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SUMMARY

Individual uptake of tobacco smoke constituents by smok-
ing is highly variable in cigarette smokers and cannot be
predicted by smoking behaviour variables and machine-
derived smoke yields. It is well established that uptake of
smoke constituents is best described by a series of bio-
markers of exposure (BOEs) such as metabolites of nico-
tine, tobacco-specific nitrosamines (TSNAs), polycyclic
aromatic hydrocarbons (PAHs), aromatic amines, benzene,
1,3-butadiene, acrolein, hydrogen cyanide, 2,5-dimethyl-
furan and other smoke constituents.
The purpose of this review is to investigate the relationship
between BOE levels and machine-derived smoking yields
on the basis of published data. The influence of other
smoking behaviour variables, in particular the number of
cigarettes smoked per day (CPD) and smoking topography
(puffing and inhalation patterns) is also considered, pro-
vided suitable data are available.
Twenty eight (28) published studies, which report data on
machine-derived smoke yields and biomarker concentra-
tions in body fluids of smokers of these products were
identified. In total, 33 different BOEs were applied in these
studies. Important properties of the BOEs used in the
further evaluation were described and discussed. 
In almost all studies selected, data for CPD were reported.
In only a few studies, puffing and inhalation profiles have
been determined so that no systematic evaluation of the
association between smoking topography and BOE levels
was possible. In the studies evaluated, no statistically
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significant association between daily cigarette consumption
(CPD) and smoke yields was observed. This clearly
indicates that low machine-derived yields were not com-
pensated by increasing the daily cigarette consumption. As
expected, positive and statistically significant relationships
were found between CPD and BOE levels for most of the
biomarkers investigated. 
Bi- and multivariate linear regressions were calculated for
the relationships between BOE levels (dependent variable)
and machine-derived yields as well as CPD (independent
variables). Whenever possible, results from various studies
were combined (this was only possible, when identical bio-
markers and yield types were available). Aggregation of the
results from all studies independent of BOE and yield type
used is feasible on the basis of relative BOE and yield
levels. The multivariate linear regression models obtained
reveal that both CPD and machine-derived yields are
significant predictors of the measured BOE levels. The
models predict that, on average, a 50% reduction in CPD or
yield are accompanied by a 33 or 15% reduction, respec-
tively, in smoke uptake, as measured by various BOEs.
Taken together, the evaluated data from the literature show
that lower machine-derived yields lead to a reduced uptake
of smoke constituents. The reduction is statistically signifi-
cant, but substantially lower than the decrease in machine-
derived yields. [Beitr. Tabakforsch. Int. 26 (2014)
138–175]

ZUSAMMENFASSUNG

Die individuelle Aufnahme von Tabakrauchbestandteilen
durch Zigarettenrauchen variiert stark und kann nicht durch
Rauchverhaltensparameter und Maschinenabrauchwerte
vorausberechnet werden. Es gilt als gut belegt, dass die
Aufnahme von Rauchbestandteilen am besten durch Ex-
positionsbiomarker (BOEs) wie Metaboliten von Nikotin,
tabakspezifischen Nitrosaminen (TSNAs), polyzyklischen
aromatischen Kohlenwasserstoffen (PAHs), aromatischen
Aminen, Benzol, 1,3-Butadien, Acrolein, Blausäure, 2,5-
Dimethylfuran und anderen Rauchinhaltsstoffen bestimmt
werden kann.
Ziel dieses Reviews ist es, auf Basis von Literaturdaten,
den Zusammenhang zwischen der Konzentration von BOEs
und Maschinenabrauchwerten zu untersuchen. Der Einfluss
von Rauchverhaltensparametern, insbesondere die Anzahl
der gerauchten Zigaretten pro Tag (CPD) und der Rauch-
topographie (Zug- und Inhalationsmuster) wurde dabei be-
rücksichtigt, sofern entsprechende Daten berichtet wurden.
Es konnten 28 publizierte Studien identifiziert werden, die
Maschinenabrauchwerte und dazugehörige Biomarker-
konzentrationen in Körperflüssigkeiten von Rauchern
berichten. Insgesamt wurden 33 verschiedene BOEs bei
diesen Untersuchungen verwendet. Maßgebliche Eigen-
schaften der in diesem Review verwendeten BOEs werden
beschrieben und diskutiert.
In fast allen ausgewählten Studien wurden CPD-Werte
berichtet. Nur in wenigen Untersuchungen wurden dagegen
Zug- und Inhalationsparameter ermittelt, so dass keine
systematische Auswertung des Zusammenhangs zu den
gemessenen BOE-Spiegeln möglich war. Die Daten der
ausgewerteten Studien zeigen keinen statistisch signifikan-

ten Zusammenhang zwischen dem täglichen Zigaretten-
konsum (CPD) und den maschinellen Abrauchwerten der
Zigaretten. Dies weist deutlich darauf hin, dass geringe
Maschinenabrauchwerte nicht durch Erhöhung des Ziga-
rettenkonsums kompensiert werden. Erwartungsgemäß
wurde ein signifikanter Zusammenhang zwischen CPD und
den Konzentrationen der meisten untersuchten BOE
gefunden. 
Es wurden bi- und multivariate Regressionsanalysen für die
BOE-Konzentrationen (abhängige Variable) und die
Maschinenabrauchwerte sowie CPD-Daten (unabhängige
Variablen) durchgeführt. Wenn möglich wurden die Daten
aus verschiedenen Studien für die Auswertung kombiniert
(dies war nur möglich, wenn Daten für identische Bio-
marker und entsprechende Rauchinhaltsstoffe zur Verfü-
gung standen). Durch die Verwendung von relativen
Werten für die BOE-Konzentrationen und die Abrauch-
werte ist jedoch die Aggregation der Daten aller ausgewähl-
ten Studien möglich. Die berechneten multivariaten
linearen Regressionsmodelle zeigen, dass CPD und
Maschinenabrauchwerte signifikante Prädiktoren für die
gemessenen BOE-Spiegel sind. Die ermittelten Modelle
sagen voraus, dass eine 50%-ige Reduktion des täglichen
Zigarettenkonsums (CPD) oder des Abrauchwertes im
Durchschnitt zu einer 33 bzw. 15%-igen Abnahme der
durch die BOEs gemessenen Rauchaufnahmemenge führt.
Zusammenfassend zeigen die ausgewerteten Literaturdaten,
dass das Rauchen von Zigaretten mit niedrigeren maschi-
nellen Abrauchwerten mit einer geringeren Aufnahme von
Rauchinhaltsstoffen verbunden ist. Die Abnahme ist statis-
tisch signifikant, jedoch deutlich geringer als die nominelle
Abnahme in den Maschinenabrauchwerten. [Beitr. Tabak-
forsch. Int. 26 (2014) 138–175]

RESUME

L’inhalation individuelle de composants de la fumée de
tabac en fumant est hautement variable chez les fumeurs de
cigarettes et ne peut pas être prédite par des variables de
comportement de fumage et des rendements de fumée
obtenus par machine. Il est bien établi que l’inhalation de
composants de fumée est décrite au mieux par une série de
biomarqueurs d’exposition (BOE) comme les métabolites
de la nicotine, les nitrosamines spécifiques du tabac, les
hydrocarbures aromatiques polycycliques, les amines
aromatiques, le benzène, le buta-1,3-diène, l’acroléine, le
cyanure d’hydrogène, le 2,5-diméthylfurane et autres com-
posants de la fumée.
L’objectif de ce compte rendu est d’examiner la relation
entre les niveaux de BOE et les rendements de fumée par
machine sur la base des données publiées. L’influence
d’autres variables du comportement de fumage, en particu-
lier le nombre de cigarettes fumées par jour (CPJ) et la
topographie de fumage (production de bouffées et pratiques
d’inhalation) est également considérée dans la mesure où
des données adaptées sont disponibles.
Vingt-huit (28) études publiées, qui rapportent des données
concernant des rendements de fumage par machine et des
concentrations de biomarqueurs dans les fluides corporels
de fumeurs de ces produits ont été identifiées. Au total, 33
BOE différents ont été appliqués dans ces études. Des
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propriétés importantes des BOE utilisés dans l’évaluation
plus approfondie ont été décrites et discutées. 
Dans presque toutes les études sélectionnées, des données
relatives à la CPJ ont été rapportées. Dans seulement
quelques études, des profils de production de bouffées et de
pratiques d’inhalation ont été déterminés de sorte qu’au-
cune évaluation systématique de la relation entre la topo-
graphie de fumage et les niveaux de BOE n’était possible.
Dans les études évaluées, aucune relation significative entre
la consommation de cigarettes par jour (CPJ) et les rende-
ments de fumée n’a été observée. Cela montre clairement
que les faibles rendements obtenus par machine n’étaient
pas compensés par l’augmentation de la consommation
quotidienne de cigarettes. Comme prévu, des relations
positives et significatives sur le plan statistique ont été
trouvées entre la CPJ et les niveaux de BOE pour la plupart
des biomarqueurs étudiés. 
Des régressions linéaires bivariables et multivariables ont
été calculées pour les relations entre les niveaux de BOE
(variable dépendante) et des rendements obtenus par
machine ainsi que la CPJ (variables indépendantes).
Lorsque cela était possible, des résultats de différentes
études ont été combinés (ceci était uniquement possible
lorsque des biomarqueurs et des types de rendement
identiques étaient disponibles). Une agrégation des résultats
de toutes les études indépendamment des types de BOE et
de rendement utilisés est faisable sur la base de niveaux
relatifs de BOE et de rendement. Les modèles de régression
linéaire multivariable obtenus révèlent que la CPJ et les
rendements obtenus par machine sont des indicateurs
significatifs des niveaux de BOE mesurés. Les modèles
prévoient qu’en moyenne, une réduction de 50 % de la CPJ
ou du rendement s’accompagne d’une réduction de 33 % ou
de 15 % respectivement, dans l’inhalation de fumée,
conformément aux mesures effectuées pour divers BOE.
Prises dans leur ensemble, les données publiées évaluées
montrent que des rendements plus faibles par machine
entraînent une inhalation réduite des composants de fumée.

La réduction est significative sur le plan statistique, mais
nettement inférieure à la baisse dans les rendements par
machine. [Beitr. Tabakforsch. Int. 26 (2014) 138–175]

1 INTRODUCTION

The smoking dose in cigarette smokers, apart from duration
of smoking, is an important parameter for estimating the
implicated health risks with the smoking habit (1–3). The
uptake of smoke constituents is highly variable and depends
on a number of parameters, which the smoker has the
ability to adjust according to his/her requirements. These
‘smoking dose adjustment parameters’ include (4–6):
• Number of cigarettes smoked per day (CPD)
• Selection of brand according to nominal smoke yield
• Number of puffs per cigarette
• Puff interval (puff frequency)
• Puff volume
• Duration of puff
• Flow rate during puffing
• Amount of smoking expelled from the mouth (‘mouth

spill’)
• Depth of inhalation
• Duration of inhalation
• Butt length
• Blocking of filter vents
It is well established that the number of cigarettes smoked
per day (CPD) is an important predictor for the smoking
dose (7–9). CPD can be easily assessed by means of
questionnaires, however, the self-reported information
might be of limited reliability (10, 11). Puffing and inhala-
tion intensities are also important for varying the smoking
dose (12–16). These parameters are more difficult to assess
compared to the CPD information. In addition, measure-
ment of the smoking topography may interfere and modify
the natural smoking process (17). 
The human smoking dose (also termed ‘human smoking

ABBREVIATIONS

1-OH-Pyr 1-Hydroxypyrene NAT N-Nitrosoanatabine
B[a]P Benzo[a]yprene Nic Nicotine
BOE(s) Biomarker(s) of exposure Nic+5 ‘Nicotine equivalents’ (molar sum of nicotine 
CEVal 2-Cyanoethylvaline (hemoglobin adduct of and 5 major metabolites including cotinine, 

acrylonitrile) trans-3'-hydroxycotinine and the three 
CO Carbon monoxide respective glucuronides)
COex Carbon monoxide in exhaled air NNAL 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanol 
COHb Carboxyhemoglobin NNK 4-(Methylnitrosamino)-1-(3-pyridyl)-1- 
CORESTA Centre de Coopération pour les butanone

Recherches Scientifiques Relatives au NNN N-Nitrosonornicotine
Tabac NS Non-smokers

CPD Cigarettes per day OH-Cot trans-3'-Hydroxycotinine
CS Cigarette smokers OHEtVal 2-Hydroxyethylvaline (hemoglobin adduct of 
DHBMA Dihydroxybutyl-mercapturic acid ethylene oxide)
ETS Environmental tobacco smoke OH-PAH Phenolic polycyclic aromatic hydrocarbons 
FTC Federal Trade Commission (USA) PAH(s) Polycyclic aromatic hydrocarbon(s)
HAA(s) Heterocyclic aromatic amines PS Passive smokers
MA(s) Mercapturic acid(s) SCN Thiocyanate
MeVal Methylvaline (hemoglobin adducts of SPMA S-Phenyl-mercapturic acid 

methylating agents) TSNA(s) Tobacco-specific nitrosamine(s)
MHBMA Monohydroxybutenyl-mercapturic acid ttMA trans,trans-Muconic acid
NAB N-Nitrosoanabasine
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yield’ or ‘yield in use’) can be determined by the part filter
methodology which has been established and applied in
recent years (18–20). This methodology determines only
the mouth level exposure but not what is actually absorbed
into the body, although both smoking dose variables are
strongly correlated (21, 22). Another limitation is the fact
that each cigarette brand requires its individual calibration
for determining the yield in use level.
This restriction is circumvented by measuring biomarkers of
exposure (BOEs) in body fluids of smokers (for review, see
(23–25)). BOEs for smoke exposure are either unchanged
smoke constituents, their metabolites or reaction products
with macromolecules (adducts), which reflect the internal
exposure dose (26). General limitations of human biomoni-
toring include the fact that the route of uptake as well as the
source of exposure is not known. The latter issue can be
circumvented by measuring BOEs to tobacco-specific smoke
constituents such as nicotine and tobacco-specific
nitrosamines (TSNAs). However, if BOEs for smoke
toxicants such as carbon monoxide (CO), polycyclic aro-
matic hydrocarbon (PAH), aldehydes, hydrogen cyanide
(HCN), benzene, etc., which may originate from many
sources other than tobacco smoke, are of interest, appropriate
study designs are required in order to obtain useful informa-
tion.
Despite of these restrictions, the measurement of suitable
BOEs is nowadays the best approach for assessing the actual
smoking dose. Data on BOEs along with information on
smoking machine-derived yields and CPD, therefore, provide
the basis for investigating the central question of this review:
• What is the relationship between the actual smoking dose

and the machine-derived smoke yields of cigarettes?
For this purpose, suitable published studies from the peer
reviewed literature were selected. In order to be included in
the evaluation, the studies must contain data on machine-
derived smoke yields (at least two yield levels or ranges of
yields (bands)) and the corresponding BOE concentrations in
smokers of these products. CPD data for each yield group
should be also available (which is the case for all but one of
the selected studies). Information on smoking topography
was also extracted from the selected studies, but could not be
evaluated systematically, since only a few studies provided
this information in addition to BOE and yield data. As a
general approach for statistical evaluation, linear regressions
between BOE and yield levels or CPD as well as between
CPD and yield were calculated (bivariate evaluation). In
multivariate linear regression analyses, models for BOE
levels (dependent variable) considering yield and CPD as
independent variables were also calculated. Whenever
possible, data from different studies were aggregated for
evaluation.

2 METHODS

2.1 Selection of suitable publications 

For retrieval of suitable publications, the following search
items were used:
• Cigarette smoking/cigarette smokers
• Smoking machine-derived yields
• Machine smoking regimes (ISO/FTC/CORESTA/

Health Canada/Massachusetts regime)
• Biomarkers of exposure to smoke constituents, includ-

ing nicotine, cotinine, other nicotine metabolites,
nicotine equivalents, carbon monoxide in exhaled air
(COex), carboxyhemoglobin (COHb), thiocyanate,
mercapturic acids, hemoglobin adducts

Articles were retrieved from the following sources (data-
bases):
• PubMed database (U.S. National Library of Medicine,

National Institutes of Health)
• ABF literature database (contains about 80,000 scien-

tific articles in research fields of smoking, tobacco and
related fields)

• References from books/reports/monographs/reviews (3,
4, 27–30)

2.2 Statistical evaluations

Linear regressions were calculated using the SPSS Release
13.0 software package (IBM GmbH, Munich, Germany).
Regressions were evaluated for the following pairs of
dependent/independent variables:
• BOEs/Yields
• BOEs/CPD
• CPD/Yields
In addition, stepwise linear regression models with BOE as
dependent and yield as well as CPD as independent vari-
ables were calculated.
Regression analyses were applied to 8 datasets derived
from the 28 selected studies. The datasets are described in
detail in Chapter 4. 

3 CHARACTERIZATION OF BIOMARKERS OF
EXPOSURE (BOEs)

Before evaluating the association between BOEs and
smoking machine-derived yields and smoking behaviour
variables, some important properties of the BOEs of
interest have to be considered. Supplementary Data 1 to this
review lists the properties of those BOEs, for which data
are available for investigating the associations between
biomarker levels and mainstream smoke yields. These
BOEs will be discussed in the following groups:
• Biomarkers for nicotine
• Biomarkers for carbon monoxide (CO) and hydrogen

cyanide (HCN)
• Biomarkers for tobacco-specific nitrosamines (TSNAs)
• Biomarkers for polycyclic aromatic hydrocarbons

(PAHs)
• Mercapturic acids (MAs) and trans,trans-muconic acid

(ttMA)
• Bulk biomarkers
• Protein adducts

3.1 Biomarkers for nicotine 

Nicotine is usually regarded as tobacco and tobacco smoke-
specific. Possible interference from other nicotine contain-
ing products, such as patches, chewing gums, inhalers and
electronic cigarettes has to be considered and, if applicable,
eliminated. At low nicotine exposure levels, such as
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exposure of non-smokers to environmental tobacco smoke
(ETS), other sources of nicotine, in particular certain food
items (31–33) may interfere and need to be considered as
well. Nicotine in body fluids has a very short half-life
(initial half-life: 8 min; terminal half-life: 2 h (34)) and,
therefore, reflects the acute uptake of nicotine. Thus,
application of nicotine as a biomarker in smoking behav-
iour studies would require strict control of time to last
smoking prior to sample collection. Urinary nicotine levels
are dependent on the pH and the urinary flow and are,
therefore, relatively variable (34). Nicotine in saliva is a
less suitable biomarker, since it originates not only from
systemically absorbed nicotine, but also from the exoge-
nous alkaloid in the mouth of the smoker. Additionally,
nicotine is actively secreted by the submandibular and
parotid salivary glands, which contributes to the high
variability of nicotine concentrations in mixed saliva,
which is usually collected (35). Therefore, cotinine, rather
than nicotine is preferably used as a BOE to nicotine and
tobacco or tobacco smoke. In particular, cotinine in blood
(plasma or serum) and saliva are highly suitable for this
purpose (36). Since cotinine in blood and saliva are strong-
ly correlated, these two biological matrices can be used
inter-changeably (37–39). Due to its non-invasive collec-
tion, saliva might have advantages for some types of
studies. trans-3'-Hydroxycotinine (OH-Cot) is a further
major metabolite of nicotine formed from cotinine. As a
BOE to nicotine it has no advantages over cotinine when
taken by itself. However, OH-Cot in body fluids is of
interest for phenotyping rapid and slow metabolizers of
nicotine by the determination of the OH-Cot/cotinine ratio
(40–42). Furthermore, OH-Cot and its O- and N-glucu-
ronides represent the major nicotine metabolites in urine.
Together with the free and conjugated nicotine and coti-
nine, these urinary nicotine metabolites constitute about
80% of the absorbed nicotine dose (also termed ‘nicotine
equivalents’ or ‘Nic+5') (34, 43, 44). Nic+5 has been
frequently used as a biomarker for estimating the nicotine
dose excreted in the 24-h-urine (21, 45–51). In extension of
the Nic+5 method, a Nic+9 method (assessing additionally
nornicotine, norcotinine, nicotine-N-oxide and cotinine-N-
oxide) and a Nic+10 method (considering in addition the
nicotine metabolite 4-hydroxy-4-(3-pyridyl)-butanoic acid
(HyPyBut)) are also available, reflecting about 90 and 98%,
respectively, of the total dose of absorbed nicotine (43, 44,
52–55). As yet, however, no data have been published
applying these extended methods in studies of interest for
this review.
Biomarkers for nicotine, especially cotinine, have been also
applied for assessing ETS exposure of non-smokers. Clear
dose-response-relationships were observed (36, 56, 57).
This has to be taken into account when the ratio of bio-
marker levels between cigarette smokers (CS) and non-
smokers (NS) is investigated. This ratio (last column of the
table in Supplementary Data 1) is an indicator of the
specificity of a biomarker for tobacco smoke exposure. For
BOEs to nicotine, the ratio CS/NS is usually ~ 100. If the
non-smokers are actual passive smokers (PS), the CS/PS
ratio can be significantly lower (36). A cutoff for differenti-
ating smokers and non-smokers of about 15 ng/mL has
been proposed (for review, see (44)).

3.2 Biomarkers for hydrogen cyanide (HCN) and carbon
monoxide (CO)

The first reported biomarker of the (internal) smoking dose
was thiocyanate (SCN), a detoxification product of cyanide,
determined in urine, saliva and blood. Claude Bernard
(1813–1878) discovered that smokers excreted higher
amounts of SCN in their urine than non-smokers (58, 59).
SCN in body fluids is still in use as a BOE to smoking-
related uptake of hydrogen cyanide, which is one of the
strongest toxicants in tobacco smoke. Improved analytical
methodology now allows the unambiguous determination of
SCN in urine (60), which is not possible with the commonly
applied photometric SCN analysis (61). For application of
SCN as a BOE in field studies, a major advantage of this
biomarker is its long half-life of 6 d (62) (other authors
reported even half-lives of up to 14 d (63)). A substantial
disadvantage of SCN as a BOE are the relatively high
background levels caused by sources for cyanide other than
tobacco smoke (almonds, nuts, pulses, bamboo sprouts,
beans) and SCN itself (cabbage, cauliflower, broccoli,
formation by colon bacteria) (64). This leads to a substantial
overlap of the SCN concentration ranges of smokers and
non-smokers. The CS/NS ratio is about 2, which plainly
emphasizes the described background problem. It should be
also mentioned that SCN levels in saliva are about 20-fold
higher than in blood or urine, indicating active transport of
SCN from blood into saliva (39).
Carboxyhemoglobin (COHb) has been used as BOE for the
smoking-related CO uptake for almost one century (for
review see (64)). COHb has a half-life of 2–4 h, depending
on the physical activity, and, therefore, indicates the acute
exposure to CO. There are a couple of other sources for
COHb such as CO in ambient air (originating mainly from
traffic exhausts) and endogenous formation by haem degra-
dation (65). This is reflected in CS/NS ratios for COHb of
4–6 (Supplementary Data 1). A particular property of COHb
is that it reflects smoke inhalation, since CO can be taken up
only through the alveoli (64). CO in exhaled breath is in
equilibrium with COHb in blood. In numerous studies
(66–70), strong correlations between COHb and CO in
exhaled breath (COex) were observed. The non-invasively
assessable COex can therefore be used as a fully equivalent
surrogate marker for COHb as a biomarker for CO uptake.

3.3 Biomarkers for tobacco-specific nitrosamines (TSNAs)

The TSNAs include 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK), N-nitrosonornicotine (NNN), N-nitroso-
anabasine (NAB) and N-nitrosoanatabine (NAT). Most
human biomonitoring data on TSNA exposure are available
for total urinary 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanol (NNAL), which is the molar sum of free and
conjugated NNAL, representing the major metabolites of
NNK in urine. NNAL shows a biphasic elimination from
the body with half-lives of about 28 h and 18 d for the
initial and terminal phases, respectively (71, 72). This has
to be taken into account in the study design, when using
NNAL as a BOE. Total urinary NNAL is also elevated in
ETS exposed non-smokers (2). Published CS/NS ratios for
NNAL range from < 50 to > 500, for which variations in
the numerator (NNAL levels in smokers) and the denomi-
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nator (NNAL levels in non-smokers) are responsible (73,
74). Analytical methods for the determination of bio-
markers for all four TSNAs (NNAL, NNN, NAB and NAT
in urine) have been published (75, 76). Sufficient data for
evaluating the association between biomarker levels and
nominal yields in mainstream smoke of cigarettes are only
available for NNAL. It should be also noted that, for
unknown reasons, the HPB (4-hydroxy-1-(3-pyridyl)-1-
butanone)-releasing hemoglobin adducts, which are formed
from enzymatically activated NNK and NNN, show no
clear dose-response-relationship to tobacco smoke exposure
and cannot be used as a BOE (77–80).

3.4 Biomarkers for polycyclic aromatic hydrocarbons
(PAHs) 

PAHs are formed during all incomplete combustion
processes of organic materials and comprise more than 500
compounds (81). For characterizing the exposure to this
class of compounds, usually only a few representative
metabolites are selected. The most frequently used BOE for
uptake of PAHs is total (free + conjugated) urinary 1-
hydroxypyrene (1-OH-Pyr), originating from pyrene expo-
sure (82). More recently, profiles of phenolic metabolites
of naphthalene, fluorene, phenanthrene and pyrene have
been determined as BOE to PAHs (83–86). Biomarkers for
the most studied PAH, benzo[a]pyrene (B[a]P) include
urinary 3-OH-B[a]P (87, 88) and B[a]P-tetrol (89–91) as
well as either albumin or hemoglobin adducts (92). How-
ever, due to the very low BOE levels and hence elaborate
analytical procedure required, these methods have not yet
been widely applied. The phenolic PAH (OH-PAH) meta-
bolites have elimination half-lives of about 12 h and can,
therefore, be regarded as short-term BOEs. Other sources
for exposure to PAHs are smoked, grilled and fried food,
leafy vegetables, combustion gases and some topical coal
“tar” medications. As a result, there are significant back-
ground levels in non-smokers leading to CS/NS ratios of
about 2–6 (Supplementary Data 1).

3.5 Mercapturic acids (MAs) and trans,trans-muconic acid
(ttMA) 

MAs in urine are detoxification products originating from
various toxicants present in smoke and other environmental
media, which are either electrophiles on their own (e.g.,
acrolein or crotonaldehyde) or metabolically converted to
electrophiles (e.g., benzene or 1,3-butadiene). The electro-
philes react with the nucleophilic sulfur in glutathione
(GSH) and are subsequently metabolized to MAs, which
are excreted into urine. Data for evaluation of the associa-
tion between biomarker levels and mainstream smoke
yields are available for S-phenyl-mercapturic acid (SPMA,
metabolite of benzene), 3-hydroxypropyl-mercapturic acid
(HPMA, metabolite of acrolein), monohydroxybutenyl- and
dihydroxybutyl-mercapturic acid (MHBMA and DHBMA,
respectively, metabolites of 1,3-butadiene). These MAs
have elimination half-lives of about 9–12 h (93) and are
thus short-term BOEs. Non-smokers have measurable
background levels of these MAs, resulting in CS/NS ratios
of about 4–12. Particularly high background concentrations
are found for DHBMA (CS/NS ratio < 2), therefore this

metabolite is of limited value as a BOE for the smoking-
related uptake of 1,3-butadiene (94, 95).
ttMA is another urinary metabolite of benzene, which is
frequently used as a BOE. Despite the fact that a substantial
part of the benzene exposure dose is excreted as ttMA into
urine (2–25% for ttMA compared to 0.1–0.5% for SPMA,
(96)), SPMA is a more specific and suitable BOE for the
smoking-related benzene uptake than ttMA, with average
CS/NS ratios of 6.5 and 1.5, respectively (Supplementary
Data 1). The reason is that ttMA is also formed as a
metabolite from the food preservative sorbic acid, which
significantly interferes with ttMA formed from benzene
exposure, especially at low exposure levels (96).

3.6 Bulk biomarkers

Bulk biomarkers such as urinary thioethers and mutagenic
activity indicate the exposure to a class of compounds with
similar chemical/toxicological properties such as electro-
philic (measured as the sum parameter ‘thioethers’) and
mutagenic chemicals (measured as the sum parameter
‘mutagenic activity’) (97–99). Thioethers comprise the bulk
of all mercapturic acids (MAs)  assessable by this method-
ology (and probably many other sulfur-containing com-
pounds). In terms of elimination half-life, in general the
same applies as for urinary MAs. Specificity for tobacco
smoke is probably lower than for the MAs mentioned in the
previous section, since significant dietary uptake of inter-
fering compounds has to be assumed (100, 101). Conse-
quently, the CS/NS ratio for urinary thioether levels is in
the range of 1.5 and thus of borderline suitability as a BOE
for tobacco smoking. An advantage of this bulk biomarker
is undoubtedly the fact that the toxicants (electrophiles)
leading to increased thioether levels must not be identified
prior to application of this methodology.
Increased urinary mutagenicity in smokers compared to
non-smokers was first reported by YAMASAKI and AMES

(102). There is a strong influence of diet on the mutagenic
activity in urine, therefore, the CS/NS ratio may vary
considerably (CS/NS: 10–30), depending on the level of
dietary control (2, 27, 87). The smoking-related urinary
mutagenicity reaches non-smoker levels within 6–13 h after
smoking cessation (103, 104). Detection of the mutagenic
activity is usually performed with the Salmonella typhi-
murium tester strains TA98 or YG1024 in the presence of
a microsomal activation system. The tobacco smoke-
derived mutagens are primarily particle phase constituents
(105). Despite some earlier assumptions that heterocyclic
aromatic amines (HAA) together with aromatic amines
might be mainly responsible for the mutagenic activity of
smokers’ urine (106–108), recent findings indicate that
HAA explain probably only less than 10% of the mutagenic
activity of smoke particles (109). Again, an advantage of
this bulk biomarker is the fact that the toxicants (mutagens)
leading to increased mutagenic activities must not be
identified in order to apply this method.

3.7 Protein adducts 

Protein adducts can be regarded as a special case of BOEs.
They are referred to as ‘biomarkers of effective dose’, since
their formation usually requires metabolic activation of the
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parent compound (110–112). Biomarkers of effective dose,
therefore, not only reflect the exposure dose, but also the
capacity of the organism to enzymatically activate the
compounds of interest to generate the toxic intermediates
(e.g., the ultimate carcinogens). Protein adducts for human
biomonitoring purposes (most frequently hemoglobin or
albumin adducts) are usually of no physiological or toxico-
logical relevance, but rather are used as plain dosimeters,
which indicate the accumulated dose over the lifetime of
the protein (120 d for hemoglobin, half-life of human serum
albumin: 20 d). Available data of protein adducts for
studying the association between adduct levels and main-
stream smoke yields of cigarettes include the following
biomarkers: 2-cyanoethylvaline hemoglobin (CEVal, BOE
to acrylonitrile), 2-hydroxyethylvaline hemoglobin
(OHEtVal, BOE to ethylene oxide and ethylene), methyl-
valine hemoglobin (MeVal, BOE to methylating agents),
carbamoylethylvaline hemoglobin (AAVal, BOE to
acrylamide) and 4-aminobiphenyl hemoglobin (4-ABP-Hb,
BOE to 4-aminobiphenyl). These adducts reflect the
chronic exposure to the smoke toxicants indicated over the
last 3–4 months. The adduct with the highest specificity for
tobacco smoke is CEVal (CS/NS ratio: 17 (47). The least
specific BOE is MeVal (CS/NS ratio: 1.3 (47), primarily
owing to substantial endogenous methylation processes.
Protein adducts (in particular hemoglobin adducts) are not
suitable for short-term studies lasting for several days up to
a few weeks. They are, however, ideally suited for long-
term field studies lasting for several months up to years
(e.g., evaluation of new smoking products in post-market
studies (5, 113)).

4 ASSOCIATION BETWEEN BOE LEVELS AND
YIELDS AND/OR CPD

 
In the Supplementary Data 2, data extracted from the 28
selected studies (9, 47, 49, 50, 52, 53, 83, 114–134) for the
described statistical evaluations are compiled. Each study
consists of one or more data sets comprising values for
cigarette mainstream smoke yields, BOE levels and CPD.
One selected study (116) did not report CPD data. Some
studies do not contain separate data for yields, BOEs and
CPD, but rather report the results of the correlations and
regressions of interest (9, 115, 118, 122). These studies
were not included in the evaluations performed for this
review, but reported results were listed for information
only. Furthermore, in the last column of the table in the
Supplementary Data 2 it is indicated, in which statistical
evaluations the study data have been used.
In the following two sections (4.1 and 4.2), results of
bivariate regressions and multivariate regression models,
respectively, are presented. The bivariate evaluation
comprises the associations between BOEs and yields, BOE
and CPD, as well as CPD and yield. The multivariate
evaluation includes linear regression models for BOE
(dependent variable) and yield as well as CPD (independent
variables). In other words, these models provide quantita-
tive data on how well the BOE levels are predicted by
yields and CPDs or how much of the variability in the BOE
levels is explained by yield and CPD.
The bivariate associations and the multivariate models are

based on the same subsets of selected data from the 28
studies. The characteristics of these datasets are summa-
rized in Table 1. 
Aggregation of data with absolute units of BOEs and yields
(as is the case with the first 5 datasets in Table 1) requires
that the studies to be combined have reported identical (or
distinctly convertible) units for the BOEs. Additionally,
machine-derived smoke yields of identical smoke compo-
nents (such as nicotine, “tar”, carbon monoxide, or other)
have to be used for calculating linear regressions between
the variables of interest. Furthermore, the yields have to be
determined by identical or similar machine-smoking
regimes. For the purpose of this evaluation, the ISO and
(former) FTC (US Federal Trade Commission) smoking
regimes are regarded to be similar. 
The last two datasets of Table 1 are based on relative values
for BOEs and yields, allowing the aggregation of data
irrespective of the units used for the BOEs and the standard
smoking regimes applied for the determination of the
yields. The relative dataset with ‘corresponding’ yields
comprises only BOE/yield pairs which are related to the
same smoke constituents (e.g., cotinine/nicotine, COHb/
CO, NNAL/NNK) or BOE/yield pairs with suitable surro-
gate yields (e.g., NNAL/”tar”, OH-PAH/”tar”, mutagenic
activity/”tar”). The last dataset of Table 1 comprises all
available BOE/yield pairs in relative units (%) from the 24
evaluable studies. Details of the data used for statistical
evaluation can be gathered from the Supplementary Data 2.
A general limitation of the evaluations presented in this
review is the inherent variability of both smoke yield and
BOE data, which are generated in different laboratories.
While there are analytical standard methods and frequent
ring-trials available for smoke yields of “tar”, nicotine and
CO, this is not the case for analysis of BOEs (although
corresponding activities for BOEs are presently driven
forth). This limitation has to be kept in mind when inter-
preting the results.

4.1 Bivariate analysis 

The associations between smoking behaviour variables
such as CPD, puffing and inhalation patterns and the
measurable uptake of smoke constituents by BOEs are only
a secondary aspect of this review. The selected studies
contain information on CPD and other smoking behaviour
variables (Supplementary Data 2). In only a few of the
studies, results for puffing or inhalation patterns are
reported (9, 124, 129, 133). In one study (133), a weak but
statistically significant relationship between self-reported
inhalation pattern and nicotine uptake was found (r = 0.20,
p = 0.002). In another study (129), no measurable influence
of the extent of inhalation (assessed by questionnaire) on
urinary cotinine levels was stated. MUHAMMAD-KAH and
coworkers (9) found that important smoking topography
parameters were total puff volume, puff count and total
inter-puff interval. Together with CPD and yield, these
parameters explain about 30–40% of the variability in daily
exposure to nicotine and carbon monoxide. HEE et al. (124)
observed that the total puff volume did not significantly
change in relation to smoke yields, whereas the inhalation
index significantly decreased with increasing yields.
In all but one study (116), which were included in the
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evaluation of the relationship between machine-derived
smoke yields and biomarker levels, CPD data were re-
ported. In numerous studies, the importance of CPD for the
smoking dose as well as the implicated health risks has
been emphasized (1–3). 
In this bivariate evaluation, the following associations were
investigated: 
• BOE versus CPD
• BOE versus yield
• CPD versus yield
Table 2 shows the results of this analysis for the 8 selected
datasets described in Table 1. These results show that the
BOE levels are significantly associated with CPD and with
the machine-derived yields for all selected datasets except
for # 3 (nicotine equivalents Nic+5 versus cigarette nicotine
yields) and # 6 (1-hydroxypyrene versus “tar” yield). The
latter finding is not surprising, due to the limited number of
studies available and the non-specificity of this biomarker
for tobacco smoke exposure. The lacking statistical signifi-
cance for the association between Nic+5 in urine and either
CPD or nicotine yield is somewhat unexpected. A number
of reasons might have caused this result, including limited
number of studies included (only three studies) and the low
variability in the CPD variable in the largest of these 3
studies (49). 
The association between BOE levels and CPD is in some
cases stronger (# 1, 2, 5), in other cases (# 4, 7, 8) similar
or weaker than the association between BOE levels and

yields. This is also somewhat unexpected since in most
previous studies (7, 9, 118) the correlation between BOE
and CPD was found to be stronger. A plausible explanation
for this finding is the fact that in this analysis, average CPD
values instead of individual CPDs have to be used for each
yield level, thus levelling off the variability in this parame-
ter leading to, in general, weaker correlations. The use of
individual CPD data would have been preferable, however,
were not available from the published data.
Table 2 further indicates that there is no significant correla-
tion between CPD and machine-derived yield levels,
suggesting that the daily cigarette consumption is not
increased in smokers of lower yield cigarettes. This obser-
vation has been emphasized in an earlier review (4). Also
in this evaluation, the above discussed limitation of using
average CPD values has to be taken into account. 
As an example, the three linear regressions for the selected
data base # 1 are shown in Figures 1–3.
COULTAS et al. (118) reported significant coefficients of
correlation (r) of 0.51 and 0.52 for the association between
salivary cotinine and CPD and between CO in exhaled
breath and CPD, respectively. BENOWITZ et al. (115) found
a significant r value of 0.40 between cotinine in plasma and
cigarette consumption. MUHAMMAD-KAH et al. (9) con-
cluded from their data that the number of cigarettes smoked
per day is the most important factor in the model for
predicting nicotine equivalents (Nic+5) in urine and COHb
levels. Note that these results are based on individual data

Table 1.  Datasets considered in the bi- and multivariate evaluations.

Dataset  #
Biomarker of exposure
(biological matrix) a Yield class a Number of studies 

(references)
Number of 
sub-datasets b

Number of 
subjects c

1 Cotinine 
(plasma)

N 7 
(49, 50, 116, 117, 131, 132,
134)

9 6523

2 Cotinine 
(saliva)

N 5
(47, 50, 52, 114, 126)

5 2580

3 Nic+5 
(urine)

N 3
(47, 49, 50)

3 3991

4 COHb 
(blood)

CO 4
(49, 124, 130, 132)

6 4116

5 COex 
(exhaled air)

CO 2
(119, 134)

3 2726

6 1-Hydroxypyrene
(urine)

“Tar” 3
(49, 120, 130)

3 3707

7 Relative BOE levels
(‘corresponding’ BOE/yield
pairs)

Relative values of all
‘corresponding’ yields

21
(47, 49, 50, 52, 53, 83, 114,
116, 117, 119, 120, 123, 124,
126, 128–134)

24 30948

8 Relative BOE levels 
(all available BOE/yield pairs)

Relative values of all 
available yields

23
(47, 49, 50, 52, 53, 83, 114,
116, 117, 119, 120, 123–134)

27 52966

a ‘Corresponding yields’: yield and biomarker are related to the same chemical in smoke.
b Number of sub-datasets can be higher than number of studies, since some studies comprise more than one data set, for example

when males and females were investigated separately or when several biomarkers were evaluated.
c Total numbers of subjects of all studies considered in a subset of data for evaluation. Subjects are multiple counted, if more than

one biomarker is evaluated in a study.
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for CPD and BOE levels. Further results for the association
between CPD and BOE concentrations have been summa-
rized in an earlier review (4).
GORI and LYNCH (122) stated that CPD is not affected by
the FTC nicotine yield of the smoked cigarettes. In a review
on smoking behaviour and compensation (4), it was
concluded that the number of cigarettes is not a significant
factor for compensation. These findings are in agreement
with the evaluation presented here, which also shows no
significant relationship between CPD and smoke yield
levels.

4.2 Multivariate analysis 

The association between the actual uptake of smoke
constituents, measured by suitable biomarkers of exposure
(BOEs), and the corresponding machine-derived yields in
mainstream smoke of cigarettes is in the focus of this

review. Published studies which allow the investigation of
this relationship have been especially selected for this
purpose (the studies selected are compiled in the Supple-
mentary Data No 2). The BOEs applied in these studies
have been characterized and discussed in Chapters 3 and
4.1. The influence of smoking behaviour parameters such
as puffing pattern, extent of inhalation and daily cigarette
consumption (CPD), as far as these variables were consid-
ered in the selected studies, were evaluated in the previous
section. CPD was the only smoking behaviour variable,
which was included in almost all studies. As found in
previous reviews (4, 29), nicotine and “tar” yields have no
significant impact on average daily cigarette consumption.
On the other hand, BOE levels significantly increase with
CPD (73, 135–137). Average daily cigarette consumption
(CPD) was found to be the strongest predictor for smoking-
related BOE concentrations in body fluids (9, 138). It is,
therefore, important to take into account the variable CPD
when investigating the association between BOE and yield
levels in cigarette smokers. The consideration of other
influencing factors such as gender, age, cigarette blend
type, puffing and inhalation profile would be of general
interest. However, these influencing factors could not be
systematically studied in this review, due to lack of suitable
information in the selected studies.
In this section, the results of multivariate analyses of the 8
datasets as described in Table 1 are presented and dis-
cussed. Stepwise linear regression models are calculated
using the following variables:
• BOE, either with absolute units (datasets # 1–6) or

relative units (%, datasets # 7 and 8) as dependent
variable

• CPD, either with absolute units (cigarettes/d, datasets
# 1–6) or in relative units (%, datasets # 7 and 8) as
independent variable

• Smoking machine-derived yields according to ISO or
FTC (mg/cigarette, datasets # 1–6) or in relative units
(%, datasets # 7 and 8) as independent variable.

In Table 3, the characteristics of the various models are
summarized. The models generated explain between 95%
(dataset # 5, COex/CO yield) and 15% (dataset # 6, 1-OH-
pyrene/”tar”, not significant) of the variability in the BOE
levels. As is obvious from Table 3, the highest R2 values
(indicating the percentage of BOE variability explained)
were obtained when BOE and yield correspond, i.e., are
related to the same chemical in tobacco smoke, which is the
case for the models based on the datasets # 1–5. The
models based on datasets # 6–8 partially use ‘surrogate’
yields in case that the corresponding yields are not avail-
able from the published data. Model 8, which uses all
available datasets, shows a much lower R2 as compared to
Model 7, which uses ‘corresponding’ or closely related
BOE/yield pairs (for further discussion of this issue, see the
last but one paragraph of introduction to Chapter 4). 
Depending on the selected dataset, the independent variables
CPD and yield explain various percentages of the variability
in the BOE levels. CPDs explain between 3.6 and 89.2% of
the variability in BOE levels, whereas the corresponding
range for yields is 6.2–42.8%. As discussed in Section 4.1,
CPD usually is a significantly better predictor for BOE levels
than machine-derived yields (7, 9, 118). We assume that in
this particular evaluation, the individual variations in CPD

Table 2.  Results of the bivariate statistical analysis.
Statistically significant coefficients of correlations (r) and co-
efficients of determination (R2) values are shown in bold.

Selected
dataset  #

Statistics a BOE versus
CPD

BOE versus
yield

CPD versus
yield

1 N 29 31 29
r 0.858 0.559 0.343

R2 0.736 0.313 0.118
p 0.000 0.001 0.069

2 N 23 23 23
r 0.789 0.439 0.044

R2 0.623 0.193 0.002
p 0.000 0.036 0.841

3 N 10 10 23
r 0.414 0.602 !0.044

R2 0.172 0.362 0.002
p 0.234 0.066 0.904

4 N 18 18 18
r 0.572 0.597 0.335

R2 0.327 0.356 0.112
p 0.013 0.009 0.175

5 N 9 9 9
r 0.944 !0.084 !0.337

R2 0.891 0.007 0.114
p 0.000 0.830 0.375

6 N 9 9 9
r 0.611 0.357 !0.144

R2 0.373 0.128 0.020
p 0.080 0.346 0.712

7 N 179 185 179
r 0.310 0.654 0.128

R2 0.096 0.428 0.016
p 0.000 0.000 0.089

8 N 284 292 292
r 0.207 0.505 0.033

R2 0.043 0.255 0.001
p 0.000 0.000 0.578

a N: Number of data pairs in the analysis; r: Pearsons
coefficient of correlation
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are partly levelled off by using the group means of the CPD,
thus possibly leading to lower R2 values for this variable.
Model predictions are exemplified in Table 4. The predicted
effects on the BOE levels when reducing either yield or
CPD by 50% and keeping the respective other variable con-
stant were calculated for all models, except for Model 6,
which shows no significant contribution of any of the two
independent variables. Additionally, this calculation takes
into account 95% confidence intervals (CIs) of the constants
and coefficients of the models. The observed CIs were
relatively large and show wide overlaps between the various

assumed smoking behaviours. Despite of that, the model-
derived predictions show some consistent results. The
models predict that reducing the daily cigarette consumption
(CPD) by 50% results in an average reduction in BOE levels
of 32.6% (range: 16.3–63.6%) when considering the
evaluable 7 models (Table 4). The corresponding BOE
reductions for a 50% reduction in machine-derived yields
amount to 15.0 (4.2–18.9)%. This finding is in line with
reports of MUHAMMAD-KAH et al. (9), HAMMOND et al. (7),
COULTAS et al. (118) who also found that CPD is a signifi-
cantly better predictor for biomarker-derived smoke uptake

Figure 1.  Linear regression between the BOE cotinine in plasma and the average CPD values as extracted from 7 published studies
(selected dataset # 1 in Table 1).

Figure 2.  Linear regression between the BOE cotinine in plasma and the smoking machine-derived nicotine yields as extracted
from 7 published studies (selected dataset # 1 in Table 1).
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data as compared to machine-derived smoke yields. 
In a few studies (9, 115, 118, 121, 122), results for the
relationship between BOE and yield levels are presented
(summarized in Supplementary Data 2). The reported
coefficients of correlation are in the range of !0.15 to 0.23
(115, 118, 121, 122). This would correspond to an ex-
plained variability in BOE level by yield of up to 5%,
which is significantly lower than the percentage explained
by yield found in this evaluation. MUHAMMAD-KAH et al.
(9) found that the machine measured “tar” yield was a
significant factor in their model for predicting the BOEs
Nic+5 and COHb, however with a relatively small contri-
bution to the explained variability in the biomarker levels.
This is in agreement with conclusions from other studies (8,
47, 49, 139) and supports the general concept of partial
compensation outlined in a previous review (4). However,
the extent of this (partial) compensation is still controver-
sial and ranges from 100% (complete compensation, no
association between BOE levels and machine-derived
smoke yields) as suggested by some authors (29) and 70%
(slope of ~ 0.3 between relative BOE and yield levels) as
found in the data evaluation of this review.
 

5 SUMMARY AND CONCLUSIONS

• Twenty eight (28) published studies, which reported
data on machine-derived smoke yields of cigarettes and
corresponding biomarker concentrations in body fluids
of smokers of these products were identified. In total,
33 different BOEs were applied in these studies.

• Important properties of the BOEs applied, such as
precursors in smoke, sources other than tobacco smoke,
background levels in non-smokers, half-life and
smoker/non-smoker level ratios were described and
discussed.

Figure 3.  Linear regression between the average CPDs and the smoking machine-derived nicotine yields as extracted from 7
published studies (selected dataset # 1 in Table 1).

Table 3.  Results of the multivariate statistical analysis: Model
characteristics (stepwise linear regression). Statistically significant
independent variables (and constants) in the models are shown in
bold.

Dataset # N a R2 Significance Coefficients

1 29 Model 0.818 — —
(Constant) — 0.080 (!57.93)
CPD 0.736 0.000 12.31
Yield 0.081 0.002 74.67

2 23 Model 0.786 — —
(Constant) — 0.081 (53.10)
CPD 0.623 0.000 9.24
Yield 0.163 0.001 98.84

3 10 Model 0.557 — —
(Constant) — 0.643 (2.190)
CPD 0.195 0.123 0.434
Yield 0.362 0.043 4.725

4 18 Model 0.706 — —
(Constant) — 0.000 (2.914)
CPD 0.678 0.000 0.131
Yield 0.029 0.246 0.045

5 9 Model 0.953 — —
(Constant) — 0.044 (!11.04)  
CPD 0.892 0.000 1.485
Yield 0.062 0.030 0.470

6 9 Model 0.151 — —
(Constant) — 0.458 (!297.35)
CPD 0.055 0.554 !11.496
Yield 0.095 0.498 8.603

7 179 Model 0.480 — —
(Constant) — 0.209 (14.430)
CPD 0.052 0.000 0.490
Yield 0.428 0.000 0.387

8 284 Model 0.290 — —
(Constant) — 0.000 (40.127)
CPD 0.036 0.000 0.331
Yield 0.253 0.000 0.280

a N: Number of data pairs in the analysis
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• In almost all studies, data for CPD were provided. In
only a few studies, puffing or inhalation profiles have
been determined so that no systematic evaluation of the
association between puffing and inhalation variables
and BOE levels was possible. 

• Stepwise linear regression models were calculated with
BOE as dependent variable and CPD as well as smok-
ing machine-derived yields as independent variables.
Depending on the dataset evaluated, both CPD and
yield were found as significant predictors for the
measurable BOE levels. In previous studies, most
frequently CPD was reported to be a significantly better
predictor than yield. A possible reason for this discrep-
ancy is that fact that in this evaluation, average CPD
values had to be used resulting in loss of variability in
this parameter.

• The models predict that reducing the daily cigarette
consumption (CPD) by 50% would result in an average
reduction in BOE levels of 33%, whereas a 50%
reduction in machine-derived yields would result in a
mean reduction of 15% reduction in smoke uptake.
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SUPPLEMENTARY DATA 2

Selected studies with reported data used for the regression analyses. a,b 
  

No
Biomarker
(biological matrix)

Study
Data reported in the study
Yield and CPD/other smoking behaviour variables

Number of dataset, table and
figure in which the reported
study results were used

1 Cotinine 
(saliva)

JARVIS et al. (126) Dataset (Model) #: 2, 7, 8
Tables: 1, 2, 3, 4
Figures: —

SCHERER et al.
(47)

Dataset (Model) #:  2, 7, 8
Tables:  1, 2, 3, 4
Figures: —

COULTAS et al.
(118)

Spearman correlation coeff.:
Cot (sal) vs FTC “tar”: r = 0.15 (p = 0.03, N = 214)
Cot (sal) vs FTC nicotine: r = 0.12 (p > 0.05, N = 214)
Cot (sal) vs FTC CO: r = 0.06 (p > 0.05, N = 128)
Cot (sal) vs CPD: r = 0.52 (p < 0.001, N = 260)

BYRD et al. (52) Dataset (Model) #:  2, 7, 8
Tables:  1, 2, 3, 4
Figures: —

ANDERSSON et al.
(114)

Dataset (Model) #:  2, 7, 8
Tables:  1, 2, 3, 4
Figures: —

SHEPPERD et al.
(50) d

Dataset (Model) #:  2, 7, 8
Tables:  1, 2, 3, 4
Figures: —

2 OH-Cot 
(saliva)

SCHERER et al.
(47)

Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

Nic Y (ISO) c

(mg/cig)
N

Cotinine 
(ng/mL)

CPD
(cig/d)

0.05 20 196.1 12.3
0.15 59 258.9 13.6
0.30 22 206.1 14.3
0.45 306 220.3 11.9
0.55 111 219.1 12.2
0.65 178 269.1 15.4
0.75 175 283.3 14.8
0.85 520 289.1 15.0
0.95 451 305.6 15.8
1.1 189 336.3 16.2

Nic Y (ISO)
(mg/cig)

N
Cotinine 
(ng/mL)

CPD
(cig/d)

NS 100 1.1 0
0.23 64 226 16.8
0.51 120 224 11.7
0.84 76 324 13.4

Nic Y (FTC)
(mg/cig)

N
Cotinine 
(ng/mL)

CPD
(cig/d)

0.14 23 425 37
0.47 19 413 35
0.76 14 412 30
1.20 16 526 32

Nic Y (ISO)
(mg/cig)

N
Cotinine 
(ng/mL)

CPD
(cig/d)

0.70 13 231.0 17.9
1.05 34 226.9 17.1
1.34 30 304.7 17.5

Nic Y (ISO)
(mg/cig)

N
Cotinine 
17:00 h
(ng/mL)

CPD
(cig/d)

0.12 48 160 18.5
0.45 45 215 19.8
0.83 47 342 21.1

Nic Y (ISO)
(mg/cig)

N
OH-Cot 
(ng/mL)

CPD
(cig/d)

NS 100 0.53 0
0.23 64 80.3 16.8
0.51 120 58.8 11.7
0.84 76 77.9 13.4
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Selected studies with reported data used for the regression analyses. a,b (contd.) 

No
Biomarker
(biological matrix)

Study
Data reported in the study
Yield and CPD/other smoking behaviour variables

Number of dataset, table and
figure in which the reported
study results were used

3 Cotinine
(plasma/serum)

MENDES et al. (49) Dataset (Model) #:  1, 7, 8
Tables:  1, 2, 3, 4
Figures:  1, 2, 3

BERNERT et al.
(116)
Geometric means

Dataset (Model) #:  1, 7, 8
Tables:  1, 2, 3, 4
Figures:  2

BENOWITZ et al.
(115)

Cot (P) vs FTC Nic Y: r = !0.15 (not significant), N = 137
Cot (P) vs CPD: r = 0.40 (p < 0.01), N = 144

GORI and LYNCH

(122)
Cot (P) vs FTC Nic Y: r = 0.23 (p < 0.001), N = 799
CPD is not affected by the FTC Nic Y

RUSSELL et al.
(132)

Dataset (Model) #:  1, 7, 8
Tables:  1, 2, 3, 4
Figures:  1, 2, 3

BRIDGES et al.
(117)

Dataset (Model) #:  1, 7, 8
Tables:  1, 2, 3, 4
Figures:  1, 2, 3

ROSA et al. (131) Dataset (Model) #:  1, 7, 8
Tables:  1, 2, 3, 4
Figures:  1, 2, 3

SHEPPERD et al.
(50) d

Dataset (Model) #:  1, 7, 8
Tables:  1, 2, 3, 4
Figures:  1, 2, 3

Nic Y (FTC)
(mg/cig)

N
Cotinine 
(ng/mL)

CPD
(cig/d)

0.14 504 171 18.4
0.51 953 164 18.0
0.83 1066 180 18.2
1.25 1062 212 17.7

Nic Y (FTC)
(mg/cig)

N
Cotinine 
(ng/mL)

CPD
(cig/d)

0.7 40 219.1 n.r.
1.1 110 234.3 n.r.

Nic Y (ISO)
(mg/cig) 

N
Cotinine
(ng/mL)

CPD
(cig/d)

Men
0.84 42 382 31.9
1.23 25 438 29.1
1.48 70 357 32.8

Women
0.87 109 327 28.0
1.28 37 403 32.4
1.47 109 370 28.9

Nic Y (ISO)
(mg/cig) 

N
Cotinine
(ng/mL)

CPD
(cig/d)

NS 168 2.9 0
0.34 5 256 19.4
0.56 16 330 23.1
0.76 22 351 24.7
1.06 65 409 25.6
1.16 17 382 24.2
1.48 14 459 24.1

Nic Y (ISO) c

(mg/cig)
N

Cotinine
(ng/mL)

CPD
(cig/d)

0.42 8 63.12 8.5
0.60 45 104.68 10.9
0.97 38 152.34 11.6
1.24 34 172.26 10.9

Nic Y (ISO)
(mg/cig)

N
Cotinine
17:00 h
(ng/mL)

CPD
(cig/d)

0.12 48 134 18.5
0.45 45 181 19.8
0.83 47 269 21.1



Selected studies with reported data used for the regression analyses. a,b (contd.) 

No
Biomarker
(biological matrix)

Study
Data reported in the study
Yield and CPD/other smoking behaviour variables

Number of dataset, table and
figure in which the reported
study results were used
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3
contd.

WOODWARD and
TUNSTALL-PEDOE

(134)

Dataset (Model) #:  1, 7, 8
Tables:  1, 2, 3, 4
Figures:  1, 2, 3

4 Nicotine 
(plasma)

EBERT et al. (119) Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

5 Nicotine equiva-
lents
(urine) f

SCHERER et al.
(47)

Dataset (Model) #:  3, 7, 8
Tables:  1, 2, 3, 4
Figures: —

MENDES et al. (49) Dataset (Model) #:  3, 7, 8
Tables:  1, 2, 3, 4
Figures: —

BYRD et al. (53) Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

BYRD et al. (52) Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

ANDERSSON et al.
(114)

Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

Nic Y (ISO) e

(mg/cig) 
N

Cotinine
(ng/mL)

CPD
(cig/d)

Men
0.80 136 279.0 20.2
1.30 315 293.6 21.4
1.60 388 281.0 20.8

Women
0.80 374 217 15.8
1.30 330 265.0 16.6
1.60 449 270.4 17.9

Nic Y (ISO)
(mg/cig) 

N
Nicotine
(ng/mL)

CPD
(cig/d)

0.30 24 24 34
0.76 23 28 30
1.20 29 33 30

Nic Y (ISO)
(mg/cig)

N
Nic+5

(mg/24 h)
CPD

(cig/d)

0.23 66 12.8 16.8
0.51 122 10.6 11.7
0.84 78 11.5 13.4

Nic Y (FTC)
(mg/cig)

N
Nic+5

(mg/24 h)
CPD

(cig/d)

0.14 504 11.8 18.4
0.51 953 12.3 18.0
0.83 1066 13.2 18.2
1.25 1062 14.5 17.7

Nic Y (FTC)
(mg/cig)

N
Nic+8

(mg/24 h)
CPD

(cig/d)

0.14 9 9.1 35
0.49 13 19.2 37
0.67 6 21.8 37
1.13 5 37.3 34

Nic Y (FTC)
(mg/cig)

N
Nic+8

(mg/24 h)
CPD

(cig/d)

0.14 23 22.2 37
0.47 19 21.9 35
0.76 14 20.0 30
1.20 16 27.9 32

Nic Y (ISO)
(mg/cig)

N
Nic+7

(mg/24 h)
CPD

(cig/d)

0.70 13 24.6 17.9
1.05 34 23.4 17.1
1.34 30 25.7 17.5



Selected studies with reported data used for the regression analyses. a,b (contd.) 

No
Biomarker
(biological matrix)

Study
Data reported in the study
Yield and CPD/other smoking behaviour variables

Number of dataset, table and
figure in which the reported
study results were used
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5
contd.

SHEPPERD et al.
(50) d

Dataset (Model) #:  3, 7, 8
Tables:  1, 2, 3, 4
Figures: —

MUHAMMAD-KAH et
al. (9)

The number of cigarettes smoked per day (CPD) is the most important factor in the
models for daily exposure to nicotine.
Other important smoking-related factors were number of years smoked, smoking
behaviour questions from the FTND, topography parameters (i.e., total puff duration and
puff count) and “tar” yield categories. When daily exposure to nicotine is adjusted by
daily cigarette butts returned (Nic+5 per cig), the most important factors contributing to
exposure are the topography parameters (total puff volume, puff count and total inter-puff
interval). 
"… In conclusion, the models investigated in the study, explain about 30-40% of variabil-
ity in daily exposure to nicotine and carbon monoxide. …"

6 Nicotine+cotinine+
3-OH-cotinine
(urine)

UEDA et al. (133) Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

7 Total cotinine
(cot+cot-gluc)
(urine)

HECHT et al. (123) Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

8 Cotinine
(urine)

NAKAZAWA et al.
(129)

Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

HEE et al. (124) Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

Nic Y (ISO)
(mg/cig)

N
Nic+5 

(mg/24 h)
CPD

(cig/d)

0.12 48 7.1 18.5
0.45 45 12.4 19.8
0.83 47 18.0 21.1

Nic Y (FTC) c

(mg/cig)
N

Nic+2
(µg/g crea)

CPD
(cig/d)

0.05 19 3582 25.3
0.35 88 5831 26.7
0.80 102 6616 25.1

1.2 37 7716 26.5

Self reported inhalation pattern was positively related to
urinary nicotine metabolite concentrations (r = 0.20,
p = 0.002).

“Tar” Y (FTC) c

(mg/cig)
N

Total cotinine
(pmol/mg crea)

CPD
(cig/d)

3.75 48 25.5 26.1
10.5 80 26.0 24.1

20 47 27.0 27.9

Nic Y (ISO)
(mg/cig)

N
Cotinine

(ng/mg crea)
CPD

(cig/d)

0.1 87 535 23.4
0.5 223 770 24.5
1.1 148 1010 24.4

Inhalation assessed by questionnaire: No measurable
influence

Nic Y (ISO)
(mg/cig)

N
Cotinine

(µmol/24 h)
CPD

(cig/d)

Men
0.35 14 2.93 13.6
0.72 14 3.65 11.9
1.08 15 3.70 12.6

Women
0.35 22 2.55 12.6
0.72 22 1.95 10.1
1.08 21 2.97 15.0

Total puff volume did not significantly change in relation
to smoke yields. The inhalation index significantly
decreased with increasing yield.



Selected studies with reported data used for the regression analyses. a,b (contd.) 

No
Biomarker
(biological matrix)

Study
Data reported in the study
Yield and CPD/other smoking behaviour variables

Number of dataset, table and
figure in which the reported
study results were used
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8
contd.

MELIKIAN et al.
(128)
Geometric means

Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

9 Total NNAL 
(urine)

SCHERER et al.
(47)

Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

MENDES et al. (49) Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

HECHT et al. (123) Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

SHEPPERD et al.
(50) d

Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

MELIKIAN et al.
(128)
Geometric means

Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

10 Free NNAL
(urine)

BERNERT et al.
(116)
Geometric means

Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

11 NNAL-gluc
(urine)

BERNERT et al.
(116)
Geometric means

Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

Nic Y (FTC)
(mg/cig)

N
Cotinine

(ng/mg crea)
CPD

(cig/d)

0.66 87 2180 15.6
1.12 109 2920 17.4
1.41 61 2420 15.4

Nic Y (ISO)
(mg/cig)

N
NNAL 

(pmol/24 h)
CPD

(cig/d)

0.23 15 740 16.8
0.51 104 1391 11.7
0.84 75 1902 13.4

“Tar” Y (FTC)
(mg/cig)

N
NNAL

(ng/24 h)
CPD

(cig/d)

1.00 504 347 18.4
5.17 953 410 18.0
9.95 1066 454 18.2

16.10 1062 476 17.7

“Tar” Y (FTC) c

(mg/cig)
N

Total NNAL
(pmol/mg crea)

CPD
(cig/d)

3.75 48 2.40 26.1
10.5 80 2.33 24.1

20 47 2.68 27.9

NNK Y (ISO)
(ng/cig)

N
NNAL

(ng/24 h)
CPD

(cig/d)

4 48 179 18.5
11.5 45 282 19.8
28.8 47 491 21.1

“Tar” Y (FTC)
(mg/cig)

N
NNAL

(pmol/mg crea)
CPD

(cig/d)

8.04 87 1.75 15.6
15.3 109 1.68 17.4
19.1 61 1.21 154

“Tar” (FTC)
(mg/cig)

N
NNAL

(pg/mL)
CPD

(cig/d)

10.0 40 164.0 n.r.
15.8 110 143.7 n.r.

“Tar” (FTC)
(mg/cig)

N
NNAL

(pg/mL)
CPD

(cig/d)

10 40 168.5 n.r.
15.8 110 175.7 n.r.



Selected studies with reported data used for the regression analyses. a,b (contd.) 

No
Biomarker
(biological matrix)

Study
Data reported in the study
Yield and CPD/other smoking behaviour variables

Number of dataset, table and
figure in which the reported
study results were used
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12 CO
(exhaled air)

SCHERER et al.
(47)

Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

UEDA et al. (133) Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

JAFFE et al. (125) Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

EBERT et al. (119) Dataset (Model) #: 5, 7, 8
Tables: 1, 2, 3, 4
Figures: —

GORI and LYNCH

(122)
COex vs FTC CO Y: r = 0.15 (p < 0.001), N = 799
CPD is not affected by the FTC Nic Y

WOODWARD and
TUNSTALL-PEDOE

(134)

Dataset (Model) #:  5, 7, 8
Tables:  1, 2, 3, 4
Figures: —

Nic Y (ISO)
(mg/cig)

N
COex
(ppm)

CPD
(cig/d)

NS 100 2.6 0
0.23 15 20.7 16.8
0.51 104 15.9 11.7
0.84 75 17.1 13.4

Nic Y (FTC) c

(mg/cig)
N

COex
(ppm) *

CPD
(cig/d)

0.05 19 25 25.3
0.35 88 25 26.7
0.80 102 26 25.1

1.2 37 24 26.5

* Values extracted from Figure 3 (18)
Self reported inhalation pattern was positively related to
urinary nicotine metabolite concentrations (r = 0.20,
p = 0.002).

Nic Y (ISO) c

(mg/cig)
N

COex
(ppm)

CPD
(cig/d)

Men
NS 9 2.5 0

0.15 8 28.2 38.0
0.40 12 30.8 32.9
0.75 16 35.3 32.7
1.25 36 33.2 31.0

Women
NS 19 2.2 0

0.15 15 24.9 23.2
0.40 23 29.9 27.2
0.75 45 30.9 27.6
1.25 45 27.5 23.9

CO Y (ISO)
(mg/cig) 

N
COex
(ppm)

CPD
(cig/d)

2.5 24 40 34
12.4 23 40 30
17.0 29 44 30

CO Y (ISO) e

(mg/cig) 
N

COex
(ppm)

CPD
(cig/d)

Men
8.0 180 21.6 20.9

14.5 488 25.6 21.5
18.0 428 25.1 20.4

Women
8.0 411 18.5 15.7

14.5 573 22.9 16.8
18.0 570 23.4 17.7
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12
contd.

MARON and FORT-
MANN (127)

Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

COULTAS et al.
(118)

Spearman correlation coefficients:
COex vs FTC “tar”: r = 0.07 (p > 0.05, N = 234)
COex vs FTC nicotine: r = 0.05 (p > 0.05, N = 234)
COex vs FTC CO: r = 0.03 (p > 0.05, N = 139)
COex vs CPD: r = 0.51 (p < 0.001, N = 283)

13 COHb
(blood)

MENDES et al. (49) Dataset (Model) #:  4, 7, 8
Tables:  1, 2, 3, 4
Figures: —

RICKERT and ROB-
INSON (130)

Dataset (Model) #:  4, 7, 8
Tables:  1, 2, 3, 4
Figures: —

RUSSELL et al.
(132)

Dataset (Model) #:  4, 7, 8
Tables:  1, 2, 3, 4
Figures: —

BRIDGES et al.
(117)

Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

MUHAMMAD-KAH et
al. (9)

CPD is the most important factor in the models for daily
exposure to carbon monoxide. The models investigated
in the study explain about 30–40% of variability in daily
exposure to nicotine and carbon monoxide.

Nic Y (FTC) c

(mg/cig) 
N

COex
(ppm)

CPD
(cig/d)

0.10 27 26.7 19.4
0.41 89 23.2 23.1
0.80 259 26.9 24.7
1.25 338 25.1 25.6

CO Y (FTC)
(mg/cig)

N
COHb

(%)
CPD

(cig/d)

1.7 504 4.89 18.4
6.7 953 5.20 18.0

11.1 1066 5.41 18.2
15.3 1062 5.33 17.7

CO Y (ISO)
(mg/cig)

N
COHb

(%)
CPD

(cig/d)

8.7 16 4.4 17.1
19.9 15 5.3 20.1

CO Y (ISO)
(mg/cig) 

N
COHb

(%)
CPD

(cig/d)

Men
10.9 42 7.4 31.9
15.0 25 8.4 29.1
17.1 70 7.6 32.8

Women
11.0 109 6.9 28.0
14.4 37 7.8 32.4
17.4 109 7.9 28.9

Nic Y (ISO)
(mg/cig) 

N
COHb

(%)
CPD

(cig/d)

NS 168 2.2 0
0.34 5 5.7 19.4
0.56 16 7.4 23.1
0.76 22 7.6 24.7
1.06 65 7.6 25.6
1.16 17 7.9 24.2
1.48 14 7.4 24.1
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13
contd.

HEE et al. (124) Dataset (Model) #:  4, 7, 8
Tables:  1, 2, 3, 4
Figures: —

14 1-OH-Pyr
(urine)

SCHERER et al.
(47)

Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

HAGEDORN et al.
(83)
Medians reported

Dataset (Model) #:  6, 7, 8
Tables:  1, 2, 3, 4
Figures: —

MENDES et al. (49) Dataset (Model) #:  6, 7, 8
Tables:  1, 2, 3, 4
Figures: —

HECHT et al. (123) Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

MELIKIAN et al.
(128)
Geometric means

Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

CO Y (ISO)
(mg/cig)

N COHb (%)
CPD

(cig/d)

Men
3.24 14 4.80 13.6
9.09 14 5.23 11.9

13.60 15 5.74 12.6

Women
3.24 22 4.82 12.6
9.09 22 5.94 10.1

13.60 21 6.73 15.0

Total puff volume did not significantly change in relation
to smoke yields.
The inhalation index significantly decreased with in-
creasing yield.

Nic Y (ISO)
(mg/cig)

N
1-OH-Pyr
(µg/24 h)

CPD
(cig/d)

NS 100 0.101 0
0.23 15 0.165 16.8
0.51 101 0.194 11.7
0.84 73 0.205 13.4

“Tar” Y (ISO)
(mg/cig)

N
1-OH-Pyr
(µg/24 h)

CPD
(cig/d)

NS 25 0.18 0
1 24 0.20 21
4 33 0.32 25

10 25 0.37 23

“Tar” Y (FTC)
(mg/cig)

N
1-OH-Pyr
(ng/24 h)

CPD
(cig/d)

1.00 504 294 18.4
5.17 953 279 18.0
9.95 1066 301 18.2

16.10 1062 356 17.7

“Tar” Y (FTC) c

(mg/cig) 
N

1-OH-Pyr
(pmol/mg crea)

CPD
(cig/d)

3.75 48 1.53 26.1
10.5 80 1.47 24.1

20 47 1.73 27.9

“Tar” Y (FTC)
(mg/cig)

N
1-OH-Pyr

(pg/mg crea)
CPD

(cig/d)

8.04 87 378 15.6
15.3 109 396 17.4
19.1 61 347 15.4
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14
contd.

SHEPPERD et al.
(50) d

Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

FENG et al. (120) g Dataset (Model) #:  6, 7, 8
Tables:  1, 2, 3, 4
Figures: —

15 1-OH-Nap
(urine)

HAGEDORN et al.
(83)
Medians reported

Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

16 2-OH-Nap 
(urine)

HAGEDORN et al.
(83)
Medians reported

Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

17 2-OH-Flu 
(urine)

HAGEDORN et al.
(83)
Medians reported

Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

18 2-/3-OH-Phe
(urine)

HAGEDORN et al.
(83)
Medians reported

Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

19 1-/9-OH-Phe
(urine)

HAGEDORN et al.
(83)
Medians reported

Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

Pyr Y (ISO)
(ng/cig)

N
1-OH-Pyr
(ng/24 h)

CPD
(cig/d)

11.2 48 147 18.5
33.0 45 254 19.8
49.4 47 335 21.1

“Tar” Y (FTC)
(mg/cig)

N
1-OH-Pyr
(µg/24 h)

CPD
(cig/d)

NS 24 0.04 0
3 20 0.13 14.3

11 20 0.14 15.9

“Tar” Y (ISO)
(mg/cig)

N
1-OH-Nap
(µg/24 h)

CPD
(cig/d)

NS 25 2.15 0
1 24 7.99 21
4 33 14.07 25

10 25 18.61 23

“Tar” Y (ISO)
(mg/cig)

N
2-OH-Nap
(µg/24 h)

CPD
(cig/d)

NS 25 3.22 0
1 24 10.43 21
4 33 16.26 25

10 25 20.56 23

“Tar” Y (ISO)
(mg/cig)

N
2-OH-Flu
(µg/24 h)

CPD
(cig/d)

NS 25 0.58 0
1 24 1.04 21
4 33 1.63 25

10 25 1.86 23

“Tar” Y (ISO)
(mg/cig)

N
2-/3-OH-Phe

(µg/24 h)
CPD

(cig/d)

NS 25 0.38 0
1 24 0.43 21
4 33 0.64 25

10 25 0.75 23

“Tar” Y (ISO)
(mg/cig)

N
1-/9-OH-Phe

(µg/24 h)
CPD

(cig/d)

NS 25 0.28 0
1 24 0.37 21
4 33 0.58 25

10 25 0.67 23
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20 ttMA
(urine)

SCHERER et al.
(47)

Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

FENG et al. (120) g Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

21 SPMA
(urine)

SCHERER et al.
(47)

Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

FENG et al. (120) g Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

22 HPMA 
(urine)

SCHERER et al.
(47)

Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

MENDES et al. (49) Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

SHEPPERD et al.
(50) d

Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

Nic Y (ISO)
(mg/cig)

N
ttMA

(µg/24 h)
CPD

(cig/d)

NS 100 113 0
0.23 15 109 16.8
0.51 104 166 11.7
0.84 75 176 13.4

“Tar” Y (FTC)
(mg/cig)

N
ttMA

(mg/24 h)
CPD

(cig/d)

NS 24 0.13 0
3 20 0.16 14.3

11 20 0.21 15.9

Nic Y (ISO)
(mg/cig)

N
SPMA

(ng/24 h)
CPD

(cig/d)

NS 100 294 0
0.23 15 1550 16.8
0.51 104 1897 11.7
0.84 75 1998 13.4

“Tar” Y (FTC)
(mg/cig)

N
SPMA

(µg/24 h)
CPD

(cig/d)

NS 21 0.32 0
3 20 3.10 14.3

11 20 4.49 15.9

Nic Y (ISO)
(mg/cig)

N
HPMA

(µg/24 h)
CPD

(cig/d)

NS 100 337 0
0.23 15 940 16.8
0.51 104 1322 11.7
0.84 75 1333 13.4

CO Y (FTC)
(mg/cig)

N
HPMA

(µg/24 h)
CPD

(cig/d)

1.7 504 1819 18.4
6.7 953 1954 18.0

11.1 1066 2031 18.2
15.3 1062 2066 17.7

Acr Y (ISO)
(mg/cig)

N
HPMA

(µg/24 h)
CPD

(cig/d)

7.3 48 880 18.5
27.3 45 1256 19.8
45.3 47 2007 21.1
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23 MHBMA
(urine)

MENDES et al. (49) Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

24 DHBMA
(urine)

MENDES et al. (49) Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

25 Thiocyanate (sa-
liva)

JAFFE et al. (125) Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

26 Thiocyanate
(plasma/serum)

RICKERT and ROB-
INSON (130)

Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

BRIDGES et al.
(117)

Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

MARON and FORT-
MANN (127)

Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

CO Y (FTC)
(mg/cig)

N
MHBMA
(µg/24 h)

CPD
(cig/d)

1.7 504 3.58 18.4
6.7 953 3.52 18.0

11.1 1066 3.58 18.2
15.3 1062 3.46 17.7

CO Y (FTC)
(mg/cig)

N
DHBMA
(µg/24 h)

CPD
(cig/d)

1.7 504 516 18.4
6.7 953 548 18.0

11.1 1066 541 18.2
15.3 1062 560 17.7

Nic Y (ISO) c

(mg/cig)
N

SCN
(µg/mL)

CPD
(cig/d)

Men
NS 19 75 0

0.15 6 201 32.3
0.40 7 161 32.9
0.75 11 143 35.3
1.25 27 168 33.1

Women
NS 33 67 0

0.15 12 154 17.2
0.40 18 194 27.6
0.75 32 173 28.7
1.25 37 159 24.2

HCN Y (ISO)
(µg/cig)

N
SCN (P)

(µM)
CPD

(cig/d)

73 16 71 17.1
274 15 85 20.1

Nic Y (ISO)
(mg/cig) 

N
SCN
(µM)

CPD
(cig/d)

NS 168 98.3 0
0.34 5 132.2 19.4
0.56 16 160.7 23.1
0.76 22 175.9 24.7
1.06 65 163.6 25.6
1.16 17 143.8 24.2
1.48 14 162.3 24.1

Nic Y (FTC) c

(mg/cig) 
N

SCN
(µM)

CPD
(cig/d)

0.10 27 144.4 19.4
0.41 89 151.4 23.1
0,80 259 159.3 24.7
1.25 338 156.0 25.6
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26
contd.

FOLSOM et al.
(121)

Partial correlation coefficients, adjusted for CPD:
SCN vs “tar” Y (FTC): r = 0.12
SCN vs nicotine Y (FTC): r = 0.11
SCN vs CO Y (FTC): r = 0.15

WOODWARD and
TUNSTALL-PEDOE

(134)

Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

27 CEVal-Hb
(blood)

SCHERER et al.
(47)

Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

28 OHEtVal-Hb 
(blood)

SCHERER et al.
(47)

Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

29 MeVal-Hb
(blood)

SCHERER et al.
(47)

Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

30 AAVal-Hb
(blood)

SCHERER et al.
(47)

Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

31 4-ABP-Hb
(blood)

BERNERT et al.
(116)
Geometric means

Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

CO Y (ISO) e

(mg/cig) 
N

SCN
(µM)

CPD
(cig/d)

Men
8.0 180 114.3 20.9

14.5 488 115.9 21.5
18.0 428 123.9 20.4

Women
8.0 411 121.3 15.7

14.5 573 132.8 16.8
18.0 570 139.8 17.7

Nic Y (ISO)
(mg/cig)

N
CEVal-Hb
(pmol/g)

CPD
(cig/d)

NS 100 6.5 0
0.23 65 143 16.8
0.51 121 94 11.7
0.84 78 115 13.4

Nic Y (ISO)
(mg/cig)

N
OHEtVal-Hb

(pmol/g)
CPD

(cig/d)

NS 100 21.1 0
0.23 65 139 16.8
0.51 121 119 11.7
0.84 78 148 13.4

Nic Y (ISO)
(mg/cig)

N
MeVal-Hb
(pmol/g)

CPD
(cig/d)

NS 100 304 0
0.23 65 392 16.8
0.51 121 390 11.7
0.84 78 418 13.4

Nic Y (ISO)
(mg/cig)

N
AAVal-Hb
(pmol/g)

CPD
(cig/d)

NS 100 27.8 0
0.23 65 77.0 16.8
0.51 121 76.9 11.7
0.84 78 101 13.4

“Tar” (FTC)
(mg/cig)

N
4-ABP-Hb
(pg/g Hb)

CPD
(cig/d)

10 40 104.4 n.r.
15.8 110 104.3 n.r.
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31
contd.

MENDES et al. (49) Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

32 Mutagenic activity
(urine)

HEE et al. (124) Dataset (Model) #:  7, 8
Tables:  1, 2, 3, 4
Figures: —

33 Thioethers 
(urine)

HEE et al. (124) Dataset (Model) #:  8
Tables:  1, 2, 3, 4
Figures: —

a   Abbreviations

    1-(2- etc.) OH-Phe 1- (2- etc.) Hydroxyphenanthrene
    1-OH-Nap 1-Hydroxynaphthalene
    1-OH-Pyr 1-Hydroxypyrene
    2-OH-Flu 2-Hydroxyfluorene
    2-OH-Nap 2-Hydroxynaphthalene
    4-ABP-Hb Hemoglobin adduct of 4-aminobiphenyl 
    AAVal-Hb Carbamoylethylvaline (hemoglobin 

adduct of acrylamide)
    Acr Acrolein
    CeVal-Hb 2-Cyanoethylvaline ((hemoglobin 

adduct of acrylonitrile)
    CO Carbon monoxide
    COex Carbon monoxide in exhaled breath
    COHb Carboxyhemoglobin
    Cot Cotinine
    Cot-gluc Cotinine glucuronide
    CPD Cigarettes per day
    DHBMA Dihydroxybutyl-mercapturic acid
    FTC Federal Trade Commission (USA)
    FTND Fagerstrom test for nicotine dependence
    HCN Hydrogen cyanide
    HPMA 3-Hydroxypropyl-mercapturic acid
    ISO Int. Organization for Standardization
    MeVal-Hb Methylvaline (hemoglobin adducts of 

methylating agents)

MHBMA Monohydroxybutenyl-mercapturic acid
N Number
NNAL 4-(methylnitrosamino)-1-(3-pyridyl)-1-

butanol
NNAL-gluc NNAL-glucuronide
Nic Nicotine
Nic+2 Nicotine + cotinine + OH-Cot 
Nic+5 Nicotine equivalents in urine (nicotine, 

cotinine, OH-Cot and their respective
glucuronides)

Nic+7 Nic+5 + nicotine-N'-oxide + cotinine-N-oxide
Nic+8 Nic+7 + norcotinine
n.r. Not reported
NS Non-smokers
OH-Cot trans-3'-Hydroxycotinine
OHEtVal-Hb 2-Hydroxyethylvaline (hemoglobin adduct  of

ethylene oxide)
P Plasma
Pyr Pyrene
Rev Revertants
Sal Saliva 
SCN Thiocyanate
SPMA S-Phenyl-mercapturic acid
ttMA trans,trans-Muconic acid
Y Yield

“Tar” Y (FTC)
(mg/cig)

N
4-ABP-Hb
(pg/g Hb)

CPD
(cig/d)

1.00 504 42.7 18.4
5.17 953 37.2 18.0
9.95 1066 43.9 18.2

16.10 1062 47.8 17.7

“Tar” Y (ISO)
(mg/cig)

N
Mutag. Act.
(Rev/24 h)

CPD
(cig/d)

Men
3.38 14 19,122 13.6
8.95 14 14,899 11.9

14.72 15 23,269 12.6

Women
3.38 22 7,506 12.6
8.95 22 23,092 10.1

14.72 21 14,775 15.0

Total puff volume did not significantly change in relation
to smoke yields. The inhalation index significantly
decreased with increasing yield.

CO Y (ISO)
(mg/cig)

N
Thioethers
(µmol/24 h)

CPD
(cig/d)

Men
3.24 14 69.0 13.6
9.09 14 78.7 11.9
13.6 15 79.3 12.6

Women
3.24 22 69.3 12.6
9.09 22 45.1 10.1
13.6 21 55.9 15.0

Total puff volume did not significantly change in relation
to smoke yields. The inhalation index significantly
decreased with increasing yield.
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b Criteria for selection/inclusion of studies: (1) 2 Cigarettes types with different yields; (2) biomarker/yield of precursor (or surrogate) data
presented; (3) CPD given or considered in data

c Mean of yield range is used
d Groups 1, 3 and 5 from study Period 1 were considered for evaluation
e Estimated from reported data
f Nicotine equivalents represent the molar sum of nicotine and various numbers of its major metabolites (Nic+2, Nic+5, etc., see

Abbreviations for specifications)
g Only Day 8 of the study and smokers of conventional cigarettes were considered for evaluation
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