure, and the potential effect of the interviewer's

knowledge of disease status on interpretation of results
or on completeness of exposure assessment may also
result in misclassification of exposure.

Validation of questionnaires. Different strategies have
been used in an attempt to validate questionnaires for
ETS exposure assessment, but as mentioned above,
there is no gold standard. Personal monitoring and sta-
tionary measurements of indoor air contaminants, and
measurements of cotinine in body fluids only reflects
relatively short-term ETS exposure, which may differ
considerably from the subject's usual long-term expo-
sure. In addition, cotinine in body fluids also reflects
processes that have taken place in the body after expo-
sure, as will be discussed later. Despite these problems,
residential indoor air levels and personal monitoring of
nicotine and RSP have shown good agreement with
questionnaire-reported intensity of smoking in the envi-
ronment in several studies [28–30, 32, 35]. In the study
by LEADERER and HAMMOND [30], which examined res-
idential indoor air nicotine and RSP levels over a week
in relation to questionnaire responses on the amount of
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Fig. 4.  –  a) One-week vapour phase nicotine concentrations and b)
one-week respirable suspended particle (RSP) concentrations mea-
sured in the main living area of 96 residences versus the number of
questionnaire-reported cigarettes smoked during the air sampling
period. Numbers 1–9 refer to the number of observations at the same
concentrations. Closed circles indicate that cigar or pipe smoking was
reported. Data from residences in Onondaga and Suffolk Counties in
New York State. T: total number of cigarettes. (Reprinted, with per-
mission, from [30]. American Chemical Society, 1991).
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smoking, the reported source intensity proved to be the
dominating contributor to indoor nicotine and RSP con-
centrations. Only a very small additional variation in
these concentrations was attributable to other factors,
such as the house volume and infiltration rate. On the
other hand, 28% of the residences reporting household
smoking had no detectable levels of indoor nicotine,
while nicotine was measured in 13% of the residences
reporting no smoking. It should be noted that the loca-
tion of smoking was not asked, which could increase
misclassification, for example if smoking took place
only outdoors. EMERSON et al. [32] assessed construct
validity of ETS exposure assessment, which was based
on parental reporting among asthmatic children. They
formed a number of a priori hypotheses concerning
relation between ETS exposure and positive, negative
or null effects, and studied how many of these relation
were actually found in the data in the expected direc-
tion. Approximately 80% of the hypothesized relatio
were confirmed by the data.

Questionnaire-derived measures of the amount of
ETS exposure have shown only moderate correlations
with body fluid cotinine concentrations [3, 7, 36, 37].
In studies among adults, no more than 29% of the vari-
ance in cotinine levels could be explained by questionn-
aire-based multivariate approaches, while among children,
parental smoking explained up to 44% of the variance
in salivary cotinine concentrations [3, 7, 36–38]. In a
recent study by O'CONNOR et al. [39], three methods to
measure ETS exposure were compared in 415 pregnant
women: personal monitoring of air nicotine, urine coti-
nine, and questionnaire. Women reporting ETS expo-
sure had significantly higher levels of air nicotine exposure
compared with women reporting no exposure, whereas
urine cotinine did not differ between these groups.
Agreement was deemed fair (Kappa=0.29) between
self-reported exposure and personal monitoring of air
nicotine, but poor between urine cotinine and both self-
report (Kappa=0.08) and air monitoring (Kappa=0.10).
In summary, studies seem to indicate that questionnaire-
reported exposure shows better agreement with air pol-
lutant concentration measurements than with cotinine
concentrations. Hair nicotine is a relatively new biomar-
ker reflecting exposure over a longer time period, and
will be discussed in more detail later. Recently, signifi-
cant quantitative relationships were shown between ques-
tionnaire-reported ETS exposure and hair nicotine
concentrations in children and nonsmoking mothers [40].
However, a large variation was detected in hair nicotine
concentrations among children with similar maternal and/
or paternal smoking habits. Under-reporting of parental
smoking, and differences in building ventilation, expo-
sure times and distance from the source, as well as poten-
tial differences in hair nicotine uptake, were suggested
as possible explanations for the observed variation.

Reliability of questionnaire assessment. Reliability of
questionnaire assessment of ETS exposure has been
tested in several studies [32, 41, 42]. COULTAS et al. [42]
studied repeatability of questionnaire responses on life-
time ETS exposure at home on two occasions within
6 months. Adult subjects reliably report smoking by
household members during their childhood, with a con-
cordance of >90% for parents. Concordance was 100%

for reports of spouse smoking during adulthood. Also,
the number of years during which household members
smoked was reported reliably, but assessment of the
amount of smoking was less reliable. EMERSON et al.
[32] explored the reliability of parent-reported ETS ex-
posure of asthmatic children on two occasions 2 months
apart among families attending four asthma clinics in
San Diego, USA. The children were aged 6–17 yrs.
Test-retest reliability assessments were conducted simul-
taneously for urine cotinine measurements in children
and measurements of home indoor air nicotine during
a 2 week period. Intraclass correlation coefficient was
0.86 for parent-reported use of tobacco in the home dur-
ing the past week and 0.76 for parent-reported number
of cigarettes to which the child was exposed at home
during the past week. The correlation coefficient was
also high for air monitoring results of nicotine (0.72),
but was low for urine cotinine (0.04). CUMMINGS et al.
[43] compared subjects' own questionnaire reports of
ETS exposure in childhood and adulthood with reports
of surrogates, including parents, siblings, spouse, other
household members and co-workers. A good agreement
was shown between subject and surrogate reports of
most ETS exposure measures, including the number of
smokers in different exposure environments, the num-
ber of years exposed, and an exposure index taking into
account the intensity of exposure.

Selected examples of questionnaires on ETS exposure.
Questionnaires and interviews have been used fre-
quently in studies of health effects of ETS, but the ques-
tions often provided qualitative rather than quantitative
assessment of ETS exposure, such as "Do you live with
a smoker?" or, "Are you exposed to ETS at work?" Such
a dichotomous exposure classification leads to impre-
cise exposure assessment, which may cause underesti-
mation of any true effect and thus reduce the sensitivity
of the study. As discussed earlier, assessment of expo-
sure in studies of health effects should include both
quantitative assessment and consideration of the time-
specificity of exposure. Recently, there have been at-
tempts to develop standardized questionnaires allowing
accurate and precise ETS exposure assessment for stud-
ies of health effects [37, 44–48].

At the Respiratory Epidemiology Unit of McGill
University, we designed Questionnaires on Indoor Air
Quality with the aim of providing information for both
quantitative and time-specific assessment of ETS expo-
sure [44–47]. The questionnaires included information
on ETS source intensity and duration of exposure [37,
44–47]. Questions to assess ETS source intensity focu-
sed on the number of smokers in the household of the
subject and their smoking rate, and on the usual smok-
ing conditions in the workplace. Questions to assess re-
cent exposure also covered microenvironments other
than home and workplace, such as different social set-
tings and vehicles. Information on ETS was requested
for different age periods. Quantitative ETS exposure
indices for different microenvironments and for differ-
ent age periods were then calculated based on the col-
lected information [37, 44–47].

In 1989, LEBOWITZ et al. [48] reported what was
termed a Standard Environmental Inventory Questionnaire,
developed for assessment of exposure to residential indoor



air contaminants. The questionnaire included questions
on ETS source intensity and on housing factors related
to removal mechanisms of pollutants, thus allowing a
quantitative exposure assessment. The questionnaire
inquired about the number of cigarettes, pipefuls of tobac-
co and/or cigars smoked in the living quarters during
the most recent weekday as well as during the most
recent weekend day.

Time-activity pattern and modifying environmental fac-
tors. Questionnaires, recall interviews, and self-admin-
istered diaries have been used to determine time-activity
patterns of individuals [9, 13, 49, 50]. These methods
can cover fixed or individually chosen time periods and
categories of microenvironment [18, 48]. Usually, a 24
h time-activity pattern is recorded, but the problem of
the relationship between a 24 h pattern and a normal
pattern over time has yet to be solved. Validation of this
type of information is difficult. One study used a data-
logger carried for 3–5 days to determine the validity of
a self-completed recall diary [50]. Good agreement was
found for commonly visited locations, e.g. bedroom, bath-
room and workplace, but poorer agreement was found
for locations visited infrequently or for short time peri-
ods, e.g. cellar and vehicle. In addition, questionnaires
can provide information on environmental factors mod-
ifying ETS concentrations in different microenviron-
ments, including the volume of the occupied space, the
ventilation system, the use of any air cleaners, etc. [48].
Modelling approaches combining measured or estimat-
ed pollutant concentrations with time-activity patterns
of individuals can be developed to provide an indirect
assessment of total cumulative or time-specific ETS ex-
posure.

Biomarkers

A biomarker of exposure to an air pollutant refers to
an exogenous substance or its metabolite, or the prod-
uct of interaction between a xenobiotic agent and some
target molecule, that can be measured in a compartment
within the human body, such as tissues, cells, fluids or
expired air [51]. A detectable biomarker indicates that
exposure to an air pollutant has taken place and that
intake of a contaminant has occurred. Levels of bio-
markers are affected by processes taking place in the
body after exposure has occurred, including the uptake,
distribution, metabolism, and elimination of the mea-
sured compound [6, 12]. Biomarkers can thus be con-
sidered as surrogate measures of dose, rather than direct
or even indirect measures of exposure. When using bio-
markers in the assessment of dosimetry of exposure, it
should be kept in mind that the relation between a bio-
marker and the exposure is complex due to the process-
es described. Ideally, a biomarker of ETS should: 1) be
specific to tobacco combustion; 2) have a long half-life
in the body; 3) be related in a quantitative fashion to a
prior exposure regimen; 4) be either the agent associ-
ated with health effects or be strongly and consistently
associated with such an agent; 5) be detectable in trace
quantities with high precision; 6) be measurable in sam-
ples collected by noninvasive techniques; and 7) be
inexpensive to assay [6, 15]. In practice, an ideal bio-
marker of ETS has been difficult to find.

Several potential biomarkers of ETS have been explor-
ed, including carboxyhaemoglobin, thiocyanate, nicotine
and cotinine, DNA adducts, and protein adducts. Thio-
cyanate concentrations in body fluids, carbon mono-
xide in expired air, and carboxyhaemoglobin are not
specific and sensitive enough for ETS, although they
have been useful in distinguishing active smoking from
nonsmoking [5, 15]. Nicotine and its metabolite coti-
nine, measured in plasma, urine or saliva, are the most
widely used biomarkers of ETS, but there are also sev-
eral problems related to their use. Hair nicotine content
is a new biomarker with some advantages over the pre-
vious ones.

Nicotine and cotinine in body fluids. The advantages of
nicotine and cotinine in body fluids as biomarkers of
ETS include their relatively high sensitivity and speci-
ficity for tobacco combustion and the availability of ac-
curate measurement methods at low concentrations [6].
However, there are many limitations related to their use,
including: 1) a short half-life in the body fluids, so that
they represent only very recent ETS exposure, which
may be relevant for some, but not all, health outcomes
of interest; 2) considerable intersubject variability due
to differences in uptake, metabolism and elimination;
and 3) the likelihood that they are not active agents in
causing adverse health effects [6, 52]. The specificity
of these biomarkers for tobacco smoke has recently been
questioned, since plant sources other than tobacco have
been identified, including plants from the Solanaceae
family (e.g. tomato and potato), cauliflower and tea [53,
54]. On the other hand, contribution of dietary sources
of nicotine to serum cotinine levels is estimated to be
small in comparison to ETS exposure [55].

Nicotine has a very short half-life of approximately
2 h in the blood and is metabolized and excreted in the
urine [6]. Cotinine is one of the major metabolites of
nicotine. It has a somewhat longer half-life, and has
largely replaced nicotine measurements in body fluids.
Among adult nonsmokers exposed to ETS, the half-life
of cotinine ranges 1–2 days (7–40 h), and is somewhat
longer among children, ranging 32–82 h, and even up
to 160 h in neonates [6, 56, 57]. Cotinine can be mea-
sured in plasma, urine and saliva, and the choice of the
optimal body fluid is still a controversial question [5,
58]. Cotinine can be quantified with a double antibody
radioimmunoassay [56], with an enzyme-linked immuno-
sorbent assay [59] or with gas chromatography [58,
60–62].

Selected studies of cotinine in the assessment of ETS
exposure. A number of studies have examined cotinine
concentrations in plasma, saliva or urine in population-
based samples of smokers, nonsmokers exposed to ETS
and nonsmokers not reporting ETS exposure. Distin-
guishing between active and passive smoking on the
basis of cotinine measurements may be difficult, and
there are no generally accepted cut-off points. ETZEL

[63] reviewed the available studies in 1990, with the
aim of evaluating the relationship between saliva coti-
nine concentration and reported tobacco smoke exposure
in both active and passive smokers. Cotinine concen-
trations were clearly highest in smokers, with an aver-
age of 318 ng·mL-1, and higher in nonsmokers exposed
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to ETS than in unexposed nonsmokers. Based on the
available data, a categorization of saliva cotinine con-
centrations into four groups was suggested: 1) undetec-
table cotinine is associated with the absence of active or
passive smoking; 2) cotinine concentrations <10 ng·mL-1

usually result from exposure to ETS without active
smoking; 3) cotinine concentrations ranging 10–100
ng·mL-1 usually result from infrequent active smoking
or regular active smoking with low nicotine intake, but
heavy passive exposure to tobacco smoke can result in
levels ≥10 ng·mL-1; and 4) levels >100 ng·mL-1 are the
result of regular active smoking [63]. Detectable coti-
nine levels have been measured in 80–91% of the sam-
ples in different studies, and ETS exposure has been
shown to take place at home, in the workplace and in
a number of other settings [3, 4, 6, 7]. In addition to
plasma, saliva and urine, cotinine has also been detect-
ed in cervical fluid of women exposed to ETS [64] and
in semen of men reporting ETS exposure [65].

Cotinine measurements have been compared with ques-
tionnaire assessment of ETS exposure in many studies.
Questionnaire-derived measures of the level of ETS expo-
sure have been only moderately correlated with body
fluid cotinine concentrations among adults, but among
children the correlations have been somewhat better [3,
7, 24, 31, 36, 37, 66]. On the other hand, although coti-
nine levels show considerable individual variability with-
in exposure categories, several studies have demonstrated
that average cotinine levels increase with the degree of
reported ETS exposure [6]. For example, among adult
populations the mean urinary cotinine concentrations
have been shown to increase with the degree of self-
reported exposure [66], and with the number of self-
reported exposures to ETS during the previous 4 days,
as shown in figure 5 [3]. Among nonsmoking women
in a 10-country collaborative study, urinary cotinine/cre-
atinine levels rose with self-reported ETS exposure
from no exposure through exposure at work alone and
exposure only at home, to exposure both at home and
at work [4]. The results of a linear regression analysis
indicated that reported duration of ETS exposure and
the number of cigarettes to which the subject reported
being exposed were strongly related to the urinary coti-
nine level. Among children, salivary and urinary coti-
nine levels have been shown to rise with the number of
smoking parents in the home [31, 38], and in infants,
urinary cotinine levels increased with the number of cig-
arettes smoked by the mother during the previous 24 h
[67]. Among 202 newborns, the cord serum level of
cotinine was significantly linearly related to the aver-
age daily number of cigarettes smoked by the mother
during pregnancy [68]. The cotinine levels measured in
nonsmokers exposed to ETS have ranged from less than
1% to about 8% of the levels measured in active smok-
ers [5, 69]. However, proportionality should not be
assumed between the ratio of cotinine levels in passive
and active smokers and the relative doses of other con-
stituents of tobacco smoke.

Hair nicotine. Hair nicotine content is a relatively new
biomarker of ETS. Human hair has been shown to have
a high affinity for airborne nicotine. It is recommend-
ed to take the proximal 2 cm of hair behind the ears as
the specimen, and the nicotine concentration of this rep-

resents exposure during the previous 1–2 months [70].
Hair nicotine concentration is determined by gas chro-
matography after a basic diethyl ether extraction pro-
cedure. Chamber studies have revealed a linear relation
between the hair uptake rates of nicotine and the dura-
tion of exposure to airborne nicotine initially, but the
uptake rate decreases after 4–6 weeks of exposure [71].
Adsorption of nicotine from the surrounding air seems
to be the dominating contributor to the overall nicotine
content found in the hair, although systemic nicotine
probably contributes. Hair nicotine content has been
shown to discriminate smokers from ETS-exposed non-
smokers and even between different levels of self-
reported ETS exposure [40, 70].

Recently, a quantitative relation was reported between
ETS exposure and the hair nicotine concentration in
children and their mothers [40]. Children's hair nicotine
levels were linearly related to the daily number of cig-
arettes smoked at home by the mother (increase of 0. 8
µg·g-1·cigarette-1; 95% confidence interval (95% CI)
0.43–1.18) and by the father (1.3 µg·g-1·cigarette-1; 95%
CI 0.81–1.73). The hair nicotine levels of nonsmoking
mothers were linearly related to the daily number of
cigarettes smoked by the father at home (0.4 µg·g-1·cig-
arette-1; 95% CI -0.06–0.90). The hair nicotine levels in
mothers were also linearly related to personal smoking,
and the hair nicotine concentrations of the children of
smoking mothers were approximately 25% of the con-
centrations measured in the mothers themselves. Figure
6 shows the mean and median hair nicotine concentra-
tions in mothers and their children at different mater-
nal daily smoking rates.

4-aminobiphenyl adduct of haemoglobin. The 4-amino-
biphenyl adduct of haemoglobin (4-ABP adduct) is one
of the protein adducts used as a biomarker of ETS. It
is determined by gas chromatography-mass spectrome-
try [72]. Its advantages are: 1) a relatively long half-
life in the body of approximately 120 days; 2) its high
specificity for tobacco smoke; and 3) its likelihood to
have direct adverse effect on health, since it is a known
human carcinogen. In a study of 15 smoking and 40
nonsmoking pregnant women, the mean 4-ABP adduct
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Fig. 5.  –  Mean urinary cotinine levels among 663 adult nonsmok-
ers from Buffalo, New York, as a function of the number of self-
reported exposures to ETS during the preceding 4 days. (Reprinted,
with permission, from [3]).



level was significantly higher in smokers compared with
nonsmokers. Among nonsmokers, the 4-ABP adduct level
increased significantly with increasing exposure to ETS
measured with personal monitoring of air nicotine [72].
Nonsmokers exposed to ETS appear to have 10–20%
of the 4-ABP adduct levels measured in active smok-
ers [6, 72]. When comparing these results with the coti-
nine levels in passive smokers (approximately 1–8% of
the concentrations in active smokers) it should be kept
in mind that 4-aminobiphenyl is enriched in the side-
stream smoke relative to mainstream smoke. About 31
times as much 4-ABP is emitted in sidestream smoke
as in mainstream smoke (table 2), whereas only twice
as much nicotine is emitted in sidestream smoke. Thus,
it is necessary to be cautious in assessing exposure to
ETS on the basis of biomarkers.

Health effects of ETS

A considerable amount of evidence relating ETS
exposure to adverse health effects has accumulated
since the 1970s [2, 5, 6, 73–79]. Some health effects
are fairly well established, whereas many suggested
effects require further investigation. Several of the cri-
teria classically used to assess causality of observed
relation are closely linked to the quality of exposure as-
sessment, for example, the temporal relationship bet-
ween exposure and the health outcome, the strength of
the observed association and the evidence of an expo-
sure-response gradient. Valid and precise assessment of
ETS exposure is, thus, an essential part of studies of
health effects. 

As discussed in detail in the context of general aspects
of exposure assessment, time-specificity of exposure is
a complex issue, since several dimensions of time have
to be taken into account. Firstly, health effects can be
divided into acute and long-term effects, requiring dif-
ferent time periods from exposure to the manifestation
of the outcome. Potential health effects of ETS may
include acute transient sensory and irritant effects,
short-term physiological reactions or severe long-term
diseases. Secondly, different health outcomes are relat-

ed to different time-profiles of exposure, ranging from
transient peak values to cumulative lifetime exposure.
Thirdly, different age periods are associated with dif-
ferent degrees of susceptibility to adverse effects. 

Table 3 summarizes the current knowledge of health
effects of ETS in children and adults. These effects are
divided into acute (or short-term) and long-term effects,
although for several outcomes the mechanisms under-
lying the effects are not well understood and their clas-
sification is, thus, based on an educated guess. The effects
are further divided into established effects and those for
which there is strong, limited or controversial evidence.
This classification was decided upon by the authors on
the basis of judgement in previous reviews [2, 5, 6, 45,
75–79]. For some health outcomes, relevant evidence
has been reported recently and, in these cases, more
recent references have been included [46, 47, 80–82].

Selection of the best approach to assess
exposure to ETS

A number of factors influence the selection of the best
approach to assess exposure to ETS in a particular
study. These include: the aim of the study; the health
outcome of interest; the time-specificity of exposure;
the resources available for the study; the size of the
study population; and the motivation of the subjects to
participate. The type of exposure assessment needed for
public health studies aiming at description of distribu-
tions of exposure in populations over time, differs from
that required for health effect studies focusing on spe-
cific relations between ETS exposure and different health
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Fig. 6.  –  Hair nicotine concentrations in mothers (     ) and their
children (    ) as a function of the maternal daily smoking rate,
among 93 Norwegian families. The mean concentration is the high-
er bar, the median is the lower bar, and the 25th–75th percentile range
is indicated around the median. (Reprinted, with permission, from
[40]).
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Table 3.  –  Health effects of environmental tobacco
smoke

Acute or short-term
Established

Irritation of the eyes, nose, throat and lower respiratory 
tract [2, 6, 76]
Exacerbation of asthma [2, 6]
Increased lower respiratory infections in children [2, 6, 76]

Strong evidence
Increased upper respiratory tract infections in children 
[2, 6, 76]
Increased risk of angina in coronary heart disease patients
[77, 78]

Limited or controversial evidence
Acute reduction in lung function in adults [2]
Increased risk of episodes of phlegm in adults [80]

Long-term
Established

Increased chronic respiratory symptoms in children [2, 6]
Increased lung cancer risk in nonsmoking adults [2, 6, 75,
76]
Reduced birth weight (mother's personal smoking) [79]

Strong evidence
Reduced lung growth in children [2, 6, 45]
Increased risk for new asthma in children [6, 81]
Increased otitis media and middle ear effusion in children
[2, 6]
Increased respiratory symptoms in adults [6, 47, 82]
Increased risk for cardiovascular disease [77, 78]

Limited or controversial evidence
Increased risk for sudden infant death [6]
Prematurity [2]
Long-term reduction in lung function in adults [6, 45, 46]
Increased risk for nonrespiratory cancers and childhood 
leukemia [2, 5]



ASSESSMENT OF TOBACCO SMOKE EXPOSURE 2395

outcomes. Exposure assessment needs for health effect
studies also differ depending on whether the aim is qual-
itative testing for an association between exposure and
a health outcome, or quantitative estimation of effects
of given exposure levels. Large study samples with less
precise exposure estimates are usually preferable for
qualitative studies, whereas accuracy and precision of
exposure estimates are more relevant in quantitative stud-
ies [20].

Personal monitoring of relevant tobacco smoke con-
stituents gives good information on cumulative expo-
sure over relatively short periods. It is the best approach
for assessment of personal exposures in studies of short-
term health effects with small study samples, especially
if quantitative assessment of exposure-response relation
is desired. Stationary monitoring of pollutant concen-
trations characterizes reasonably well exposure levels
in different microenvironments over time, and is suit-
able for overall monitoring of the presence and amount
of ETS in different indoor environments. Such an ap-
proach is often suitable for the purposes of risk assess-
ment, development of preventive strategies, and follow-up
of effectiveness of risk management measures. When
combined with time-activity data, stationary monitoring
can also be used to assess an individual's exposure in
studies of relatively short-term health effects.

For studies of health outcomes with a long latency

period and for studies of rare diseases requiring large
study populations, the only feasible method of ETS
exposure assessment is questionnaire-derived informa-
tion. Use of standardized questionnaires allows com-
parison with other studies, but it is always important to
take into account also the specific needs of the study.
Cotinine measurements in body fluids are suitable for
assessment of cumulative doses over short exposure
periods, and can be used in studies of acute health
effects. Hair nicotine is a new biomarker for use in assess-
ing exposure over longer time periods.

A combination of different assessment methods is often
the best choice, if the resources are available. According
to a nested exposure assessment strategy, questionnaires
are used to acquire an indicator of exposure on a large
study population, while simultaneously obtaining more
precise exposure information with other methods, such
as personal monitoring or hair nicotine, in a subsample
of the population [12, 15]. Methods for correcting mis-
classification of questionnaire-based exposure assess-
ment, utilizing a substudy with more valid and precise
exposure estimates, have been developed [20].

In this paper, emphasis has been placed on the com-
plexity of assessing the relevant aspects of exposure to
ETS in any given study, and different available assess-
ment methods have been discussed with reference to
these issues. Table 4 summarizes the guidelines for
selection of the best approach to assess ETS exposure.
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