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Abstract: Many novel tobacco products have been developed in recent years. Although many may
emit lower levels of several toxicants, their risk in the long term remains unclear. We previously
published a method for the exposure assessment of mixtures that can be used to compare the changes
in cumulative exposure to carcinogens among tobacco products. While further developing this
method by including more carcinogens or to explore its application to non-cancer endpoints, we
encountered a lack of data that are required for better-substantiated conclusions regarding differences
in exposure between products. In this special communication, we argue the case for more data
on adverse health effects, as well as more data on the composition of the emissions from tobacco
products. Such information can be used to identify significant changes in relevance to health using
the cumulative exposure method with different products and to substantiate regulatory decisions.

Keywords: tobacco products; carcinogenicity; cardiovascular diseases; heated tobacco; cumulative
exposure; relative potency

1. Introduction

In recent years, manufacturers have developed and marketed several new types of
tobacco and related products (TRPs), such as electronic cigarettes, heated tobacco products
(HTPs), and oral nicotine products [1]. When novel TRPs become available to consumers,
the risk of developing use-related diseases, especially in the long term, is largely unknown.
Still, many of these products are marketed and perceived as reduced-risk products [2–5].
Indeed, novel TRPs generally emit lower amounts and concentrations of known carcinogens
and other types of tobacco-related toxicants [6,7]. However, these lower concentrations do
not necessarily translate to commensurate reductions in risk, since, at high concentrations,
the S-shaped dose–response curves flatten, implying that a lower concentration does not
lead to a proportionally lower risk.

As a large part of the composition of new TRP emission overlaps with cigarette smoke,
some diseases likely to arise after long-term use are tobacco-related, but these new TRPs
may also cause different toxicities due to compounds not present in tobacco smoke. For
example, in HTP emissions, other hazardous chemicals have been identified [8].

Most tobacco-related diseases appear only after several decades of use [9]. However,
to inform new regulations and substantiate regulatory decisions that aim to protect public
health, it is crucial to have at least an estimate of the risk of new TRP use before they become
available on the market. A (quantitative) estimate of the change in exposure can inform a
change in health impacts. Based on such information, policymakers worldwide, in line with
their national regulations, may regulate the product by banning it or by setting limits to
specific contents or emissions [10]. In this respect, there is a difference between the Tobacco
Products Directive (TPD, 2014/40/EU) and other regulatory frameworks, such as the
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Registration Evaluation Authorisation and Restriction of Chemicals Regulation (REACH,
(EC) No. 1272/2008), with regard to the information that needs to be provided. The
toxicological and exposure information that a registrant is requested to provide according
to the REACH regulation is extensive compared with the available scientific information
that needs to be submitted on novel TRPs according to the TPD Article 19.1a. EU member
states may request additional information according to the TPD, but this is not harmonized
and, in practice, the available information to regulate TRP products is relatively limited.

To evaluate the health impact of novel TRPs as compared with conventional cigarettes,
it is important to study the total chemical burden in the emissions of new tobacco and
related products, rather than focusing on isolated components [11]. Previously, Slob et al.
developed and published a model that allowed us to make an assessment of the expected
change in cumulative exposure (CCE) based on eight compounds found in the emissions of
conventional cigarettes and HTPs [12]. The assessment underlying this CCE methodology
is based on the principle of dose-addition [13], which adds the doses of the compounds
involved after adjusting each dose by the relative potency factor (RPF) of each compound.
This comparative method enables the assessment of reduced risk claims, an option legally
available to industry in, for example, the U.S. [14].

After the publication of Slob et al. [12], we investigated the possibilities of improving
the estimate of the CCE by using additional data regarding cancer. In addition, we explored
the possibilities of using data regarding non-cancer endpoints. Our attempt to find more
carcinogenic compounds with relevant data resulted in the identification of various issues
hindering the continuation of this work, due, mainly, to a lack of quantitative emission data
or relevant dose–response data. We also came across such issues during our research on
potentially useful noncancer data, but also found more fundamental issues. The current
paper reflects on several challenges we encountered in predicting the cumulative exposure
to substances in TRP emissions. As long as these challenges are not tackled, it will not be
possible to provide scientists and regulators with the information needed to assess any
health claims made for novel TRP.

2. Extending the CCE Method for Carcinogenicity

The higher the fraction of the total number of compounds that can be used to de-
termine the carcinogenic potency of a mixture, the greater the reliability of the predicted
carcinogenic health impact of TRP use. Our previous paper described a method for eight
carcinogenic compounds that are present in the emissions of HTPs at lower quantities
than in tobacco smoke [12]. For these particular eight compounds, the CCE was found
to be substantial, which would imply a substantial mitigation of health effects. However,
it does not seem likely that these eight compounds are representative of the hundreds of
carcinogenic compounds in the emissions. The chemical analysis to assess the emissions
of HTPs focused on compounds that are included on lists, such as the PMI-58 list (this
consists of the 58 compounds reported by Phillip Morris International) [8] or the list of
the U.S. Food and Drug Administration (FDA) on hazardous or potentially hazardous
compounds (HPHC) [15], which find their foundation in the evaluation of compounds
in the emissions of cigarette smoke. Therefore the determination of hazardous chem-
icals in new TRP emissions is biased toward chemicals with high emission values in
cigarette smoke.

By incorporating compounds with higher concentrations in HTP emissions and by
including the compounds not necessarily detected in conventional tobacco smoke, the
assessment would reflect a more balanced estimation of risk. Therefore, non-targeted
analysis (pre-selection of compounds based on emissions) should be performed prior to
targeted analysis (measurement of the emissions of selected compounds) to also include
compounds not necessarily present in the emissions of the conventional cigarette. Moreover,
targeted analysis should rely on replicated emission measurements to reliably determine
the measurement error. Such targeted analysis also should include a reference product
(tobacco cigarette) as a positive control. Emission measurements in the scientific literature
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(summarized in Simonavicius et al. [16]) do not always include data on a comparator
product or use different comparator products (different cigarettes), which limits the ability
to compare emission data between products.

So far, four carcinogenic compounds were found in iQOS emissions at higher quantities
than in tobacco smoke: 3-chloro-1,2-propanediol, furfural, glycidol, and 2-furanmethanol [8].
Therefore, including these four compounds in the calculation of the CCE may give a dif-
ferent picture to that concluded so far [12]. Clearly, emission data for both cigarettes and
HTPs would be needed for these four compounds. While this is the case, the data are
un-replicated measurements, which means that information regarding the uncertainty
in the measured emissions is unavailable [8,17]. Without such information, the crucial
evaluation of the uncertainty in the CCE is, strictly speaking, not possible. Furthermore,
for three of the four newly identified compounds, no carcinogenicity data via inhalation
are available, therefore impairing the derivation of suitable RPFs (Table 1).

Table 1. Inventory of compounds in cigarette smoke (CS) or heated tobacco product (HTP) emissions
for which data are available for carcinogenicity classification, emissions, and inhalation unit risks.

Compound IARC Carcinogenicity
Classification

Availability of Emissions
Data (CS and HTP)

Availability of Carcinogenicity
Data (Inhalation Unit Risk)

Acrylonitrile 2B
√ √

Acetaldehyde * 2B
√ √

1,3-butadiene * 1
√ √

3-monochloro-1,2-propanediol 2B
√

(new)
√

(only oral)
Ethylene oxide 1

√ √

Formaldehyde * 1
√ √

2-furanmethanol 2B
√

(new)
√

Furfural 3
√

(new)
√

(only oral)
Glycidol 2A

√
(new)

√
(only oral or ip)

Benzo[a]pyrene * 1
√ √

Nitrobenzene 2B
√ √

Propylene oxide 2B
√ √

Allyl glycidyl ether NC
√

Alpha-methyl styrene 2B
√

1,2-dibromo-3-chloropropane 2B
√

1,2-dibromoethane 2A
√

Decalin NC
√

Hydrazine 2A
√

Isobutyl nitrite 2B
√

Naphthalene 2B
√

Propylene glycol mono-t-butyl ether 2B
√

(new)
√

* World Health Organization (WHO) Study Group on Tobacco Product Regulation (WHO TobReg) list of nine
priority compounds in emissions advised for mandated lowering [18]; CS, cigarette smoke; HTP, heated tobacco
product; ip, intraperitoneal injection; NC, not classified by IARC; 1 is established carcinogen, 2A is probably
carcinogenic, 2B is possibly carcinogenic by IARC, and 3 is unclassifiable according to IARC; (new) means that
information on this compound became available after the publication of Slob et al. [12].

Data are needed on the carcinogenic potency of compounds via the inhalation route in
a standardized laboratory test protocol to obtain RPFs. Because absolute potency measures,
such as the No-Observed Adverse Effect Level (NOAEL) or Bench-Mark Dose (BMD), may
depend on factors such as exposure duration, exposure route, sex, species, strain, and life
stage, RPFs would ideally be estimated based on studies where such factors are similar.
Currently, the available carcinogenicity data for the compounds in TRP emissions relate
to chronic cancer studies, where exposure duration is often the same (two years). Such
carcinogenicity data are not available for all compounds in TRP, implying that carcinogenic-
ity studies for these specific compounds via the inhalation route are not required by any
non-tobacco legislation. Moreover, an issue with some of the available carcinogenicity data
is the dosing, resulting in the highest dose(s) not causing any sign of toxicity and therefore
providing no relevant dose–response information [19].



Int. J. Environ. Res. Public Health 2022, 19, 10528 4 of 15

The recommendations for better data are summarized in the text box below (Box 1).

Box 1. Summary of the problem and recommendations to extend the CCE method for carcinogenicity.

Problem: the CCE methodology could not be applied to an extended database so as to provide better
information on the relative carcinogenicity of a novel TRP due to the lack of robust carcinogenicity
data for the inhalation route and a lack of data on the composition and concentrations of compounds
in their emissions.

Recommendations:

• Non-targeted screening studies on the composition of emissions need to be conducted for
novel TRPs to obtain information on the compounds and their quantities in these emissions;

• After selecting compounds from the non-targeted studies based on quantity and hazard,
harmonized and replicated measurements of the concentrations of TRP emissions need to be
conducted, in tandem with those in a reference cigarette, to allow reliable comparison;

• More carcinogenicity data via the inhalation route are required for compounds present in novel
TRPs and/or in cigarettes, especially for chemicals with high concentrations in emissions
in either of them. Data from 2-year carcinogenicity studies could serve this need, but other
in vivo dose–response data could also be used if the endpoint can be considered predictive of
cancer, such as micronucleus effects [20];

• Efforts should be made to investigate how the outcomes of such in vivo assays relate to their
in vitro equivalents (e.g., [21]), and whether in vitro assays could also provide approximate
estimates of the relative potencies, possibly adjusted by information on kinetics and dynamics.
Such in vitro information could be obtained for less effort and cost, and is preferred from an
ethical viewpoint compared with in vivo carcinogenicity or micronucleus studies.

3. CCE Method for Non-Carcinogenicity

The use of tobacco products is also associated with an array of non-cancer diseases,
such as cardiovascular diseases, diabetes, chronic obstructive pulmonary disease (COPD),
and fertility problems [22]. If the CCE method based on carcinogenicity could be adapted
for these diseases, it would allow us to qualitatively compare the impact of different tobacco
products on the development of other adverse health effects in addition to carcinogenicity,
and therefore provide a more complete estimate of the health implications associated with
changes in cumulative exposure.

Cardiovascular diseases (i.e., atherosclerosis, coronary heart disease, stroke, peripheral
arterial disease, and abdominal aortic aneurism) are leading causes of death worldwide [23],
and are positively associated with tobacco use, resulting in higher mortality rates, shorter
lifespans, and lower quality of life among users compared with non-users of tobacco
products [24,25]. Thirteen compounds in tobacco smoke, part of the FDA HPHC list,
are established cardiovascular toxicants: acrolein, arsenic, benzo[a]anthracene, benzene,
benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, chrysene, cobalt, hydrogen
cyanide, lead, phenol, and propionaldehyde [15].

Suitable controlled disease models are available for studying the development of
atherosclerosis; therefore, this effect was chosen as the first non-cancer disease associated
with tobacco use to be explored [26]. Because of profound differences in lipid homeostasis
between humans and mice, genetically engineered mouse models have been developed
(e.g., ApoE -/- knockout model) to alter the disease development to resemble human le-
sions [27]. Unfortunately, to date, only acrolein [28], arsenic [29–34], benzo[a]pyrene [35–39],
and nicotine [40] have been tested in this transgenic mouse model. We considered this
dataset too limited to be sufficient for the derivation of RPFs to estimate the CCE, as it
should be representative of the mixture of compounds.

We then considered parameters associated with cardiovascular disease in standardized
testing protocols with wild-type rodents (i.e., the OECD TG 413 and TOX/TR 90-day study
by the US national toxicology program (NTP)), despite the species differences mentioned
above. Compounds in tobacco emissions tested by the NTP (n = 36) are provided in
Appendix A. The parameters considered were the heart weight, pathology of the heart
and vascular system, blood cholesterol and triglycerides, and white blood cell parameters.
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However, none of the studies contained cholesterol as a measured parameter and none of
the other parameters showed a statistically significant trend.

As a final attempt to derive RPFs for non-carcinogenic adverse health effects, we ob-
served the four parameters most regularly observed in the NTP 90-d study protocol (body
weight (bw) and relative (to bw) weights of the liver, kidney, and thymus), hypothesizing
that any effect in one or more of these parameters would reflect the systemic toxicity of
the compound. This analysis successfully provided RPFs for bw and liver weight in mice
per sex exposed via the inhalation route (Appendix A). However, as for the carcinogenic-
ity endpoint, the number of RPFs to consider for CCE (five compounds for bw changes
and seven compounds for liver effects) is only a small fraction of the total number of over
7000 compounds identified in tobacco smoke [22]. Recommendations for non-carcinogenicity
data are summarized in Box 2.

Box 2. Summary of the problem and recommendations to apply the CCE method for non-cancer diseases.

Problem: More data are needed regarding individual compounds in tobacco and TRP emissions
to screen for the adverse health effects indicative of non-cancer diseases associated with tobacco
emissions other than carcinogenicity, such as cardiovascular diseases, diabetes, chronic obstructive
pulmonary disease, and fertility problems.

In addition to the recommendations listed for carcinogenicity, we add the following recommen-
dations for non-carcinogenic effects:

• Better use of in vivo data obtained in other legislative frameworks should be made possible
to allow their use for other purposes. Disease models are not part of the standard data
requirements of chemical legislation, such as REACH, but the in vivo micronucleus test, 90-day
toxicity study, the prenatal development study, and the reproductive toxicity/developmental
screening study are. Therefore, studies with compounds present in tobacco emissions may be
available in the REACH database (International Uniform ChemicaL Information Database,
IUCLID) or may become available in the (near) future, although it must be noted that the oral
route is preferred within this legislative framework [41], whereas the inhalation route is more
relevant for TRP emission exposure;

• Substantial efforts are needed to develop and validate in vitro assays for tobacco product-
associated non-cancer diseases.

4. CCE Method for Multiple Effects

Applying the CCE method to multiple health effects would result in various CCEs,
one for each disease (or surrogate toxicological endpoint). In practice, however, this would
require data regarding clearly defined diseases, such as atherosclerosis, which is rare,
while related endpoints, such as the pathology of the heart and vascular system, or blood
cholesterol, usually did not show a significant trend in the studies we reviewed.

As an alternative, the CCE method could be fed by RPFs estimated from available
dose–response data, whatever the associated type of effect. Such an approach would result
in an integral CCE, irrespective of the specific health effect. This would mean that no
conclusions can be drawn regarding specific health outcomes for a TRP associated with
the CCE; in fact, the CCE is expected to result in the mitigation of different types of effects
in different individuals. For example, some individuals will develop cancer at a later age,
while others will develop cardiovascular disease at a later age. Possibly, methodology
could be developed to translate the change in this integral CCE into a rough estimate of the
mitigation in life years lost.

5. Discussion

Various approaches for the risk assessment of complex mixtures were conceptualized
by The European Food Safety Authority (EFSA), from pragmatic and simple to refined,
each dependent on both the availability of data and the outcome of the risk assessment [13].
Although the approach evaluating combined exposure to multiple compounds in the
emissions of TRP and other complex mixtures is essentially the same as one of the methods
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described by EFSA (i.e., dose addition), the health impact evaluation of tobacco products
differs from the usual goal of risk assessment: it aims to evaluate harm reduction claims
and to quantify the change in cumulative exposure. For the assessment of the complex
mixtures in cigarette or TRP emissions, various concepts have been proposed, ranging from
the hazard index (HI) approach [42] or the RPF approach [12], to in vitro or in vivo whole
mixture studies [27,43,44]. More pragmatic approaches to evaluating combined exposure
to multiple chemicals are the Mixture Assessment Factor (MAF), as discussed in the context
of REACH [45], or the threshold of toxicological concern (TTC) approach [46,47].

Currently, in vivo studies with whole smoke are the most inclusive and relevant for
estimating health risks from smoking products, because they test the product as a whole in
a complex system, such as an animal model [27,44]. However, one test system may be more
appropriate for studying the development of a certain disease or detrimental effect than
another (see discussion on studying atherosclerosis above). Nevertheless, there is currently
no guidance on the selection of a worst-case or most reasonable choice in topography or
product type for read-across among products (e.g., such as the Read-Across Assessment
Framework (RAAF) under REACH [48]). Both product type and topography determine the
presence and quantities of compounds in the emissions, but little information is known on
how the emissions are affected. Therefore, information on the health impact of a TRP can
only be collected by testing the specific TRP with different topographies. Furthermore, due
to the ethical issues involved in performing animal studies to assess the health impact of
products such as TRPs and questions regarding the predictability of animal data for human
disease, less animal-invasive solutions need to be sought.

Alternatively, the evaluation of RPFs can be conducted based on toxicity studies
examining individual compounds, as the advantage is that the dose–response data of these
studies can be applied for various compositions, as they may be encountered in practice.
Such methods include the CCE method, a promising concept for the evaluation of different
TRPs, as it results in a quantitative estimate of reduced cumulative exposure, including
the uncertainties in that estimate. The latter is crucial to avoid incorrect conclusions from
point estimates where the uncertainties are not made visible. In addition, the CCE method
can be used to identify compounds that substantially contribute to cumulative exposure,
and hence to the eventual health impact (lifespan). This is especially important for the
regulation of products as proposed by the World Health Organization (WHO), with the list
of compounds for mandated lowering [18], as it allows the identification of the compounds
that substantially contribute to the products’ health risks. The method is very information-
intensive, and requires specific data input. However, complex mixtures cannot be evaluated
with simple data. The accuracy of the outcome only grows with the availability of reliable
data for more compounds.

6. Conclusions

In an attempt to refine our CCE method for TRPs we encountered a lack of data on
emissions and hazard. This is the basis of our plea for more hazard and emission data for
individual compounds occurring in TRPs, and for public access and full data transparency
in order to (1) use these data for exposure assessment, (2) increase knowledge of the health
effects of the complex mixtures of novel TRP, and (3) evaluate claims regarding reduced
harm. This would provide a better understanding of the health impacts associated with
TRP without the need to perform additional (animal) tests for complex mixtures, to make
the best use of the data that are already available in other legislative frameworks, and to
gain information regarding the relative health impacts of TRP use. In the EU, products only
need to be notified (and not authorized) before they enter the market. In this notification,
only available information on their emissions and their toxicological profiles needs to
be submitted to the regulator, without a prescription on how to acquire such data; thus,
manufacturers could choose their own study designs. These factors complicate and impede
obtaining RPFs to improve and substantiate our CCE method.
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Dose–response data of individual compounds should be collected in a database that
allows its use for (TRP) health impact evaluation. Missing hazard data should, similar to
emission data, be provided by producers. Furthermore, we request researchers to take
into consideration our recommendations for future research to transition toward the use
of non-animal approaches in mixture risk assessment. In the meantime, the cumulative
exposure can be determined with the limited information available, while keeping in mind
that the lack of data has an impact on the outcomes. Until more data on emissions and
hazards are available, regulators are advised to be very cautious when confronted with a
claim for the reduced health impact of TRPs.
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BMD Bench-Mark Dose
CCE Change in Cumulative Exposure
COPD Chronic Obstructive Pulmonary Disease
EFSA European Food Safety Authority
FDA U.S. Food and Drug Administration
HI Hazard Index
HPHC Hazardous or Potentially Hazardous Compounds
HTP Heated Tobacco Products
IUCLID International Uniform ChemicaL Information Database
MAF Mixture Assessment Factor
NOAEL No-Observed Adverse Effect Level
NTP US National Toxicology Program
RAAF Read-Across Assessment Framework
REACH Registration Evaluation Authorisation and Restriction of Chemicals Regulation
RPF Relative Potency Factor
TPD Tobacco Products Directive
TRP Tobacco and Related Products
TTC Threshold of Toxicological Concern
WHO World Health Organization

Appendix A. Relative Potency Factor Analysis for Non-Carcinogenic Adverse
Health Effects

Appendix A.1. Introduction

Relative Potency Factors

Relative potency factors (RPF) serve the purpose of estimating the cumulative exposure
to mixtures of chemicals (e.g., a tobacco product) by combining the relative potency of the
individual compounds in the mixture with exposure data (reflected by the emissions of
the tobacco product). Ideally, toxicity data from studies with a uniform study protocol and
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the same test conditions are used for the derivation of RPFs. Examples include the 90-day
inhalation study described by the OECD (OECD TG 413) or the standard protocol of 90-day
inhalation TOX/TR studies of the National Toxicology Program (NTP).

RPFs are only defined when the dose–response curves on a log-dose scale are par-
allel (otherwise, the relative potency would depend on the dose). Fortunately, extensive
experience has shown that this is the case in general (see e.g., [49]). Therefore, RPFs can be
estimated for a given health endpoint (e.g., increased relative liver weight) by fitting paral-
lel curves to a combined dataset relating the various compounds, e.g., using the PROAST
software (www.rivm.nl/en/proast) (accessed on 10 April 2020). One of the compounds in
the dataset is used as the reference compound, with an RPF equal to one. When the RPF is
below one, the compound is less potent compared with the index compound, and when it
is above one, vice versa.

The RPFs are multiplied by the emission data of the respective compounds in a tobacco
product to scale the exposure to the compounds as if it were exposed to the index compound
(called index compound exposure equivalents). The summed exposure equivalents of all
the compounds in the chemical mixture may be compared across different tobacco (and
related) products in order to quantitatively compare the cumulative exposure, expressed in
the index compound, among products.

Appendix A.2. Materials and Methods

Appendix A.2.1. Data Selection

An inventory was produced of the compounds for which emission data are available
for both tobacco cigarettes (3R4F/1R6F) and heated tobacco products (HTPs). Information
on the iQOS tobacco stick [8,50] and the glo tobacco stick [51] were used. Toxicity data
of the chemicals listed in these emission studies were searched for in the public database
of the NTP to collect toxicity data with a standardized testing protocol. Table A1 shows
the compounds in the tobacco emissions for which an NTP report is available, whether a
90-day study is included in the report, which exposure route was used in the toxicity study,
and from which organs weights were obtained.

Table A1. Available toxicity and emission data.

Compound NTP Nr. Species Route
90-Day
Study

Available?

Relative
Organ

Weights

Emission
Data? Source *

o-Cresol TOX 9 Rat and mouse Feed Yes Liver, kidney,
and thymus Yes

Schaller/
St. Helen/

Forster

1,3-Butadiene TR 434 Mouse Inhalation No - Yes
Schaller/

St. Helen/
Forster

2,3-Butanedione TR 593 Rat and mouse Inhalation Yes Liver, kidney,
and thymus Yes Forster

2,6-Dimethylanaline TR 278 Rat Gavage Yes Liver Yes Forster

Acetone TOX 3 Rat Water Yes Liver and
kidney Yes

Schaller/
St. Helen/

Forster

Acrolein TOX 48 Rat and mouse Gavage Yes Liver, kidney,
and thymus Yes

Schaller/
St. Helen/

Forster

Acrylamide TR 575 Rat and mouse Drinking water
or feed Yes Liver Yes

Schaller/
St. Helen/

Forster

www.rivm.nl/en/proast
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Table A1. Cont.

Compound NTP Nr. Species Route
90-Day
Study

Available?

Relative
Organ

Weights

Emission
Data? Source *

Acrylonitrile TR 506 Mouse Gavage Yes Liver, kidney,
and thymus Yes

Schaller/
St. Helen/

Forster

Allyl alcohol TOX 48 Rat and mouse Gavage Yes Liver, kidney,
and thymus Yes Forster

Benzene TR 289 Rat Gavage No - Yes
Schaller/

St. Helen/
Forster

Benzo(b)furan TR 370 Rat and mouse Gavage Yes None Yes Forster

Benzyl alcohol TR 343 Rat and mouse Gavage Yes None Yes St. Helen

Butyrolactone TR 406 Rat and mouse Gavage Yes Liver, kidney,
and thymus Yes St. Helen

Cadmium oxide TOX 39 Rat and mouse Inhalation Yes Liver, kidney,
and thymus Yes

Schaller/
St. Helen/

Forster

Chromium TR 546/TOX 72 Rat and mouse Drinking water Yes Liver, kidney,
and thymus Yes

Schaller/
St. Helen/

Forster

Cobalt TR 581 Rat and mouse Inhalation Yes Liver, kidney,
and thymus Yes Schaller/

Forster

Copper TOX 29 Rat and mouse Drinking water
and feed Yes Liver, kidney,

and thymus Yes Schaller/
Forster

Ethyl carbamate TR 510/
TOX 52 Rat and mouse Drinking water Yes Liver, kidney,

and thymus Yes Forster

Ethyl benzene TR 466/
TOX 10 Rat and mouse Inhalation Yes Liver, kidney Yes Forster

Ethylene glycol TR 413 Mouse Feed Yes Liver, kidney,
and thymus Yes Forster

Ethylene oxide TR 326 Mouse Inhalation Yes Liver Yes
Schaller/

St. Helen/
Forster

Furan TR 402 Rat and mouse Gavage Yes Liver, kidney,
and thymus Yes Forster

Furfural TR 382 Rat and mouse Gavage Yes Liver, kidney,
and thymus Yes St. Helen

Glycidol TR 374 Rat and mouse Gavage Yes None Yes St. Helen/
Forster

Hydroquinone TR 366 Mouse Gavage Yes Liver Yes
Schaller/

St. Helen/
Forster

Isobutyraldehyde TR 472 Rat and mouse Inhalation Yes Liver, kidney,
and thymus Yes Schaller/

Forster

Isoprene TOX 31 Rat and mouse Inhalation Yes Liver, kidney,
and thymus Yes

Schaller/
St. Helen/

Foster

Naphthalene TR 500/TR 410 Rat and mouse Inhalation No - Yes Forster

Nickel oxide TR 451 Rat and mouse Inhalation Yes Liver, kidney,
and thymus Yes

Schaller/
St. Helen/

Forster

Nitromethane TR 461 Rat and mouse Inhalation Yes Liver, kidney,
and thymus Yes Forster
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Table A1. Cont.

Compound NTP Nr. Species Route
90-Day
Study

Available?

Relative
Organ

Weights

Emission
Data? Source *

Toluene TR 371 Mouse Inhalation and
gavage Yes Liver, kidney Yes Schaller/Forster

Phenol TR 203 Rat and mouse Drinking water Yes None Yes
Schaller/

St. Helen/
Forster

Propylene oxide TR 267 Rat and mouse Inhalation Yes None Yes
Schaller/

St. Helen/
Forster

Pyridine TR 470 Rat and mouse Drinking water Yes Liver, kidney,
and thymus Yes

Schaller/
St. Helen/

Forster

Resorcinol TR 403 Rat and mouse Gavage Yes Liver, kidney,
and thymus Yes Schaller/

Forster

Styrene TR 185 Rat and mouse Gavage Yes None Yes
Schaller/

St. Helen/
Forster

* Schaller refers to [50]; St. Helen refers to [8]; Forster refers to [51].

Subsequently, a database was compiled for body weight and three routinely measured
organ weights (liver, kidney, and thymus) relative to body weight. Because the inhalation
route is most relevant for tobacco products, only data for compounds tested in mice and/or
rats via the inhalation route were included in the database. This resulted in a database of
11 compounds: 2,3-butanedione, cadmium oxide, cobalt, ethyl benzene, ethylene oxide,
isobutyraldehyde, isoprene, nickel oxide, nitromethane, toluene, and propylene oxide.

Appendix A.2.2. Dose–Response Modelling

A four-parameter exponential model, y = a ∗ [cˆ(1 − exp(−(x/b)ˆd))], was fitted
to the (continuous) organ or body weight data plotted against the dose. This model
was reparametrized [52] such that the benchmark dose (BMD) was one of the model’s
parameters (replacing parameter b). The RPFs and their 90% confidence intervals were then
automatically calculated based on the latter.

In a covariate analysis, parallel curves were fitted to the data by applying the same
shape parameters (c and d) to all compounds, but allowing the background parameter
(a), and the residual variance to be different between the compound and sex, and the
potency parameter (b) to be different between compounds [49,53]. The latter was based
on an analysis that confirmed that there was no difference in potency among the sexes
(data not shown). A good description of the data of each compound by parallel curves was
confirmed by visual inspection (Figures A1 and A2).
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Table A2. Relative potency factors based on increased relative liver weight.

Compound Abbreviation RPF LB CI UB CI

2,3-Butanedione bta 5.3 3.3 8.9
Cadmium oxide cad 1600 790 2800

Cobalt cob 300 210 480
Ethyl benzene (IC) ebe 1

Ethylene oxide eox 5.1 0 12
Isobutyraldehyde isb 0.28 0.16 0.48

Isoprene iso 0.20 0.14 0.32
Nickel oxide nic 130 51 240

Nitromethane nmt 0.69 0.45 1.1
Toluene tol 0.58 0.43 0.93

IC, index compound; LB CI, 5% lower confidence bound of the RPF (relative potency factor); UB CI, 5% upper
confidence bound of the RPF.

Table A3. Relative potency factors based on the decrease in body weight.

Compound Compound Abbreviation RPF LB CI UB CI

2,3-Butanedione bta 56 48 68

1,3-Butadiene (IC) but 1

Cadmium oxide cad 1600 0 4700

Cobalt cob 1200 920 1500

Ethylbenzene ebe 0.47 0 1.5

Ethylene oxide eox 5.0 0 31

Isobutyraldehyde isb 0.22 0 0.73

Isoprene iso 0.20 0.045 0.35

Nickel oxide nic 460 160 750

Nitromethane nmt 1.2 0.55 1.7

Propylene oxide prp 9.0 7.0 11

Toluene tol 0.19 0 0.50

Appendix A.2.3. Difference in Potency between Rats and Mice

As the estimated potency of a compound may depend on species, we first examined
potential species differences for the compounds considered. In six compounds, statistically
significant differences in potency were assessed between rats and mice based on inhalation
data (2,3-butanedione, cadmium oxide, cobalt, ethyl benzene, isobutyraldehyde, and
isoprene), with rats overall being the least sensitive species via the inhalation route (data
not shown). Since data were available for more compounds from mouse studies compared
with rat studies, it was decided to further limit the database only to mouse studies via the
inhalation route.

Appendix A.3. Results

Appendix A.3.1. Relative Potency Factors Based on Relative Organ Weight (Liver, Kidney,
and Thymus)

The relative organ weights of the liver, kidney, and thymus were examined to establish
whether these endpoints were suitable for deriving RPFs, assuming that weight changes in
these organs are a sign of systemic toxicity. The dose–response analyses showed that only
the relative liver weight data were sufficiently informative to derive RPFs. For the relative
kidney weight and relative thymus weight, the effects were too marginal to derive RPFs
(data not shown).

The RPF confidence intervals were calculated for nine compounds (next to the index
compound) based on a change in the relative liver weight (see Table A2). In this case,
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ethylbenzene is the index compound with an RPF of one. This analysis shows that 2,3-
butanedione, cadmium oxide, cobalt, and nickel oxide were more potent than ethylbenzene,
while isobutyraldehyde, isoprene, and toluene were less potent than the index compound.
The remaining compounds (ethylene oxide and nitromethane) showed an RPF confidence
interval that included 1, i.e., it could not be determined whether these compounds were
more potent, less potent, or equally potent to the index compound. In addition, the lower
confidence limit of the RPF of ethylene oxide could not be established due to the possible
absence of a trend. The dose–response curves per compound and sex are provided in
Figure A1.

Appendix A.3.2. Relative Potency Factors Based on Body Weight

RPFs were derived for 12 compounds (including the index compound) based on a
change in body weight. The RPFs and their confidence intervals are presented in Table A3.
In this case, 1,3-butadiene is the index compound. Three compounds, 2,3-butanedione,
cobalt, and nickel oxide, are more potent than the index compound. Isoprene and toluene
are less potent. For a number of compounds (cadmium oxide, ethylbenzene, ethylene oxide,
isobutyraldehyde, nitromethane, and toluene), the RPF confidence interval included 1, i.e.,
it could not be determined whether these compounds were more potent, less potent, or
equally potent to the index compound. In addition, a lower confidence limit of the RPFs
of cadmium oxide, ethylbenzene, ethylene oxide, isobutyraldehyde, and toluene could
not be established due to the possible absence of a trend. The dose–response curves per
compound and sex are provided in Figure A2.

Appendix A.4. Conclusions

In order to derive RPFs, external factors influencing the potency must be eliminated
as much as possible; therefore, data are ideally obtained from studies based on a uniform
study protocol (under the same laboratory conditions). It has proven difficult to find a
suitable, uniform parameter to derive RPFs for compounds in tobacco product emissions.
For two endpoints that may be indicative of systemic toxicity, namely an increase in relative
liver weight and decrease in body weight, RPFs could be derived. However, the number of
compounds with an RPF for these endpoints is too limited to support a statement regarding
the relative harmfulness of different tobacco products for non-carcinogenic adverse health
effects. Limiting factors in determining the relative non-carcinogenic harmfulness of
tobacco products are the availability of both toxicity data and emission data for a sufficient
number of components.
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6. Jankowski, M.; Brożek, G.M.; Lawson, J.; Skoczyński, S.; Majek, P.; Zejda, J.E. New ideas, old problems? Heated tobacco
products—a systematic review. Int. J. Occup. Med. Environ. Health 2019, 32, 595–634. [CrossRef]

7. Ward, A.M.; Yaman, R.; Ebbert, J.O. Electronic nicotine delivery system design and aerosol toxicants: A systematic review. PLoS
ONE 2020, 15, e0234189. [CrossRef]

8. St Helen, G.; Jacob Iii, P.; Nardone, N.; Benowitz, N.L. IQOS: Examination of Philip Morris International’s claim of reduced
exposure. Tob. Control 2018, 27 (Suppl. S1), s30–s36. [CrossRef]

http://doi.org/10.1093/ntr/ntab040
http://www.ncbi.nlm.nih.gov/pubmed/33693833
http://doi.org/10.1136/tobaccocontrol-2016-053060
http://www.ncbi.nlm.nih.gov/pubmed/27625408
http://doi.org/10.1136/tobaccocontrol-2018-054340
http://www.ncbi.nlm.nih.gov/pubmed/30209207
http://doi.org/10.3390/ijerph17020409
http://doi.org/10.1111/ajad.13020
http://doi.org/10.13075/ijomeh.1896.01433
http://doi.org/10.1371/journal.pone.0234189
http://doi.org/10.1136/tobaccocontrol-2018-054321


Int. J. Environ. Res. Public Health 2022, 19, 10528 14 of 15

9. Centers for Disease Control and Prevention (CDC); National Center for Chronic Disease Prevention and Health Promotion
(NCCDPHP). How Tobacco Smoke Causes Disease: The Biology and Behavioral Basis for Smoking-Attributable Disease: A Report
of the Surgeon General. Volume 6, Cardiovascular Diseases. Available online: https://www.ncbi.nlm.nih.gov/books/NBK53012/
(accessed on 21 June 2021).

10. WHO. Tobacco Product Regulation: Basic Handbook. 2018. Available online: https://www.who.int/tobacco/publications/
prod_regulation/basic-handbook/en/ (accessed on 21 June 2021).

11. Stephens, W.E. Comparing the cancer potencies of emissions from vapourised nicotine products including e-cigarettes with those
of tobacco smoke. Tob. Control 2017, 27, 10–17. [CrossRef]

12. Slob, W.; Soeteman-Hernández, L.G.; Bil, W.; Staal, Y.C.M.; Stephens, W.E.; Talhout, R. A Method for Comparing the Impact
on Carcinogenicity of Tobacco Products: A Case Study on Heated Tobacco Versus Cigarettes. Risk Anal. 2020, 40, 1355–1366.
[CrossRef]

13. European Food Safety Agency (EFSA). Guidance on harmonised methodologies for human health, animal health and ecological
risk assessment of combined exposure to multiple chemicals. EFSA J. 2019, 17, e05634.

14. FDA. Family Smoking Prevention and Tobacco Control and Federal Retirement Reform. PUBL031.PS. 2009. Available online:
Govinfo.gov (accessed on 22 August 2022).

15. FDA. Harmful and Potentially Harmful Constituents in Tobacco Products and Tobacco Smoke; Established List. Fed. Regist. 2012,
77, 20034–20037.

16. Simonavicius, E.; McNeill, A.; Shahab, L.; Brose, L.S. Heat-not-burn tobacco products: A systematic literature review. Tob. Control
2019, 28, 582–594. [CrossRef]

17. FDA. Philip Morris Products S.A. Modified Risk Tobacco Product (MRTP) Applications; FDA: Silver Spring, MD, USA, 2021.
18. Burns, D.M.; Dybing, E.; Gray, N.; Hecht, S.; Anderson, C.; Sanner, T.; O’Connor, R.; Djordjevic, M.; Dresler, C.; Hainaut, P.; et al.

Mandated lowering of toxicants in cigarette smoke: A description of the World Health Organization TobReg proposal. Tob.
Control 2008, 17, 132–141. [CrossRef]

19. Woutersen, M.; Muller, A.; Pronk, M.E.J.; Cnubben, N.H.P.; Hakkert, B.C. Regulating human safety: How dose selection in toxicity
studies impacts human health hazard assessment and subsequent risk management options. Regul. Toxicol. Pharmacol. 2020, 114, 104660.
[CrossRef] [PubMed]

20. Soeteman-Hernández, L.G.; Johnson, G.E.; Slob, W. Estimating the carcinogenic potency of chemicals from the in vivo micronu-
cleus test. Mutagenesis 2016, 31, 347–358. [CrossRef]

21. Bemis, J.C.; Wills, J.W.; Bryce, S.M.; Torous, D.K.; Dertinger, S.D.; Slob, W. Comparison of in vitro and in vivo clastogenic potency
based on benchmark dose analysis of flow cytometric micronucleus data. Mutagenesis 2016, 31, 277–285. [CrossRef]

22. National Center for Chronic Disease Prevention and Health Promotion (US) Office on Smoking and Health. The Health Consequences
of Smoking—50 Years of Progress; A Report of the Surgeon General; Centers for Disease Control and Prevention (US): Atlanta, GA,
USA, 2014. Available online: https://www.surgeongeneral.gov/library/reports/50-yearsof-progress/full-report.pdf (accessed
on 21 June 2021).

23. WHO. Cardiovascular Diseases (CVDs); WHO: Geneva, Switzerland, 2021.
24. WHO. Global Status Report on Concommunicable Diseases 2014; WHO: Geneva, Switserland, 2014.
25. Forouzanfar, M.H.; Afshin, A.; Alexander, L.T.; Anderson, H.R.; Bhutta, Z.A.; Biryukov, S.; Brauer, M.; Burnett, R.; Cercy, K.;

Charlson, F.J. Global, regional, and national comparative risk assessment of 79 behavioural, environmental and occupational, and
metabolic risks or clusters of risks, 1990–2015: A systematic analysis for the Global Burden of Disease Study 2015. Lancet 2016,
388, 1659–1724. [CrossRef]

26. Messner, B.; Bernhard, D. Smoking and cardiovascular disease: Mechanisms of endothelial dysfunction and early atherogenesis.
Arterioscler. Thromb. Vasc. Biol. 2014, 34, 509–515. [CrossRef]

27. Phillips, B.; Veljkovic, E.; Boué, S.; Schlage, W.K.; Vuillaume, G.; Martin, F.; Titz, B.; Leroy, P.; Buettner, A.; Elamin, A. An 8-month
systems toxicology inhalation/cessation study in Apoe−/−mice to investigate cardiovascular and respiratory exposure effects
of a candidate modified risk tobacco product, THS 2.2, compared with conventional cigarettes. Toxicol. Sci. 2015, 149, 411–432.
[CrossRef]

28. Srivastava, S.; Sithu, S.D.; Vladykovskaya, E.; Haberzettl, P.; Hoetker, D.J.; Siddiqui, M.A.; Conklin, D.J.; D’Souza, S.E.; Bhatnagar, A.
Oral exposure to acrolein exacerbates atherosclerosis in apoE-null mice. Atherosclerosis 2011, 215, 301–308. [CrossRef] [PubMed]

29. Simeonova, P.P.; Hulderman, T.; Harki, D.; Luster, M.I. Arsenic exposure accelerates atherogenesis in apolipoprotein E (-/-) mice.
Environ. Health Perspect. 2003, 111, 1744–1748. [CrossRef] [PubMed]

30. Bunderson, M.; Brooks, D.M.; Walker, D.L.; Rosenfeld, M.E.; Coffin, J.D.; Beall, H.D. Arsenic exposure exacerbates atherosclerotic
plaque formation and increases nitrotyrosine and leukotriene biosynthesis. Toxicol. Appl. Pharmacol. 2004, 201, 32–39. [CrossRef]

31. Srivastava, S.; Vladykovskaya, E.N.; Haberzettl, P.; Sithu, S.D.; D’souza, S.E.; States, J.C. Arsenic exacerbates atherosclerotic lesion
formation and inflammation in ApoE-/-mice. Toxicol. Appl. Pharmacol. 2009, 241, 90–100. [CrossRef]

32. Lemaire, M.; Lemarié, C.A.; Flores Molina, M.; Schiffrin, E.L.; Lehoux, S.; Mann, K.K. Exposure to moderate arsenic concentrations
increases atherosclerosis in ApoE−/−mouse model. Toxicol. Sci. 2011, 122, 211–221. [CrossRef]

33. Negro Silva, L.F.; Lemaire, M.; Lemarié, C.A.; Plourde, D.; Bolt, A.M.; Chiavatti, C.; Bohle, D.S.; Slavkovich, V.; Graziano, J.H.;
Lehoux, S. Effects of Inorganic Arsenic, Methylated Arsenicals, and Arsenobetaine on Atherosclerosis in the apo E−/−Mouse
Model and the Role of As3mt-Mediated Methylation. Environ. Health Perspect. 2017, 125, 077001. [CrossRef]

https://www.ncbi.nlm.nih.gov/books/NBK53012/
https://www.who.int/tobacco/publications/prod_regulation/basic-handbook/en/
https://www.who.int/tobacco/publications/prod_regulation/basic-handbook/en/
http://doi.org/10.1136/tobaccocontrol-2017-053808
http://doi.org/10.1111/risa.13482
Govinfo.gov
http://doi.org/10.1136/tobaccocontrol-2018-054419
http://doi.org/10.1136/tc.2007.024158
http://doi.org/10.1016/j.yrtph.2020.104660
http://www.ncbi.nlm.nih.gov/pubmed/32334039
http://doi.org/10.1093/mutage/gev043
http://doi.org/10.1093/mutage/gev041
https://www.surgeongeneral.gov/library/reports/50-yearsof-progress/full-report.pdf
http://doi.org/10.1016/S0140-6736(16)31679-8
http://doi.org/10.1161/ATVBAHA.113.300156
http://doi.org/10.1093/toxsci/kfv243
http://doi.org/10.1016/j.atherosclerosis.2011.01.001
http://www.ncbi.nlm.nih.gov/pubmed/21371710
http://doi.org/10.1289/ehp.6332
http://www.ncbi.nlm.nih.gov/pubmed/14594625
http://doi.org/10.1016/j.taap.2004.04.008
http://doi.org/10.1016/j.taap.2009.08.004
http://doi.org/10.1093/toxsci/kfr097
http://doi.org/10.1289/EHP806


Int. J. Environ. Res. Public Health 2022, 19, 10528 15 of 15

34. Makhani, K.; Chiavatti, C.; Plourde, D.; Negro Silva, L.F.; Lemaire, M.; Lemarié, C.A.; Lehoux, S.; Mann, K.K. Using the
Apolipoprotein E Knock-Out Mouse Model to Define Atherosclerotic Plaque Changes Induced by Low Dose Arsenic. Toxicol. Sci.
2018, 166, 213–218. [CrossRef]

35. Curfs, D.M.J.; Lutgens, E.; Gijbels, M.J.J.; Kockx, M.M.; Daemen, M.J.A.P.; van Schooten, F.J. Chronic exposure to the carcinogenic
compound benzo [a] pyrene induces larger and phenotypically different atherosclerotic plaques in ApoE-knockout mice. Am. J.
Pathol. 2004, 164, 101–108. [CrossRef]

36. Ramesh, A.; Prins, P.A.; Perati, P.R.; Rekhadevi, P.V.; Sampson, U.K. Metabolism of benzo(a)pyrene by aortic subcellular fractions
in the setting of abdominal aortic aneurysms. Mol. Cell. Biochem. 2016, 411, 383–391. [CrossRef]

37. Uno, S.; Sakurai, K.; Nebert, D.W.; Makishima, M. Protective role of cytochrome P450 1A1 (CYP1A1) against benzo [a] pyrene-
induced toxicity in mouse aorta. Toxicol. Appl. Pharmacol. 2014, 316, 34–42. [CrossRef]

38. Kerley-Hamilton, J.S.; Trask, H.W.; Ridley, C.J.A.; DuFour, E.; Lesseur, C.; Ringelberg, C.S.; Moodie, K.L.; Shipman, S.L.; Korc,
M.; Gui, J. Inherent and benzo [a] pyrene-induced differential aryl hydrocarbon receptor signaling greatly affects life span,
atherosclerosis, cardiac gene expression, and body and heart growth in mice. Toxicol. Sci. 2012, 126, 391–404. [CrossRef] [PubMed]

39. Yang, H.; Zhou, L.; Wang, Z.; Roberts, L.J., II; Lin, X.; Zhao, Y.; Guo, Z. Overexpression of antioxidant enzymes in ApoE-deficient
mice suppresses benzo (a) pyrene-accelerated atherosclerosis. Atherosclerosis 2009, 207, 51–58. [CrossRef] [PubMed]

40. Heeschen, C.; Jang, J.J.; Weis, M.; Pathak, A.; Kaji, S.; Hu, R.S.; Tsao, P.S.; Johnson, F.L.; Cooke, J.P. Nicotine stimulates angiogenesis
and promotes tumor growth and atherosclerosis. Nat. Med. 2001, 7, 833–839. [CrossRef] [PubMed]

41. European Chemicals Agency (ECHA). Guidance on Information Requirements and Chemical Safety Assessment. Chapter R.7a:
Endpoint Specific Guidance. Available online: https://echa.europa.eu/documents/10162/17224/information_requirements_r7
a_en.pdf/e4a2a18f-a2bd-4a04-ac6d-0ea425b2567f (accessed on 21 June 2021).

42. Hirn, C.; Kanemaru, Y.; Stedeford, T.; Paschke, T.; Baskerville-Abraham, I. Comparative and cumulative quantitative risk
assessments on a novel heated tobacco product versus the 3R4F reference cigarette. Toxicol. Rep. 2020, 7, 1502–1513. [CrossRef]

43. Thorne, D.; Breheny, D.; Proctor, C.; Gaca, M. Assessment of novel tobacco heating product THP1. 0. Part 7: Comparative in vitro
toxicological evaluation. Regul. Toxicol. Pharmacol. 2018, 93, 71–83. [CrossRef]

44. Phillips, B.W.; Schlage, W.K.; Titz, B.; Kogel, U.; Sciuscio, D.; Martin, F.; Leroy, P.; Vuillaume, G.; Krishnan, S.; Lee, T. A 90-day
OECD TG 413 rat inhalation study with systems toxicology endpoints demonstrates reduced exposure effects of the aerosol
from the carbon heated tobacco product version 1.2 (CHTP1. 2) compared with cigarette smoke. I. Inhalation exposure, clinical
pathology and histopathology. Food Chem. Toxicol. 2018, 116, 388–413.

45. European Commission (EC). COMMISSION STAFF WORKING DOCUMENT: Progress Report on the Assessment and Manage-
ment of Combined Exposures to Multiple Chemicals (Chemical Mixtures) and Associated Risks. SWD (2020) 250 Final. 2020.
Available online: https://ec.europa.eu/environment/pdf/chemicals/2020/10/SWD_mixtures.pdf (accessed on 21 June 2021).

46. Tluczkiewicz, I.; Kühne, R.; Ebert, R.-U.; Batke, M.; Schüürmann, G.; Mangelsdorf, I.; Escher, S.E. Inhalation TTC values: A new
integrative grouping approach considering structural, toxicological and mechanistic features. Regul. Toxicol. Pharmacol. 2016, 78,
8–23. [CrossRef]

47. Schüürmann, G.; Ebert, R.-U.; Tluczkiewicz, I.; Escher, S.E.; Kühne, R. Inhalation threshold of toxicological concern (TTC)—
Structural alerts discriminate high from low repeated-dose inhalation toxicity. Environ. Int. 2016, 88, 123–132. [CrossRef]

48. European Chemicals Agency (ECHA). Read-Across Assessment Framework (RAAF). Available online: https://echa.europa.eu/
documents/10162/17221/raaf_en.pdf/614e5d61-891d-4154-8a47-87efebd1851a (accessed on 21 June 2021).

49. Slob, W.; Setzer, R.W. Shape and steepness of toxicological dose–response relationships of continuous endpoints. Crit. Rev. Toxicol.
2014, 44, 270–297. [CrossRef]

50. Schaller, J.-P.; Keller, D.; Poget, L.; Pratte, P.; Kaelin, E.; McHugh, D.; Cudazzo, G.; Smart, D.; Tricker, A.R.; Gautier, L. Evaluation
of the Tobacco Heating System 2.2. Part 2: Chemical composition, genotoxicity, cytotoxicity, and physical properties of the aerosol.
Regul. Toxicol. Pharmacol. 2016, 81, S27–S47. [CrossRef]

51. Forster, M.; Fiebelkorn, S.; Yurteri, C.; Mariner, D.; Liu, C.; Wright, C.; McAdam, K.; Murphy, J.; Proctor, C. Assessment of novel
tobacco heating product THP1. 0. Part 3: Comprehensive chemical characterisation of harmful and potentially harmful aerosol
emissions. Regul. Toxicol. Pharmacol. 2018, 93, 14–33. [CrossRef]

52. RIVM. PROAST MANUAL Menu Version. 2021. Available online: https://www.rivm.nl/documenten/proast-manual-menu-
version (accessed on 21 June 2021).

53. Slob, W. Dose-response modeling of continuous endpoints. Toxicol. Sci. 2002, 66, 298–312. [CrossRef]

http://doi.org/10.1093/toxsci/kfy201
http://doi.org/10.1016/S0002-9440(10)63101-X
http://doi.org/10.1007/s11010-015-2600-2
http://doi.org/10.1016/j.tox.2013.12.005
http://doi.org/10.1093/toxsci/kfs002
http://www.ncbi.nlm.nih.gov/pubmed/22228805
http://doi.org/10.1016/j.atherosclerosis.2009.03.052
http://www.ncbi.nlm.nih.gov/pubmed/19409565
http://doi.org/10.1038/89961
http://www.ncbi.nlm.nih.gov/pubmed/11433349
https://echa.europa.eu/documents/10162/17224/information_requirements_r7a_en.pdf/e4a2a18f-a2bd-4a04-ac6d-0ea425b2567f
https://echa.europa.eu/documents/10162/17224/information_requirements_r7a_en.pdf/e4a2a18f-a2bd-4a04-ac6d-0ea425b2567f
http://doi.org/10.1016/j.toxrep.2020.10.019
http://doi.org/10.1016/j.yrtph.2017.08.017
https://ec.europa.eu/environment/pdf/chemicals/2020/10/SWD_mixtures.pdf
http://doi.org/10.1016/j.yrtph.2016.03.022
http://doi.org/10.1016/j.envint.2015.12.005
https://echa.europa.eu/documents/10162/17221/raaf_en.pdf/614e5d61-891d-4154-8a47-87efebd1851a
https://echa.europa.eu/documents/10162/17221/raaf_en.pdf/614e5d61-891d-4154-8a47-87efebd1851a
http://doi.org/10.3109/10408444.2013.853726
http://doi.org/10.1016/j.yrtph.2016.10.001
http://doi.org/10.1016/j.yrtph.2017.10.006
https://www.rivm.nl/documenten/proast-manual-menu-version
https://www.rivm.nl/documenten/proast-manual-menu-version
http://doi.org/10.1093/toxsci/66.2.298

	Introduction 
	Extending the CCE Method for Carcinogenicity 
	CCE Method for Non-Carcinogenicity 
	CCE Method for Multiple Effects 
	Discussion 
	Conclusions 
	Appendix A
	Introduction 
	Materials and Methods 
	Data Selection 
	Dose–Response Modelling 
	Difference in Potency between Rats and Mice 

	Results 
	Relative Potency Factors Based on Relative Organ Weight (Liver, Kidney, and Thymus) 
	Relative Potency Factors Based on Body Weight 

	Conclusions 

	References

