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This paper presents a rationale for utilising a Margin of Exposure (MOE) approach to the segregation of
tobacco smoke toxicants for risk assessment and management purposes. Future regulatory frameworks
and product modifications aimed at tobacco harm reduction could utilise data that segregate toxicants
using associations with specific diseases caused by cigarette smoking together with an indication of their
relative contribution to that disease. Compounds with MOEs >10,000 accompanied by appropriate narra-
tive are considered “low priority for risk management actions”. This paper applies the MOE model to rep-
resentative examples of tobacco smoke toxicants associated with respiratory tract carcinogenesis and
other respiratory diseases. A multiplicity of published dose response data on individual toxicants has
been used to determine the range of possible MOE values, thus demonstrating the consistency of the rela-
tionships. Acetaldehyde, acrolein, acrylonitrile, cadmium, ethylene oxide, formaldehyde and isoprene all
segregate with MOEs <10,000 and should be considered as high priority for exposure reduction research
whereas benzo(a)pyrene and vinyl chloride segregate with an MOE >10,000 and therefore may be consid-
ered as a low priority. 1,3-Butadiene, m-/p-cresols, NNK and NNN are assumed to segregate with high
priority although additional data would be required to complete a full MOE assessment.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

In this paper we present the rationale, with examples, for utilis-
ing a Margin of Exposure (MOE) approach to the segregation of to-
bacco smoke toxicants for risk management purposes. The MOE
approach to evaluate chemicals has gained advocacy over the last
decade as a suitable method to highlight the comparative risks to
human health from exposure to different chemicals, provided that
a consistent approach is adopted (EESA, 2005). In particular, the
MOE approach has been debated and refined within those scientific
communities that are responsible for the risk assessment of com-
pounds in foods that are both genotoxic and carcinogenic (EFSA,
2006; O’Brien et al.,, 2006). The MOE approach is considered to
be pragmatic and lends itself to the narrative presentation of
underlying scientific assumptions. It makes use of all available data
and can be used to compare and rank substances and to set targets
for risk reduction strategies (EFSA, 2005). The application of the
MOE approach, however, does not exclude the use of risk manage-
ment approaches such as the ‘as low as reasonably achievable’
(ALARA) or the threshold for toxicological concern (TTC) (Barlow
et al., 2006). The International Life Sciences Institute (ILSI) consid-
ers that appropriately derived MOEs, accompanied by a suitable
narrative can be used as a prioritisation tool to compare different
chemicals, to inform risk managers on the level of potential health
concerns and to identify knowledge gaps and uncertainties (ILSI,
2009).

Previously, the MOE methodology has been used to compare
the margin between the dose of or exposure to a chemical that is
known to cause cancer in animals (or humans) and the estimated
human exposure. Crucially, the MOE approach uses a reference
point, or point of departure (POD), calculated from available toxi-
cology data corresponding to a daily dose that causes a low but
detectable increase in tumour incidence. This dose is then divided
by an estimate of human exposure to yield a dimensionless ratio
known as the MOE (ILSI, 2009).

The recommended POD for deriving a MOE is a benchmark dose
(BMD), as defined by Crump (1984). Consensus has been reached
that a benchmark response (BMR) corresponding to a 10% increase
in incidence of the effect in animal studies above control values is
an appropriate reference point for chemicals that are both geno-
toxic and carcinogenic (EFSA, 2005). Specifically, a BMD lower limit
(BMDL) can be derived corresponding to the lower limit of a one-
sided 95% confidence interval on the BMD (defined as BMDL).

An additional facet of the MOE approach is that the use of con-
sistent uncertainty factors (in the form of a critical value of 10,000),
eliminates the application of arbitrary uncertainty factors. The va-
lue of 10,000, as given by EFSA, is derived by the multiplication of
two key uncertainty factors. A 100-fold difference between the cal-
culated reference point and human exposure is considered to ac-
count for species differences and human variability. An
additional 100-fold difference is considered to account for inter-

individual variability in cell cycle control and DNA repair and the
fact that the reference point is not equivalent to a No Observed Ad-
verse Effect Level (NOAEL), therefore effects can occur at lower
doses. The view of EFSA is that an MOE of 10,000 or higher would
be of low concern from a public health point of view and might
reasonably be considered as a low priority for risk management ac-
tions (EFSA, 2005).

Whilst the MOE procedure was initially established for use with
genotoxic and carcinogenic compounds in the area of food (EESA,
2006; Benford et al., 2010), the procedure is also being applied
within other areas of risk management and within other industries,
such as agricultural application based on the risks associated with
pesticide use (Boobis et al., 2008), as well as to non-cancer risks
(Aylward et al., 2008; EC, 2009). Given the growth in literature, it
seemed reasonable to consider the application of the MOE ap-
proach to tobacco smoke toxicants. Of particular interest is the po-
tential of the MOE approach to contribute to a risk assessment
strategy for the ranking of tobacco smoke toxicants for their im-
pact on human health and also to contribute to a risk management
strategy by determining priorities for the types of toxicants that
should be targeted within risk reduction research programmes.

1.1. Tobacco smoke - The risk assessment challenges

Tobacco smoke is a complex mixture of over 5300 identified
chemicals (Rodgman and Perfetti, 2009; Green, 2009), of which
at least 150 are known to have specific toxicological properties
and can be termed ‘tobacco smoke toxicants’. There is significant
interest in further characterising these (and additional) toxicants
both from the perspective of future regulatory frameworks aimed
at monitoring or lowering toxicant levels and from the perspective
of tobacco product development focused on selective toxicant
reduction as part of broader harm reduction initiatives. It is critical
that the role of individual tobacco smoke toxicants in the develop-
ment of diseases associated with cigarette smoking is further elu-
cidated and that some consideration is given to the dose of
individual toxicants to which the smoker may be exposed. Inte-
grated together, these assessments may give guidance to tobacco
product development in terms of research priorities for selective
toxicant reduction. Additionally, they may also direct the develop-
ment of associated biomarkers of exposure and ultimately bio-
markers of biological effect that can be used within clinical
studies to assess the efficacy of such products (Gregg et al., 2008;
Lowe et al., 2009).

Attempts to associate individual smoke toxicants with specific
diseases and to rank them for their potency are not new and there
is existing literature identifying toxicants that may be responsible
for the adverse health effects of cigarette smoking, focused on can-
cer, chronic obstructive pulmonary disease (COPD) and cardiovas-
cular (CVD) effects (Stratton et al., 2001; Rodgman and Green,
2003). Many attempts have been made to list the important
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tobacco smoke toxicants including, the cysteine index (Leuchten-
berger et al., 1974), the Herzfeld Index (Herzfeld, 1982), various
lists by Hoffmann (Hoffmann and Hecht, 1990; Hoffmann and
Hoffmann, 1997), the relative exposure index (Rickert and Kaiser-
man, 1998), relative toxicity (Smith and Hansch, 2000) and cancer
risks (Hecht, 2006). From a regulatory perspective, recent lists have
included “Emissions from tobacco products” (Department of Jus-
tice Canada, 2000). Scientific advisory committees have also gener-
ated such lists including the “Mandated lowering of toxicants in
cigarette smoke” (Burns et al., 2008).

In 2003, Fowles and Dybing published a paper which was devel-
oped from a report for the New Zealand Ministry of Health (Fowles
and Bates, 2000). These papers described the application of simple
mathematical principles to generate two categories of hazard pri-
oritisation lists for 158 chemical constituents of tobacco smoke.
For carcinogenic endpoints, the calculations used a cancer potency
value (obtained from the United States Environmental Protection
Agency (USEPA) or the California Environmental Protection Agency
(CalEPA) databases) multiplied by the machine smoked yield of the
toxicant in tobacco smoke. For non-cancer diseases (categorised as
both respiratory and cardiovascular effects), the calculation used
the machine smoked yield of the toxicant in tobacco smoke divided
by the chronic reference exposure level (referenced from the USEP-
A or CalEPA databases) (Fowles and Dybing, 2003). This approach
represented an important step forward in the arguments for the
prioritisation of tobacco smoke toxicants within product regula-
tion and risk reduction research.

However, there were certain areas where we considered that
additional data would be valuable. For example, the indices calcu-
lated for some constituents lacked specific associations with any of
the three main diseases associated with cigarette smoking, i.e.,
lung cancer, COPD and CVD. We have sought in this paper to use
toxicity data sets linked to lung related diseases, thus capturing
both lung cancer and COPD. Fowles and Dybing used USEPA/CalEP-
A chronic reference exposure levels which are based on the appli-
cation of various uncertainty factors to NOAEL/Lowest Observed
Adverse Effect Levels (LOAEL) data (Fowles and Dybing, 2003).
We have sought, by using the MOE approach based on benchmark
dosing, to eliminate the variability associated with the use of
uncertainty factors and thus to allow more consistent estimates
of relative toxicity. The BMD method is an alternative to the tradi-
tional NOAEL. A BMD utilises all available dose response data and
the application of a BMDL;q takes into account statistical uncer-
tainty in the data (EFSA, 2005). Fowles and Dybing also estimated
human exposure to tobacco smoke toxicants based on machine
smoking yields from various sources (Fowles and Dybing, 2003).
We have employed (in the majority of cases) yields for a reference
cigarette from a single source in the peer-reviewed literature
(Counts et al., 2005) using machine smoked yields at the Health
Canada Intense regime. The aim of this was to ensure (where pos-
sible) that all toxicant yields were generated from a single cigarette
type (with known design parameters), using a single smoking re-
gime, ultimately ensuring consistency in our approach.

The MOE approach has a number of attractive features to allow
for its application to tobacco smoke toxicants. MOEs have gained
advocacy in the evaluation of genotoxic and carcinogenic com-
pounds in food (EFSA, 2005), been reviewed by the scientific com-
munity (EFSA, 2006; O’Brien et al., 2006) and its use has started to
spread to other industries. It is seen as a pragmatic approach for
reviewing all available data and it can be used to compare and rank
substances to set risk reduction strategies (EFSA, 2005). Impor-
tantly, it can also be used to evaluate a range of data sets, including
genotoxic, carcinogenic, as well as non-cancer.

Although the critical value of 10,000 set by EFSA, specifically re-
lates to uncertainty factors relevant to food, the use of 10,000 has
also been used in this study. This can be considered to account for

the following uncertainty factors which are applicable to the data
used in the evaluation of tobacco smoke toxicants. It can be as-
sumed that a factor of 10 covers any interspecies differences, an-
other factor of 10 covers any intraspecies differences, a factor of
10 can be attributed to the fact that the POD used in our MOE cal-
culations is not a NOAEL and the final factor of 10 can be used to
account for extrapolations relating to route and/or length of expo-
sure in the data sets used to generate the MOEs.

It is not our intention in this paper to derive MOE values for all
known tobacco smoke toxicants, but rather to illustrate the utility
of the approach with a handful of toxicants for which there already
exists good dose response data. Our approach also explores the
concept of using MOE values calculated from a range of studies
for each toxicant to determine the consistency of the relationship
within the available data sets. Whilst a precautionary approach
to risk management will always utilise the lowest MOE calculated
from a range of data sets, we believe that consistency is also impor-
tant in giving credibility to the derived MOE. To support this, all the
data sets that have been used in our calculations are included in
the supplementary data associated with this paper.

The initial scope of this piece of research as described here only
applies the MOE assessment to segregate individual tobacco smoke
toxicants into either a high or low priority for risk reduction re-
search. As a future development it may be possible to refine the ap-
proach for combined risk assessment of groups of constituents
exhibiting similar structural and toxicological properties, to gener-
ate where possible a group MOE and begin to prioritise tobacco
smoke toxicants as part of a complex mixture, rather than on an
individual basis.

2. Materials and methods
2.1. Data sourcing

There are numerous diseases linked with smoking, however, for the purposes of
this paper, lesion data used to generate MOEs will be restricted to those found in
the lung. Two of the key diseases linked with tobacco smoke exposure are associ-
ated with the lung; lung cancer and COPD. COPD is a complicated disease with
numerous associated pathologies. The definition of COPD has evolved over recent
years and the more traditional terms of ‘chronic bronchitis’ and ‘emphysema’ are
no longer used. The World Health Organization (WHO) uses the following defini-
tion: ‘Chronic obstructive pulmonary disease (COPD) is a lung disease characterised
by chronic obstruction of lung airflow that interferes with normal breathing and is
not fully reversible’ (WHO, 2010).

This paper has focused on the modelling of all available respiratory disease end-
points without segregating them into carcinogenic and non-carcinogenic catego-
ries, as for many of the toxicants investigated here their mode of action is not
fully understood. This should ensure that any lesions possibly relevant to either
lung cancer or COPD are included at this stage. Ultimately, each of these toxicants
should also have a mode of action (MOA) review associated with them. This would
then define the key disease events associated with each individual toxicant and
therefore allow for the further refinement of the MOE assessment.

In this study, a detailed review of the published literature was performed in or-
der to identify robust dose-response data, limiting the search to respiratory disease
endpoints and the test compound. Initially, a TOXNET search was performed using
the Chemical Abstracts Service (CAS) number of the test compound of interest. The
results were assessed using the HSDB, TOXLINE, CCRIS, DART and GENE-TOX dat-
abases, relevance of the route and duration of exposure, effects of exposure, and
links to the disease endpoint of interest. Where necessary, additional search terms
were included (for example: inhalation, oral administration, chronic administra-
tion, human, cancer, COPD, epidemiology). Furthermore, a review of the secondary
literature was performed for the constituent of interest, using the literature sources
detailed in Table 1.

To ensure that the most appropriate available data sets were used, the quality of
the experimental data was measured against the following series of criteria. To allow
for the subsequent benchmark dose (BMDL,,) value to be calculated, the minimum
requirement to be seen within any data set is a dose-related trend (USEPA, 2010).
The maximum response from any given data set was specified to be above 10% and
data were only selected where there were a minimum of three dose levels including
zero. Data from either human epidemiological studies or from chronic animal inhala-
tion studies with relevant respiratory lesions was considered most appropriate. How-
ever, although for numerous toxicants there are associated epidemiological studies,
they did not meet the criteria described here. Therefore, for the purpose of generating
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Table 1
Source databases.

Data source

Websites

TOXNET (Toxicology Data Network)

HSDB (Hazardous Substances Data Bank)

TOXLINE (Toxicology Literature Online)

CCRIS (Chemical Carcinogenesis Research Information System)
DART (Developmental and Reproductive Toxicology Database)
GENE-TOX (Genetic Toxicology Data Bank)

11th Report on carcinogens (ROC)

Environmental Health Criteria Monographs (EHCs)

International Agency for Research on Cancer (IARC) Monographs
Integrated Risk Information System (IRIS)

IARC summaries and evaluations

NCBI (National Centre for Biotechnology Information) PubMed

OEHHA (Office of Environmental Health Hazard Assessment) chronic reference exposure levels

RAIS (Risk Assessment Information System)
Chemicals Screening Information Dataset (SIDS) for high volume chemicals
National Toxicology Program (NTP)

International Programme on Chemical Safety (IPCS) Numerical List of CICADS (Concise International

Chemical Assessment Documents)

http://toxnet.nlm.nih.gov/
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen? TOXLINE
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?CCRIS
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?DARTETIC
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen? GENETOX
http://ntp.niehs.nih.gov/index.cfm?objectid=32BA9724-F1F6-
975E-7FCE50709CB4C932
http://www.inchem.org/pages/ehc.html
http://monographs.iarc.fr/ENG/Classification/index.php
http://cfpub.epa.gov/ncea/iris/index.cfm
http://www.inchem.org/pages/iarc.html
http://www.ncbi.nlm.nih.gov/sites/entrez?db=PubMed
http://www.oehha.ca.gov/air/chronic_rels/AllChrels.html
http://rais.ornl.gov/
http://www.chem.unep.ch/irptc/sids/oecdsids/sidspub.html
http://ntp.niehs.nih.gov/
http://www.who.int/ipcs/publications/cicad/cicad_numerical/
en/index.html

a range of MOEs for each constituent, all available inhalation animal data has been
utilised. In the cases where non-inhalation data was available, the studies were rated
for potential relevance to tobacco smoke exposure (i.e. did they generate lung le-
sions), then used where little to no inhalation data was available and this was detailed
in the accompanying MOE narrative. The route of exposure was not the only consid-
eration for data selection; exposure duration is also important. Studies involving a
daily exposure regime and chronic exposures should be prioritised where possible
as they are most representative of smoking exposure. Where multiple papers for
one toxicant were from the same laboratory, the information has been examined to
ensure replicate data were not being assessed. Where multiple data sets were avail-
able for a given toxicant, any data sets where the only response seen was maximal (i.e.
100%) were excluded as these would give limited information regarding the shape of
the dose response curve in the region of the BMR. In the same manner, if a data set
only included a single response point above that of the control and this was above
a 30% response, then these data sets were also excluded where superior data sets
(according to the criteria given here) for that toxicant exist.

2.2. Cigarette yield/estimated human intake

The need for a comprehensive set of published smoke yield data on a combustible
product (with the exceptions of ethylene oxide and vinyl chloride, for which details
can be found in Sections 3.9 and 3.14 respectively) was fulfilled by using data from
the University of Kentucky reference cigarette 1R4F (Counts et al., 2005). 1R4F ciga-
rettes contain a blend of flue cured and burley tobacco with a non-ventilated cellulose
acetate filter, with a machine-smoked Cambridge Filter Pad/International Organiza-
tion for Standardization (ISO) tar yield of approximately 9 mg i.e. near the maximum
permitted tar yield in the European Union (10 mg). The constituent yields from 20
cigarettes per day were used to calculate the value for daily exposure. This conserva-
tive cigarette consumption figure is in excess of the average consumption per smoker
in the United Kingdom (UK) (13.5 cigarettes per day) (Office for National Statistics,
2006), in France (14.1 cigarettes per day) (Forey et al. 2002a), and in Germany
(15.8 cigarettes per day) (Forey et al., 2002b). The constituent yield in smoke used
for MOE computation was taken from 1R4F cigarettes under the Health Canada In-
tense machine-smoking regime. This regime uses the following parameters; 55 ml
puff volume, 2 s duration, 30 s puff interval, 100% blocked filter ventilation (Health
Canada, 1999). The 1R4F tar yield under this regime (26.3 mg tar per cigarette) is al-
most three times the yield values from ISO smoking conditions (Counts et al., 2005).
Furthermore, we have assumed 100% retention of the constituent in the smoker’s
body. Consequently, these three assumptions used to estimate a human exposure,
generate conservative MOE values. As used previously in calculations of inhalation
derived risk assessment models, the daily yield of the constituent under examination
is distributed into the average daily volume of air inhaled by a human subject of 20 m?
(Fowles and Dybing, 2003; USEPA, 1997). Where required, an average human body
weight of 70 kg was used (Dourson et al., 1985), to convert the units of our estimated
human intake to mg/kg.

2.3. Benchmark dose calculation

A BMD lower limit (i.e. the lower limit of a one-sided 95% confidence interval on
the BMD) for a disease incidence at 10% above control values (BMDL,,) was gener-
ated. This was calculated using the latest version of the USEPA Benchmark Dose
Software (BMDS) v. 2.1.2, which can be downloaded from their website (USEPA,
2010).

Table 2
BMDS dichotomous (Quantal) model details.
Model Name Constraints
Gamma Restrict power >1
Logistic None
LogLogistic Restrict power >1
Restrict slope >1
LogProbit Restrict power >1
Restrict slope >1
Probit None
Weibull Restrict power >1
Multistage (‘Quad’) Restrict betas >1
Multistage cancer (‘Cubic’) None

The models listed in Table 2 were chosen to ensure that the minimum number
of background response parameters (or assumptions) were contained within the
model algorithms.

Within all models, the following default parameters were used:

Iteration = 250.
Relative function=1e78,
Parameter = 1 e~5,

For each model, the BMD software generates a text output containing statistical
data summaries, which can be imported into a spreadsheet, from which a graphical
depiction can be produced. Analysis of y? goodness of fit test p-values, Akaike’s
information criteria (AIC) values and scaled residuals, as well as visual inspection
of graphical plots, allows assessment and comparison of the “goodness of fit” of
models. The most appropriate model which adequately describes the data, espe-
cially in the region of the BMR from which the BMDL and BMDL;, will be calculated,
can then be identified. Guidelines from the USEPA BMDS website, the International
Program on Chemical Safety (IPCS) and European Food Safety Authority (EFSA) doc-
uments were taken into consideration when selecting a model (USEPA, 2010; IPCS
2009; EFSA, 2009).

2.4. Margin of Exposure (MOE)
MOEs were calculated as:

MOE = BMDL,¢/estimated human intake (EFSA, 2006)

EFSA indicate that when assessing food safety, MOE values >10,000 “might be
considered a low priority for risk management actions” (EFSA, 2006).

3. Results

3.1. Summary

In the following sections, summaries of MOE assessments of
various toxicants are discussed.
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Table 3
MOE'’s for individual smoke constituents.
Compound References  Study length Species/route? Lesion® MOES
Acetaldehyde [75-07-0] Woutersen 28 months (then necropsied) Rats Nasal squamous cell carcinoma M 1268
etal. Nasal adenocarcinoma M 143
1986 Laryngeal squamous metaplasia/ 1022
hyperplasia M
Nasal adenocarcinoma F 437
Nasal squamous metaplasia F 1131
Laryngeal squamous metaplasia/ 693
hyperplasia F
Appelman 4 weeks (then necropsied) Rats Nasal degeneration with hyper/ 1187
et al. metaplasia M
1982 Tracheal degeneration with hyper/ 1338
metaplasia M
Laryngeal degeneration with hyper/ 1197
metaplasia M
Nasal degeneration with hyper/ 1264
metaplasia F
Tracheal degeneration with hyper/ 1469
metaplasia F
Laryngeal degeneration with hyper/ 1181
metaplasia F
Acrolein [107-02-8] Cassee 3 days (then necropsied) Rats Disarrangement, necrosis, thickening and 2
etal. desquamation of epithelium - moderate
1996 M
Dorman 65 days (then necropsied) Rats Nasal respiratory epithelial hyperplasia 4
et al. lateral wall (II) M
2008 Nasal respiratory epithelial squamous 4
metaplasia septum (I) M
Nasal olfactory epithelial squamous 11
metaplasia dorsal meatus (II) M
Laryngeal epithelial squamous metaplasia 1
65 days + 60 days recovery (then Rats Nasal respiratory epithelial hyperplasia 9
necropsied) dorsal meatus (tip) M
Nasal respiratory epithelial squamous 4
metaplasia septum (I)
Laryngeal epithelial squamous metaplasia 3
M
Acrylonitrile [107-31-1] Ghanayem 2 years (then necropsied) Mice oral gavage Lung adenoma or carcinoma - terminal 790
etal. rates F
2002)
Quast et al. 2 years (then necropsied) Rats Hyperplasia nasal turbinates M 230
1980 Hyperplasia nasal mucous secreting cells 58
Focal inflammation nasal turbinates F 244
Flattening of respiratory epithelium nasal 42
turbinates F
Benzo(a)pyrene [50-32-8] Thyssen Lifetime exposure period (allowed to  Hamsters Tracheal tumours M 1.3 x 108
et al. die before autopsy ~95 weeks) Laryngeal tumours M 2.8 x 10°
1981 Pharyngeal tumours M 3.0 x 10°
Feron et al. 52 weeks (necropsied at 78 weeks) Hamsters Bronchioloalveolar tumour M 1.6 x 10°
1973 intratracheal Tracheal tumour M 1.4 x 10°
instillation Bronchial tumour M 7.0 x 10°
Culp et al. 2 years (then necropsied) Mice feeding Laryngeal papillomas and/or carcinomas 1.5 x 10°
1998
1,3-Butadiene [106-99-0] NTP (1984 61 weeks (then necropsied) Mice Alveolar/bronchiolar carcinoma M 3743
Alveolar/bronchiolar adenoma or 114
carcinoma M
Alveolar/bronchiolar adenoma F 2773
Alveolar/bronchiolar adenoma or 2296
carcinoma F
Melnick 65 weeks (then necropsied) Alveolar/bronchiolar neoplasm M 905
etal. Alveolar/bronchiolar epithelial 752
1990) hyperplasia M
Alveolar/bronchiolar neoplasm F 640
Cadmium chloride [10108-64-2] Takenaka 18 months + 13 months recovery Rats Lung epidermoid carcinoma M 92
et al. (then necropsied) Lung adenocarcinoma M 38
1983 Total lung carcinoma M 40
Glaser et al. 18 months (maximum time before Bronchio-alveolar adenomas M 135
Cadmium sulphide [1306-23-6] 1990) necropsied 31 months) Bronchio-alveolar adenomas F 3283
Cadmium oxide [1306-19-0] Bronchio-alveolar adenomas F (Dust) 122
Adenocarcinoma F (Dust) 27
Any lung tumours F (Dust) 6
NTP (1995) 13 weeks (then necropsied) Rats Mesenteric lymph node inflammation M 328
Mesenteric lymph node inflammation F 104

(continued on next page)
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Table 3 (continued)
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Compound References  Study length Species/route? Lesion® MOES¢
Laryngeal epithelial degeneration M 51
Nasal respiratory epithelium 328
Inflammation M
Nasal respiratory epithelium 328
inflammation F
Alveolar histiocytic infiltrate M 131
Alveolar histiocytic infiltrate F 131
Alveolar epithelial hyperplasia M 131
Alveolar epithelial hyperplasia F 131
Lung inflammation M 525
Lung inflammation F 525
Lung fibrosis M 268
Lung Fibrosis F 268
Tracheobronchial lymph node 191
inflammation M
Nasal olfactory epithelium degeneration = 929
M
Nasal olfactory epithelium degeneration F 765
Nasal olfactory epithelium respiratory 1476
metaplasia F
Mice Lung inflammation M 257
Lung inflammation F 175
Tracheobronchial lymph node 39
hyperplasia F
Alveolar epithelial hyperplasia M 98
Alveolar epithelial hyperplasia F 268
Lung fibrosis M 197
Lung fibrosis F 224
Nasal olfactory epithelium degeneration 301
M
Nasal olfactory epithelium degeneration F 426
Nasal olfactory epithelium respiratory 601
metaplasia M
Respiratory epithelium hyaline droplets 765
M
Respiratory epithelium hyaline droplets F 765
m/p Cresols [108-39-4]/[106-44- NTP (2008 104 weeks (then necropsied) Rats feeding Nasal goblet cell hyperplasia M 1500
5] Nasal epithelial hyperplasia M 7281
Nasal squamous metaplasia M 41771
Nasal inflammation M 52160
Mice feeding Lung bronchial hyperplasia F 648
NTP (1992 13 weeks (then necropsied) Rats feeding Nasal respiratory epithelium glandular 3677
hyperplasia M
Nasal respiratory epithelium hyperplasia 34106
F
Mice feeding Nasal respiratory epithelium hyperplasia 90983
M
Nasal respiratory epithelium hyperplasia 97473
F
Ethylene oxide [75-21-8] NTP (1987 102 weeks (then necropsied) Mice Alveolar/bronchiolar adenoma M 5310
Alveolar/bronchiolar carcinoma M 4375
Alveolar/bronchiolar carcinoma or 2239
adenoma M
Alveolar epithelial hyperplasia M 10941
Alveolar/bronchiolar adenoma F 8470
Alveolar/bronchiolar carcinoma F 9381
Alveolar/bronchiolar carcinoma or 6890
adenoma F
Adkins 6 months (then necropsied) Pulmonary tumour M + F 4293
etal
1986
Formaldehyde [500-00-0] Kerns et al. 24 months + 6 months recovery (then Rats Nasal squamous cell carcinoma M 157
1983 necropsied) Nasal squamous cell carcinoma F 154
Woutersen  Physical nasal damage + 28 months Nasal squamous cell carcinoma M 119
et al. (then necropsied)
1989
Monticello  Up to 24 months (then necropsied) Nasal squamous cell carcinoma M 154
etal.
1996
Wilmer 13 weeks interrupted exposure (then Respiratory epithelium squamous 11
et al. necropsied) metaplasia M
198!
Rusch et al. 26 weeks (then necropsied) Nasal squamous metaplasia/hyperplasia 19
1983 M +F
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Table 3 (continued)
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Compound References  Study length Species/route? Lesion® MOE*
Kamata 28 months (then necropsied) Nasal cavity epithelial cell hyperplasia 10
et al. with squamous cell metaplasia M
1997
Maronpot 13 weeks (then necropsied) Mice Nasal squamous metaplasia M 63
et al. Nasal squamous metaplasia F 78
(1986) Laryngeal squamous metaplasia M 186
Laryngeal squamous metaplasia F 198
Tracheal squamous metaplasia M 259
Tracheal squamous metaplasia F 158
Bronchial squamous metaplasia F 402
Swenberg 18 months + 6 months recovery (then  Rats Nasal squamous metaplasia M + F 8
et al. necropsied)
1980)
Woutersen 13 weeks (then necropsied) Rhinitis M 38
et al. Nasal focal respiratory epithelial 34
1987 hyperplasia - slight M
Nasal focal respiratory epithelial 58
keratinisation - slight M
Nasal focal respiratory epithelial 10
hyperplasia - Slight F
Nasal focal respiratory epithelial 40
keratinisation - very slight F
Nasal focal respiratory epithelial 86
keratinisation - slight F
Isoprene [78-79-5] Placke et al. 80 weeks + 24 week recovery (then Mice Alveolar/bronchiolar carcinoma M 2010
1996 necropsied)
NTP (1994) 6 months + 6 months recovery (then Alveolar/bronchiolar adenoma M 2273
necropsied) Alveolar/bronchiolar carcinoma M 6565
Alveolar epithelial hyperplasia M 3266
Nasal turbinate olfactory epithelial 325
degeneration M
4-(methylnitrosamino)-1-(3- Hoffmann 20 weeks (autopsied on death) Rats Nasal tumours M 1685
pyridyl)-1-butanone (NNK) et al. subcutaneous Nasal tumours F 13364
[64091-91-4] 1984 injection Lung tumours M 973
Lung tumours F 18319
Rivenson Lifetime exposure (autopsied on Rats drinking Nasal tumours M 1881
et al. death ~100 weeks) water Lung tumours M 338
1988
Hoffmann 7 weeks + 30 weeks recovery (then Mice ip injection Lung tumours F 4180
etal. necropsied)
1993
Hecht et al. 1 single dose + 16 weeks recovery Lung adenomas F 1.1 x 10°
1990 (then necropsied)
Hecht et al. 1 single dose + 3.5 months recovery Lung adenomas F 23937
1989 (then necropsied)
Hecht et al. 1 single dose + 72 weeks sham Hamsters Lung Tumours M 1.2 x10°
1983 smoking (then necropsied) subcutaneous Nasal mucosa tumours M 3.7 x 10°
injection Respiratory tract tumours M 85,128
Nasal mucosa tumours F 2.9 x 10°
N-Nitrosonornicotine (NNN) Hoffmann 20 weeks (autopsied on death) Rats Nasal tumours M 3295
[80508-23-2] et al. subcutaneous Nasal tumours F 9078
1984
Hoffmann 7 weeks (necropsied at 30 weeks) Mice ip injection Lung tumours F 71168
etal
1993
McCoy 25 weeks (autopsied on death ~ 15-  Hamsters ip Nasal cavity tumours M 1.9 x 10°
et al. 18 months from beginning of injection Tracheal tumours M 87793
1981 exposure)
Griciute 78 weeks (autopsied on death or at Rats intragastric ~ Malignant nasal tumours M 20824
et al. 120 weeks of age) instillation Malignant nasal tumours F 15674
1986
Vinyl chloride [75-01-4] Hehir et al.  Single 1 h exposure (autopsied on Mice Bronchio-alveolar adenoma M 1.5 x 10°
1981 death)
Feron et al. Maximum exposure of 2.7 years Rats oral Lung angiosarcoma M 1.9 x 10°
1981 (autopsied on death)
Lee et al. 12 months (then necropsied) Mice Bronchio-alveolar adenoma M 8.0 x 10°
1978 Bronchio-alveolar adenoma F 1.3 x 107
Hong et al 6 months + 12 months recovery (then Mice Lung bronchioalveolar tumours M 4.8 x 10°
1981 necropsied) Lung hemangiosarcoma M 9.9 x 10°
10 months + 12 months recovery Rats Lung hemangiosarcoma F 3.3 x 107
(then necropsied)
Suzuki 4 weeks + up to 40 weeks recovery Mice Pulmonary tumours M 1.0 x 106
1981 (then necropsied)

2 Unless stated route of administration is inhalation.

> M = Male, F = Female.

¢ Blue = “High priority for risk management actions”.
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3.2. Acetaldehyde

Acetaldehyde is a reactive compound which is miscible in water
and most organic solvents, is known to react with cellular macro-
molecules (IPCS, 1995) and is also known to be a direct acting con-
tact site toxicant (Morris et al., 1996). It is classified by the
International Agency for Research on Cancer (IARC) under Group
2B “possibly carcinogenic to humans” based upon sufficient evi-
dence in experimental animals (IARC, 1999a). The IARC assessment
was based on inhalation exposure and intratracheal instillation
dosing which induced tumours of the respiratory tract, particularly
adenocarcinomas and squamous-cell carcinomas.

The literature search identified a multi-component independent
inhalation study, which contained rat tumour dose response data
(Woutersen et al., 1984, 1986; Woutersen and Feron, 1987). From
this inhalation study nasal adenocarcinoma, nasal squamous cell
carcinoma, nasal squamous metaplasia and larynx squamous
metaplasia/hyperplasia were identified. In this study, the highest
inhalation dose had to be modified during the in-life phase, gradu-
ally reducing from 3000 to 1000 ppm, because of severe growth
retardation and early mortality in this group. Due to this mid-study
alteration, the results generated from the group treated with the
top dose were not included in our calculations. A second sub-
chronic inhalation study contained data on degeneration with hy-
per/metaplasia of olfactory epithelium in the nose, trachea and lar-
ynx of both male and female rats (Appelman et al., 1982).

A total of 12 MOE values were computed using data from the
above references. Using an acetaldehyde yield from cigarette
smoke of 1448 pg per cigarette (Counts et al., 2005), these MOEs
covered the range from 143 to 1469 (Table 3) indicating a high pri-
ority for exposure reduction research for acetaldehyde in tobacco
smoke.

3.3. Acrolein

Acrolein is classified by IARC under Group 3 as “not classifiable
as to its carcinogenicity to humans” (IARC, 1995). However, acro-
lein is widely accepted as having high reactivity with mammalian
tissues, with a high retention following inhalation and classified as
being highly cytotoxic (IPCS, 1991). Two papers were identified

providing a broad range of respiratory lesions. Dorman et al.

does not include any quantitative exposure data and therefore can-
not be used for MOE computation. Following a literature search, a
total of two suitable animal studies were identified. Ghanayem
et al. (2002), reported the incidence of respiratory adenomas and
carcinomas in female mice after gavage administration. Upon
application of the data criteria from Sections 2.1 _and 2.4, this
yielded a single MOE value. Using an acrylonitrile cigarette smoke
yield of 29.3 ng per cigarette (Counts et al., 2005), the computed
MOE was 790 (Table 3). From the single inhalation study available
(Quast et al., 1980), four lesions with data which met the criteria
set out in Sections 2.1 _and 2.4 were identified. The lesions in-
cluded: respiratory epithelium hyperplasia, hyperplasia of the mu-
cous secreting cells, focal inflammation of the nasal turbinates and
flattening of the respiratory epithelium in the nasal turbinates. The
MOEs generated were 230, 58, 244 and 42 respectively (Table 3).
All five available MOEs indicate a high priority for exposure reduc-
tion research for acrylonitrile in tobacco smoke.

3.5. Benzo(a)pyrene (B(a)P)

Probably one of the most well known tobacco smoke toxicants,
benzo(a)pyrene (B(a)P) has a Group 1 IARC classification: “carcin-
ogenic to humans” (IARC, 1983). Four papers covering inhalation
and instillation exposure, plus one feeding study, with subsequent
lesions of the respiratory tract have been analysed. Using a B(a)P
cigarette smoke yield of 13.62 ng per cigarette (Counts et al
2005), produces three MOEs based on data for hamsters following
inhalation; 2.8 x 10%,3.0 x 10° and 1.3 x 105, three MOEs based on
data for hamsters following a single instillation; 1.4 x 10°,
1.6 x 10° and 7.0 x 10° and a single MOE based on data for mice
following exposure via the diet of 1.5 x 10° (Table 3). All of these
MOEs indicate B(a)P would be considered a low priority for expo-
sure reduction research in tobacco smoke.

3.6. 1,3-Butadiene

1,3-Butadiene as a constituent of tobacco smoke has recently
beenre-reviewed by IARC. It has a Group 1 “carcinogenic to humans”
status and is considered to be a leukaemogen in man via inhalation,
although it has not been reported to induce lung tumours (IARC,
1999¢, 2008a). 1,3-Butadiene carcinogenesis has been examined in

(2008), considered five different exposure regimes, of which an
exposure of 65 days with or without a recovery period was consid-
ered to be the most relevant to model tobacco smoke toxicants.
Using these criteria, the paper contained a total of 49 potentially
relevant lesions across a range of tissue types. Using the criteria
set out in Sections 2.1 and 2.4; this number was reduced to seven
MOEs, ranging from 1 to 11. Analysis of the data from Cassee et al.
(1996), gave an additional MOE value of two. These two data sets
exhibit a consistent response for acrolein at a cigarette smoke yield
of 122.4 ng per cigarette (Counts et al., 2005), indicating a high pri-
ority for exposure reduction research for acrolein in tobacco
smoke. Furthermore, these data using three exposure periods rang-
ing from 3 days to 18 months demonstrate a high consistency of
the derived MOEs.

3.4. Acrylonitrile

Acrylonitrile is classified under IARC Group 2B “possibly carcin-
ogenic to humans”, based on “sufficient evidence in experimental
animals” (IARC, 1999b). An epidemiological study of acrylonitrile
where exposure is via the inhalation route is available (O’Berg
1980) and was used by the CalEPA as part of their Office of Environ-
ment Health Hazard Assessment (OEHHA) Air Toxics Hot Spots
Program as the critical paper, giving an inhalation unit risk value
0f 2.9 x 104 per pg/m> (QEHHA, 2009). However, the O’Berg paper

three species; rat, mouse and humans. The metabolic pathway and
proximal genotoxic metabolite are known and bio-monitoring data
are available to track these metabolic transformations in all three
species. In summary, mice are reported to have the most heteroge-
neous yield of tumours including lung, whilst rats mainly have an
increase in levels of spontaneous tumours (which do not include
lung) and the epidemiological analysis in man indicates an increase
in leukaemia (JARC, 1999c, 2008a). As a potential explanation for
these data, the components of metabolic pathways can be traced
in these species. A cascade of decreasing levels of genotoxic metab-
olites by multiple orders of magnitude can be seen from mouse to rat
to man (IARC, 1999c, 2008a).

The lung cancer data for MOE assessment as a result of inhala-
tion exposure to 1,3-butadiene is consequently only available from
the mouse model. From two publications (NTP, 1984; Melnick
et al., 1990) and using a 1,3-butadiene cigarette smoke yield of
105 pg per cigarette from a 1R4F product (Counts et al., 2005), a to-
tal of seven MOE values can be produced. All seven are below
10,000 (Table 3), indicating a high priority for exposure reduction
research for 1,3-butadiene in tobacco smoke. As demonstrated in
the IARC reviews (IARC, 1999¢, 2008a), 1,3-butadiene exposure in
man is not explicitly linked to respiratory tumours. It may be that
using data sets from respiratory lesions in mice may not ade-
quately reflect disease in man. It is important to note from the
EFSA guidelines that MOEs should never be quoted in isolation
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and that a commentary is required (EFSA, 2005). In this instance,
the murine respiratory lesion data sets indicate a high priority
for exposure reduction research in tobacco smoke. However, the
underlying toxicology suggests that these respiratory lesions may
not be relevant for man and therefore any conclusion based on this
data may be questionable.

3.7. Cadmium

Cadmium and cadmium compounds are currently assessed by
IARC as Group 1 “carcinogenic to humans” (IARC, 1993). Whilst
epidemiological data identifies the human lung as a target site fol-
lowing cadmium inhalation these data sets are not compatible
with the MOE paradigm as the reported data does not include suf-
ficient detail on exposure to allow direct comparison with esti-
mated human intake from smoking. However, three inhalation
studies using cadmium chloride, sulphide or oxide with suitable
data have been identified, giving 37 different MOE values (Table 3),
25 of which are based on data from rat studies and 12 on data for
mice. At a cigarette smoke yield of 160.1 ng per cigarette (Counts
et al, 2005), all 37 computed MOEs are less than 3283, which
would indicate that cadmium compounds in tobacco smoke would
be classified as a high priority for exposure reduction research in
tobacco smoke. As a matter of note, the form of cadmium in tobac-
co smoke has not been specifically identified (Rodgman and Perfet-
ti, 2009). However, considering that the IARC assessment is for
cadmium compounds as a class and that the +2 oxidation state of
cadmium compounds is the most stable form, further identification
is unlikely to change the status of the MOE assessment.

3.8. m- and p-Cresols (3- and 4-methylphenol)

Cresol data are usually considered as a compound group or as
mixtures of meta and para isomers. Chronic inhalation studies of
cresols with analysable data to compute MOEs were not available.
However, two National Toxicology Program (NTP) feeding studies
using rats and mice based on 13 weeks (NTP, 1992) and 2 years
exposure are available (NTP, 2008). These studies report respira-
tory lesions including; hyperplasia, inflammation and metaplasia.
Using a yield of 10.1 pg per cigarette (Counts et al., 2005), nine
MOEs were calculated, spanning a range from 648 to 97473. From
these two studies, the one which could be considered most rele-
vant with regard to smoking exposure would be the chronic 2 year
study. This study generates three MOEs which segregate below
10,000, whereas three out of the four MOEs generated by the
13 week study segregate above 10,000. Using the consensus from
the chronic study suggests that m- and p-cresols can be considered
as high priorities for exposure reduction research. However, the
lack of inhalation data and the inconsistency in the segregation
of the MOEs indicate that further investigation into tissue dose
and route extrapolation (potentially using physiologically based
pharmacokinetic modelling), as well as an understanding of the
mode of action would aid in interpretation of this MOE assessment.

3.9. Ethylene oxide

Ethylene oxide has been assessed as Group 1 “carcinogenic to
humans” by IARC, where the epidemiological evidence from 14 co-
hort studies was examined, focusing on lymphatic and haemato-
poietic cancers and cancers of the breast, stomach, pancreas and
brain (IARC, 2008c). Two experimental inhalation studies in mice
were available, generating eight MOEs. Ethylene oxide does not
feature within the 44 identified tobacco smoke components rou-
tinely measured, as reported by Counts et al. (2005). Instead, an
average ethylene oxide yield taken from four references has been
used to estimate a smoke yield to be included in the MOE calcula-

tion. Using a yield of 7 pg per cigarette (IARC, 2004, 2008c; Hoff-
mann_and Hoffmann, 1998, 2001), the eight MOEs generated
range from 2239 to 10941. Once again, applying a precautionary
approach would suggest that given the weight of supporting evi-
dence (i.e. seven MOE values below 10,000), then ethylene oxide
would be considered as a high priority for exposure reduction re-
search in tobacco smoke.

3.10. Formaldehyde

As a result of widespread use of formaldehyde within industrial
settings, its toxicology has been extensively studied. It has been as-
sessed by IARC and allocated a Group 1 status “carcinogenic to hu-
mans” resulting in induction of nasopharyngeal cancer (IARC,
2006). Nine papers following a range of rat inhalation exposure
scenarios and one mouse inhalation paper have been analysed
for respiratory tract lesions (Table 3). These papers subsequently
generated MOE values from lesions including squamous cell carci-
noma, squamous metaplasia, respiratory epithelial hyperplasia,
respiratory epithelial keratinisation and rhinitis. Using a cigarette
smoke yield of 60.5 pg per cigarette (Counts et al, 2005), 21
data-points are consistent in generating MOEs less than 10,000,
indicating that formaldehyde may be considered a high priority
for exposure reduction research in tobacco smoke. In addition,
when nasal tissue with pre-existing physical damage was exposed
to formaldehyde to investigate the potential role of cytotoxicity in
formaldehyde induced tumours, data indicate MOEs are of the
same order of magnitude as in the absence of physical damage
(Woutersen et al., 1989) (Table 3).

3.11. Isoprene

Isoprene has been assessed by IARC as Group 2B “possibly car-
cinogenic to humans” (IARC, 1999d). This is based on evidence in
humans that there is a correlation between isoprene exposure in
rubber production workers and upper respiratory effects, such as
degeneration of the olfactory tract (IARC, 1999d). Two mouse inha-
lation studies are available, which generate five MOE values (Ta-
ble 3). At a cigarette smoke yield of 952 pg per cigarette (Counts
et al., 2005), the MOEs range from 325 to 6565, indicating that iso-
prene would be classified as a high priority for exposure reduction
research in tobacco smoke.

3.12. 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)

There are no available data on the human carcinogenicity of
NNK, however, on the basis of animal experimentation by a num-
ber of routes of administration, IARC has allocated a Group 1 status
to NNK, “carcinogenic to humans” (IARC, 2007a). Considering the
available information, 28 experimental studies covering NNK have
been identified. However, there is no report of NNK administered
via inhalation, rather intraperitoneal or subcutaneous routes pre-
dominate. More than half of the studies (16) use a single dose
and all studies report induction of respiratory tract tumours. The
analysable data meeting the criteria to be able to run the MOE ana-
lytical model using a cigarette smoke yield of 199.9 ng per ciga-
rette (Counts et al., 2005) are given in Table 3. Six papers,
yielding 13 sets of respiratory tract lesions, give a range of MOEs
both below and above the critical value of 10,000. Two of these
MOEs are based on data from a chronic exposure study, both seg-
regating below 10,000. All other studies look at exposures of
20 weeks or less. Using the most relevant chronic exposure studies
would suggest that NNK is a high priority for exposure reduction
research. However, it should be noted that these MOEs rely on a
single paper which, although is a lifetime study, the exposure oc-
curs via drinking water and may be considered as an inappropriate
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exposure scenario for tobacco smoke. In order to support these
conclusions there is the potential need for further work. For exam-
ple, a chronic NNK inhalation study (which in this instance would
be the most relevant exposure route) could be conducted, or the
use of physiologically based pharmacokinetic (PBPK) modelling,
which has the capability to use alternative exposure scenario data
sets to predict lung potency of inhaled NNK.

3.13. N-Nitrosonornicotine (NNN)

The evaluation of NNN and the spectrum of data available fol-
lows a similar pattern to that of NNK. There are no available data
on the human carcinogenicity of NNN, however, on the basis of
animal experimentation and following a number of different routes
of administration, IARC has allocated a Group 1 status to NNN,
“carcinogenic to humans” (IARC, 2007b). A total of 29 reviewed pa-
pers covered NNN, with 12 from single dose experiments and there
are no reports of administration via the inhalation route. Overall,
21 papers reported induction of respiratory tumours. Four papers
generating seven analysable data sets, covering three respiratory
lesions, are available. Using a cigarette smoke yield of 231.1 ng
per cigarette (Counts et al., 2005) to generate the MOE values,
the range was both above and below the critical 10,000 value (Ta-
ble 3), as with NNK. These data sets have been generated using
exposure scenarios which are not of particular relevance for ciga-
rette smoke (one via subcutaneous injection, one via intragastric
instillation and two by i.p. injection). Consequently, as with NNK,
there is a potential need for the generation of relevant chronic data
via the inhalation route on NNN as a lung carcinogen before a firm
conclusion can be drawn from the MOE analysis.

3.14. Vinyl chloride

Vinyl chloride has been assessed as Group 1 “carcinogenic to
humans” by IARC, causing angiosarcomas of the liver and hepato-
cellular carcinoma (IARC, 2008b). Specifically, IARC states in a sum-
mary of epidemiological data that “among vinyl chloride workers
overall, there was no evidence of an increased risk for lung cancer”
(IARC, 2008Db). In total, six experimental papers surveyed gave de-
tails relating to respiratory lesions. However, an application of the
criteria given in Sections 2.1 and 2.4 left five papers (a rat dietary
study, three mouse inhalation studies and a inhalation study cov-
ering both rats and mice) with eight MOE’s (Table 3). As in the case
of ethylene oxide, vinyl chloride is not routinely measured in
smoke and therefore cigarette smoke yield data was not reported
in the Counts et al. (2005). Instead an average yield of 10.5 ng
per cigarette (Hoffmann et al., 1976) was used to calculate the
MOEs. The eight MOEs generated range from 1.0 x 10° to
1.5 x 10°. As a consequence, vinyl chloride may be considered a
low priority for exposure reduction research in tobacco smoke.

4. Discussion

Within this paper, we have described how fundamental risk
assessment principles can be applied to a number of toxicants
known to be present in mainstream tobacco smoke using an
MOE model similar to that adopted by EFSA and other regulatory
bodies. A key feature of our approach is that in deriving BMDL;q
values, we have tried to identify from the literature those studies
that are most relevant to the inhalation of tobacco smoke toxi-
cants. This includes consideration of the route of dosing and the
development of lesions that are pertinent to the toxicology of the
respiratory tract.

Whereas a purely regulatory approach to this problem would
involve the identification of a single critical study for computation

of a BMDL, o, we have, where relevant, taken all available toxicolog-
ical studies and computed BMDL;, and MOEs for each. From a risk
assessment perspective, the lowest computed MOE would always
take precedence but we believe that by computing all possible
MOEs from qualifying data sets, we can in most cases show a de-
gree of consistency between MOEs for any given smoke toxicant
and thus lend some credibility to the approach.

In the data presented here, representative examples for a range
of tobacco smoke constituents, acetaldehyde, acrolein, acryloni-
trile, cadmium, ethylene oxide, formaldehyde and isoprene all seg-
regate with MOEs lower than 10,000 and must therefore be
considered as high priority for exposure reduction research. Vinyl
chloride and benzo(a)pyrene segregate with MOEs considerably
higher than 10,000 and could be considered as a low priority for
exposure reduction research. For 1,3-butadiene, all computed
MOE:s are below 10,000 indicating it to be a high priority toxicant,
although it could be questioned whether the mouse respiratory le-
sion is relevant for human tobacco smoke-related disease since
1,3-butadiene is an acknowledged human leukaemogen. For NNK
and NNN, there is insufficient data to calculate MOEs with any con-
fidence, highlighting a need for additional research. From the sin-
gle chronic study for NNK, there is a suggestion that this could
be considered as a high priority. In the case of NNN, due to the lack
of chronic studies the prioritisation using MOE is ambiguous. How-
ever, given NNN is a recognised human carcinogen then it is also
likely to be of high priority. For m- and p-cresols, the values for
computed MOEs are both below and above 10,000 and there is a
clear need for chronic inhalation data to allow a firm conclusion
to be drawn from the MOE analysis. At this time there are no
known additional factors (i.e. IARC classifications or other regula-
tory positions) to cause the prioritisation of these compounds for
exposure reduction research.

Overall, we propose that the MOE approach, when applied to to-
bacco smoke toxicants, represents a useful first segregation into
high or low priority for exposure reduction research. However, as
in the cases of NNN, NNK and m- and p-cresols, MOE can also be
valuable in identifying the toxicants and areas where additional
data needs to be generated from inhalation studies.

As previously discussed, the use of 10,000 as a critical value for
MOEs has been well documented for use in the evaluation of geno-
toxic and carcinogenic compounds present in food where a single
toxicant is being evaluated. We have adopted the same principle
here initially as a starting point for the prioritisation of tobacco
smoke toxicants where the MOEs tend to segregate below or above
10,000. However, when considering a complex mixture such as
smoke, this simple segregation may not always be sufficient in order
to directly compare and prioritise toxicants. The ranking of toxicants
according to MOEs may provide a more useful insight into the
respective contribution of each toxicant. However, considering that
MOE:s are calculated from a variety of studies with various routes of
administration and exposure lengths, it may be argued that this
direct comparison of values may not be valid. An alternative may
be to increase the number of groupings for MOEs i.e. 1-10 (top
priority), 10-100 (very high priority), 100-1000 (high priority),
1000-10,000 (medium priority), 10,000-1,000,000 (low priority),
>1,000,000 (very low priority). This may prove to be a more useful
system than just using 10,000 to categorise a toxicant as a high or
low priority. Application of this proposed system to the toxicants
described in this paper would result in the following ranking.

e Top priority (1-10): acrolein.

e Very high priority (10-100): formaldehyde.

e High priority (100-1000): acrylonitrile,
cadmium.

e Medium priority (1000-10,000): acetaldehyde, ethylene oxide,
isoprene.

1,3-butadiene,
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e Low priority (10,000-1,000,000): benzo(a)pyrene.
e Very low priority (>1,000,000): vinyl chloride.
e Unranked: m-/p-cresols, NNK, NNN.

In each case, ranking is based on the majority view for each tox-
icant. For example, in the case of acrolein the MOEs range from one
to eleven, with only one of seven MOEs being larger than 10 and
therefore its overall classification would be as a top priority.

For the majority of toxicants investigated here, this separation
is fairly straightforward, with toxicants showing a high level of
consistency and segregating easily into the bands. For the higher
priority toxicants in particular, this second level of banding can
be useful to further prioritise toxicants and focus future research
into manageable stages. However, for the compounds that do not
initially segregate above or below 10,000, including NNN, NNK
and m- and p-cresols, this ranking system becomes more ambigu-
ous and can be misleading. For example, applying the majority
view (as described above) for NNK would place it into a low prior-
ity band, however, considering only the MOEs based on a chronic
study would give rise to a high priority banding. This could be ar-
gued as being more appropriate. The alternative would be to take a
precautionary risk assessment approach and use the lowest MOE
available but again this may not represent all data available and
may be confounded by outliers. These issues highlight the impor-
tance of demonstrating consistency in an MOE assessment. We
suggest that each toxicant should be considered on a case by case
basis, with relevant dialogue to explain the decision for
prioritisation.

Clearly the MOE model lacks complexity and additional refine-
ments may be necessary in order to customise it for the special sit-
uation of human exposure to tobacco smoke. As previously
described in Section 2.2, three conservative assumptions regarding
cigarette consumption, smoke exposure and retention have been
made when estimating this exposure. Future developments to this
model should focus on refining these. For example, there is an
assumption within this model that there is a consistent level of
exposure to any given tobacco smoke toxicant (based on the yield
from 20 cigarettes per day distributed evenly through a 20 m? daily
human breathing volume). This is a very simplistic representation;
in reality smokers are exposed to sequential acute exposures via
inhalation. One of the challenges for the development of improved
risk assessment paradigms is to utilise contemporary tools such as
PBPK models and computational fluid dynamic models to estimate
more accurately human exposure to individual tobacco smoke tox-
icants during smoking.

Tobacco smoke is a complex mixture of over 5300 chemicals
and it would be naive to assume that there are no interactions
when these chemicals impact on biological systems. Certain chem-
ical classes of compound, e.g. aldehydes, that are found in tobacco
smoke may well have common MOAs and therefore the MOE ap-
proach described here could be further refined to incorporate
groups of such structurally (and toxicologically) related chemicals
leading to the concept of a group MOE. To proceed with such a
model requires careful consideration of the MOA for groups of
structurally related chemicals together with a more rigorous eval-
uation of the tissue dose for individual chemicals. The approach
described here, estimating the MOE for individual smoke toxicants,
represents a first step towards prioritising tobacco smoke toxicants
for research, and towards development of more complex, but phys-
iologically more relevant risk assessment paradigms.
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