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A B S T R A C T   

Heated tobacco products (HTP) have become increasingly common in many countries worldwide. The principle 
of heating tobacco, without combustion, to produce a nicotine-containing aerosol with remarkably reduced 
levels of other known toxins, compared to combusted tobacco cigarettes, is now well established. As these 
products are intended as alternatives to traditional combusted products, during the early stages of their devel-
opment, it is important for manufacturers to ensure that the design of the product does not lead to any unin-
tentionally increased or new risk for the consumer, compared to the traditional products that consumers seek to 
replace. There is limited guidance from tobacco product regulations concerning the requirements for performing 
such preliminary toxicological assessments. Here, we review the published literature on studies performed on 
HTPs in the pursuit of such data, outline a proposed approach that is consistent with regulatory requirements, 
and provide a logical approach to the preliminary toxicological assessment of HTPs.   

1. Introduction 

Alternative nicotine and tobacco products, such as e-cigarettes and 
heated tobacco products (HTP), which are marketed as alternatives to 
cigarettes, have become increasingly prominent in many markets. In 
HTPs, the processed tobacco is heated, instead of being combusted, to 
produce an aerosol containing nicotine. The principle underlying the 
design of such products is to reduce the temperature of heating tobacco 
below the combustion point to substantially reduce the levels of toxic 
substances in the aerosol. This is based on the understanding that most 
of the harmful or potentially harmful compounds (HPHC) found in to-
bacco smoke are formed through chemical transformations occurring 
only at temperatures above the point at which self-sustaining combus-
tion is initiated. It is worthy of note, therefore, that establishing the 
absence of combustion is a defining quality for HTPs. 

Several different HTP designs are currently available on the market 
and can be categorized into three types [23]:  

1. Electrically heated tobacco products (eHTP): A processed tobacco 
insert or article is heated, without combustion, using an electrical 

tobacco heating device (THD) to release nicotine-containing flavored 
aerosol for inhalation (e.g., glo™ and IQOS™).  

2. Carbon-heated tobacco products (cHTP): A tobacco substrate is 
heated by smoldering carbon to produce a nicotine-containing 
aerosol (e.g., Eclipse™).  

3. Aerosol-heated tobacco products (aHTP): The tobacco component is 
heated by the warmed aerosol from an electrical THD without 
combustion of the tobacco to produce a nicotine-containing aerosol 
(e.g., iFUSE™ and Ploom™). 

Scientific evaluation to substantiate the harm reduction potential of 
these products in comparison to smoking cigarettes requires rigorous 
non-clinical and clinical assessments, as described, for example, by the 
US Food and Drug Administration (FDA) guidance for applications for 
modified risk tobacco products (MRTP) [68]. In addition to comparisons 
with conventional combustible products, it is necessary to understand 
the individual toxicological risk profiles of emerging or new variants of 
these products, independent of their potential risk-reduction profile. The 
focus of these assessments is to establish that, compared to combusted 
cigarettes, these products have no new or increased hazards. Several 
scientific bodies, including the German Institute for Risk Assessment 
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[42], National Institute for Public Health and the Environment in the 
Netherlands [6], Public Health England [45], and WHO Study Group on 
Tobacco Product Regulation [74], have reviewed the scientific data 
available on alternative tobacco products. Specific challenges have been 
recognized, particularly, relating to some customizable elements of 
electronic cigarettes [77] or the potential for the transfer of metals from 
the coils to the aerosol [25]. However, most of the emphasis has been on 
e-cigarettes, which are different from HTPs in many ways. 

Although e-cigarette aerosols are produced by heating a liquid con-
taining nicotine (extracted from tobacco or synthetic), HTPs contain a 
substrate reconstituted from natural tobacco [49]. Nicotine is released 
from tobacco by heating, along with various other components of the 
tobacco leaf that add taste and flavor to the aerosol. Although HTPs 
closely resemble conventional cigarettes, the physical and chemical 
processes involved in releasing aerosols from the former are consider-
ably different from the combustion processes that produce smoke in the 
latter. Furthermore, to achieve consistent aerosol production, a complex 
system is required that creates a controlled heat source and exposes 
appropriately processed tobacco. This often involves compartmental-
izing the product, including a consumable part containing tobacco, and 
either a separate heating device (such as an electronic heater) or an 
integrated heating element (such as a carbon tip). Thus, each group of 
products provides different contexts in which risk assessment must be 
performed. 

In a regulatory context, these products are treated differently. 
Several countries include alternative tobacco products specifically in 
their tobacco product regulations (such as Canada [30], USA [67], and 
European Union countries [20]). Specific regulations for HTPs are rare 
and generally only cover specific tax categorization for the products 
[32]. Where specific references to novel or alternative products are 
made in regulations, the emphasis has been on establishing the reduced 
risk potential of such products. 

Philip Morris International (PMI) has previously described the 
overall strategy for product assessment of an early version of HTP—the 
heatbar [58]. These studies formed the foundation for future product 
assessments in PMI and helped establish the approach described by 
Smith et al. in 2016 as a generally applicable assessment program 
integrating seven steps to complete in order to demonstrate that a 
candidate modified risk tobacco product (MRTP) [59]. In the Smith 
et al., approach, the three first steps involve evaluation of the product 
design and control principles; evaluation of aerosol chemistry and 
physics; and standard toxicological assessment of the products. Ac-
cording to this approach, the main objective of these three first stages is 
to establish reduced formation of HPHCs and reduced toxicity in labo-
ratory models, before going further to establish reduced risk in labora-
tory models, (step 6), reduced exposure and risk in individuals (steps 5 
and 6) and finally reduced population harm (step 7). 

However, before any full evaluation of the reduced risk status can 
proceed, there are some basic standards to which all products should be 
held. For example, for HTPs, this might involve establishing that no 
combustion occurs during the use of the product, there is an overall 
reduction in HPHCs, there is some indication of reduced toxicity in in 
vitro systems, and all components and ingredients of both consumables 
and devices are appropriate for intended use and will not present new or 
increased toxicity to the final product. We term this phase of assessment 
“preliminary toxicological assessment”, to distinguish it from reduced 
risk assessment. Much of this phase is captured under steps 1–3 of the 
Smith et al. approach. 

The purpose of this paper, therefore, is to describe an approach for 
preliminary toxicological assessment of HTPs that could be seen as a 
standard approach for future emerging products in this category. We 
have previously published a toxicological assessment of ingredients for 
cigarettes [14]. In this paper we compared the requirements for toxi-
cological assessment of ingredients and materials specifically in the 
context of HTPs. This approach is supported by a review of the literature 
identifying common standard practice for toxicological risk assessment 

of HTPs, thereby ensuring the approach is practical and accessible for 
most manufacturers, as well as providing consistent information to 
facilitate regulatory review and product comparisons. 

To our knowledge this is the first publication building on a review of 
the literature on current and best practice for HTP assessment to artic-
ulate a strategy that can be easily and consistently applied for the pre-
liminary stages of HTP toxicology assessment. This strategy can help 
provide appropriate data to manufacturers and regulators for evaluating 
the product toxicological profile and determining the appropriateness to 
proceed to further assessment of reduced risk potential. This could be a 
pre-requisite to market release. 

We recognize this is not sufficient to establish the appropriateness of 
placing such products on the market or to meet regulatory requirements 
for such placements. Rather, it should be seen as a preliminary step to 
ensure that HTPs are unlikely to present novel or increased risks in 
comparison to smoking cigarettes. Nevertheless, we believe it is of value 
to separate out this step and describe it in full in order to provide 
manufacturers and regulators with a common approach to this early 
phase of assessment. 

2. Methods 

We reviewed the US FDA guidance on Premarket Tobacco Product 
Applications for Electronic Nicotine Delivery Systems as the starting 
point for establishing a standardized approach to the preliminary toxi-
cological assessment of HTPs [69]. A literature search was performed in 
PubMed to capture papers publishing strategies, methods, or data, that 
could be relevant to satisfying the non-clinical assessment requirements 
outlined by the US FDA for HTPs. The papers identified from the liter-
ature search were screened to identify methods that were commonly 
applied by different institutions. The identification of common methods, 
if sufficient to address the needs of a preliminary toxicological assess-
ment, provide the advantage of being likely to be easily accessible to 
manufacturers, regulators and other interested parties. Once again it is 
important to point out that though this may be sufficient and valid 
criteria for preliminary toxicological assessment, it should be empha-
sized that other methods will be much more important in the later stages 
of risk assessment for such products. Thus, exclusion from this literature 
collection is by no means intended to imply that other novel assessment 
methods should be ignored for other assessment purposes. 

An initial search was performed in April 2021, with the search terms: 
((electronic cigarettes) OR (heated tobacco products) OR (novel tobacco 
products) OR (electronic nicotine delivery systems) OR (IQOS) OR 
(PLOOM) OR (electrically heated cigarette)) AND ((risk assessment) OR 
(toxicology assessment) OR (safety assessment)) in all fields. Whilst 
recognizing that no search strategy is likely to capture all relevant 
publications, this strategy was developed based on our prior knowledge 
of the literature. As the products of interest are emerging products, the 
terminology used to describe them in the literature has varied consid-
erably over the years. We therefore sought to identify a range of 
different terms for the products and evaluated the completeness of the 
search results against our own databases. The literature search was also 
supplemented with personal knowledge of relevant studies and by 
snowball-searching the references in the relevant papers identified. 
Snowball search was performed on all reviews, and on all papers 
selected for inclusion in the final analysis. 

The results of the literature search were transferred to an excel file 
where they were manually curated to identify the relevant articles. 
These relevant articles were further classified into those that discussed 
the general principles of some form or preliminary product assessment, 
and those presenting original data from products tested in standardized 
tests. The first group were used to evaluate the level of consensus on 
methods for preliminary toxicological assessment. The second to iden-
tify if there were specific tests that were commonly applied that would 
cover all the requirements for preliminary toxicological assessment. 

Articles that referred only to product use behavior, marketing, 
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perceptions, physical injury, or clinical trials were excluded. Non- 
English language were also excluded, as were conference proceedings 
or abstracts where sufficient information on the assays being applied 
were not provided. The remaining abstracts were screened to identify 
studies showing original data on standardized tests that could be 
considered relevant to the ingredient, material, or product assessment of 
HTPs. Studies that used novel and non-validated assays, such as non- 
OECD protocol studies and systems biology approaches were 
excluded. Although many of these may provide valuable information for 
overall product risk assessment, they are of limited value in a regulatory 
context where standardized and validated assays are required to provide 
reliable data from which regulatory conclusions can be drawn. The US 
FDA’s response to non-validated methods in the recent MRTP authori-
zation for IQOS, stating that “methods that were non-validated towards 
understanding risk; were non-standardized; and are unknown as to their 
reliability and, consequently, their applicability towards regulatory use” 
corroborates this point [70]. 

In general, studies that were specific to e-cigarettes were also 
excluded; however, studies that used e-cigarettes as models for ingre-
dient assessment or transfer from devices were included as they pro-
vided potentially relevant information for HTP assessment. 

For the papers reporting original data, articles published prior to 
2010 were also excluded, as earlier HTP models may differ in many 
aspects from the more recent and commercially successful versions. A 
10-year coverage for the methods applied seems reasonable, given that 
publications prior to this date would have been considered by the more 
recent articles, and the main learnings from them would have been 
captured sufficiently [58]. The search was run on a weekly basis since 
the first execution through to February 2022, and new articles were 
added to the review as appropriate. 

3. Results 

3.1. Regulatory requirements for preliminary toxicological assessment 

Owing to the relative recency of commercialized HTPs, there are 
relatively few guidelines on specific toxicological testing that meet 
regulatory requirements. In the US, HTPs are considered tobacco prod-
ucts and are regulated by the FDA according to the Family Smoking 
Prevention and Tobacco Control Act (FSPTCA) of 2009 [67]. This was 
the first regulation that required FDA authorization for any new product 
or product variant introduced into the market and for which authori-
zation was only granted if the FDA concluded that, based on sufficient 
scientific data, the introduction of the product to the market would be 
appropriate for the protection of public health (APPH). In addition, FDA 
is probably the only body that provides specific guidance on the scien-
tific evidence required to establish the status of APPH [69]. Although 
this guidance applies to electronic nicotine delivery systems (ENDS) 
rather than HTPs specifically, much of the guidance is equally applicable 
or at least adaptable to HTPs. 

With respect to the preliminary toxicological assessment of products, 
the FDA Premarket Tobacco Product Application guidance outlines 
several requirements namely:  

• a full statement of the components, ingredients, additives, and 
properties;  

• a full review of toxicology data from the literature, with a particular 
focus on oral, inhalation, dermal, and ocular routes of exposure and 
endpoints such as cytotoxicity, genotoxicity, carcinogenicity, respi-
ratory toxicity, cardiotoxicity, or developmental and reproductive 
toxicity;  

• analysis of constituents, including HPHCs and other toxicants, under 
both intense and non-intense use conditions;  

• in vitro toxicology studies, such as genotoxicity and cytotoxicity 
studies, based on potential human exposure, as recommended for 
ICH or OECD guidance protocols;  

• computational modeling of toxicants in the product (to estimate the 
toxicity of the product); and  

• in vivo toxicological studies (to address unique toxicological issues 
that cannot be addressed using alternative approaches). 

In Canada, heated tobacco products are considered smokeless to-
bacco products and must comply with the tobacco reporting regulations 
(SOR/2000–273) under which tobacco constituent data must be pro-
vided (26 constituents). Health Canada also requires companies to 
submit all research related to toxicity, health effects, ingredients, taste 
and flavor, product modifications, marketing, and usage. 

For all member states of the European Union, the 2014 European 
Union Tobacco Product Directive (EU TPD) specifically refers to novel 
tobacco products as those that consist, even partly, of tobacco, which are 
not cigarettes, roll-your-own tobacco, pipe tobacco, waterpipe tobacco, 
cigars, cigarillos, chewing tobacco, nasal tobacco, or tobacco for oral 
use, and are placed on the market after May 19, 2014 [20]. According to 
Article 19 of the EU TPD, member states should require manufacturers to 
provide notification of any product prior to its introduction to the 
market. The content requirements for these notifications are not pre-
cisely defined in the directive but should generally include detailed 
description of the products, information on ingredients and emissions, 
and “available scientific studies on toxicity, addictiveness, and attrac-
tiveness…” The EU TPD also allows member states to introduce a system 
of authorization of novel tobacco products, and several member states, 
including Austria, Belgium, Denmark, Luxembourg, Poland, and 
Portugal, formally require such authorization prior to marketing. 

For most other countries, regulations provide little guidance for the 
preliminary toxicological assessment of modified tobacco products and 
HTPs. For example, in South Korea, HTPs are regulated as tobacco 
products under the Tobacco Business Act and National Health Promo-
tion Act. This involves licensing, health warnings, sales, and restrictions 
on public use. Similarly, in Japan, HTPs are regulated by the Health 
Promotion Act, which mainly refers to the limitations on where products 
may be used. Further regulations in Japan refer to taxation and sales to 
minors. The general absorption of HTPs into other tobacco laws seems 
common in many countries [32]. 

3.2. Literature review on preliminary toxicological assessment of HTPs 

The initial literature search yielded 735 papers. After full screening 
of the results from the literature searches, 39 papers were identified with 
relevant information for preliminary toxicological assessment of HTPs. 
These were categorized into papers that discussed the general principles 
of such a preliminary assessment and those that presented original data 
from products tested in standardized tests. 

3.2.1. Papers proposing general principles of preliminary toxicological 
assessment for HTPs 

Table 1 includes 10 publications that describe generalized 
principles, strategies, and frameworks for the overall product assess-
ment of MRTPs [2,29,4,8,58,59,33,60,61,73]. These include three from 
tobacco-industry authors [58,59,8], two from academic institutes [2, 
29], and four representing commissioned work on request from the 
official organizations World Health Organization [73], the US Institute 
of Medicine as commissioned by the FDA [33,61], and the Tobacco 
Product Assessment Consortium (TobPRAC) commissioned by the US 
National Cancer Institute [4]. The other publication was from the Life 
Sciences Research Office (LSRO) and commissioned by PMI [60]. All the 
assessment approaches proposed by these publications recognize the 
need for some preliminary toxicological assessments prior to the mar-
keting of such products. They also recognize that the tools available for 
such assessments have limitations for overall risk assessment and should 
be viewed as informative to identify particularly risky products and 
ensure that those proceeding to further stages of development have a 
reasonable chance of success. Each of these approaches also includes 
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recommendations for the more advanced stages of risk assessment, 
which encompass the evaluation of product use and clinical studies. In 
this review, we focus only on the preliminary assessment stages, for 
which there is general agreement, at least on the principles that should 
be included in such a preliminary assessment. 

Common to all these papers is the requirement to characterize the 
products and establish standards for key ingredients, such as flavors and 
humectants. Similarly, a review of published toxicity data on all mate-
rials and ingredients, including the potential for degradation, reaction, 
and transfer to aerosols for all components, is recommended. In addition 
to ingredient assessment, all 10 of these studies recommended chemical 
and toxicological assessments of the product. Specifically, aerosol 
chemistry analysis and in vitro assays for cytotoxicity and genotoxicity 
were commonly recommended. Several studies have also noted the ne-
cessity to perform these assessments under conditions of actual use, with 
reference to either selecting an appropriate puffing regimen for the 
generation of the aerosol [8], or to compare activities using a range of 
different aerosol generation regimes to evaluate the potential for 
different chemical or toxicological effects to be noted under extreme 
conditions [58,59,60,61,73]. 

3.2.2. Studies reporting original data 
Twenty-nine studies were identified as those reporting original data 

from established assessment methods on HTPs. Details of these studies 
are presented in Table 2. Nineteen of these studies were published by the 
tobacco industry, with the remaining ten from academia or public health 
institutes. Most studies were on eHTPs, such as IQOS™ and glo™, or 
their prototypes. Only a few studies have examined cHTPs [44,66] or 
aHTPs [52,62], perhaps reflecting the maturity of commercialization of 
these products. 

Aerosol chemistry was the most common assessment reported in 
these studies (18 studies), with in vitro and in vivo studies being reported 
in 10 and 5 papers, respectively. Individual studies that reported py-
rolysis [16,39], reactive oxygen species generation, distribution of 
nicotine free-base and protonated forms [53], and physical character-
istics of the aerosol [24,48,56] were also identified. 

In 24 of the 29 studies listed in Table 2, HTP-aerosols derived using 
the Health Canada Intense smoking regimen were used. Exceptions to 
this are two studies where specific generation methods adjusted for the 
products were used [24,52], and one that applied the ISO method [1]. 
One study used aerosols derived from a range of different smoking 
regimens based on measured human puffing behavior [76], and one 

Table 1 
Published risk assessment frameworks and strategies for risk assessment of novel tobacco products.  

Author 
(Affiliation) 

Productsa Framework / Strategy Objective Elements relevant to preliminary toxicological assessment (PTA) 

[61] (IOM) Potentially reduced 
exposure products 
(PREPs) 

To provide a scientific basis for the achievement of tobacco 
harm reduction based on modified tobacco products. 

Concluded that harm reduction was feasible and recommended 11 
regulatory principles to achieve this, including: - 
Reg. Principle 1:. quantitative analytical data on ingredients; 
Reg. Principle 2: …yields of nicotine and other tobacco toxicants… 
Reg. Principle 3: …appropriate toxicological testing in preclinical 
laboratory and animal models… 
Reg. Principle 8: …all added ingredients…subject to a comprehensive 
toxicological review 

WHO SACTob, 
2003 

New or modified 
tobacco products 

To provide guidance on issues identified by the scientific 
community that may form the basis for regulatory and other 
decisions about these products. 

“First logical step … is to examine the characteristics of the product.” 
Including ingredient quantities and toxicology; emissions 
compared to conventional products, and under conditions of 
actual use. 

[60] (LSRO) Potentially reduced risk 
tobacco products 
(PRRTPs) 

To identify the types of scientific information needed to assess 
risk reduction; establish criteria to evaluate the scientific 
information, and define a review process. 

Recommend a weight of evidence approach prior to marketing 
including preclinical studies such as product characterizations, 
smoke chemistry studies, cytotoxicity and genotoxicity and animal 
studies. 

[29] Tobacco and other 
nicotine containing 
products 

To identify research opportunities to develop empirically based 
and comprehensive methods and measures for testing tobacco 
and other nicotine-containing products so that the best science is 
available when decisions are made about products or policies. 

The first stage of the approach discusses toxicity, toxicant 
exposure, and potential health risks. The phase, which is described 
as the pre-human phase, has elements of PTA. These include 
constituent analysis and toxicological analysis in vitro and in vivo. 

[58] (PMI) Electrically heated 
cigarette smoking 
system (EHCSS) 

To describe the testing strategy applied to the evaluation of 
reduced exposure to HPHCsc 

"Product level testing" is described as part of the overall reduced 
exposure assessment, with one of the objectives being to establish 
that the product meets the minimum criteria of presenting no 
increased or new hazard in comparison to conventional cigarettes. 

[33] Modified risk tobacco 
products (MRTP) 

To provide guidance on the design and conduct of studies for the 
assessment and ongoing review of an MRTP applicant. 

Describes the first stage as “preclinical” requiring assurance of 
manufacturing quality control; significant and substantial 
reduction in toxicant and carcinogen content in product; 
significant reduction in exposure to toxicants and carcinogens in 
limited human study; no significant evidence for offsetting 
increases in content of or exposure to other toxicants. 

[4] 
(TobPRAC)b 

New tobacco products To develop a comprehensive scientific framework to guide the 
evaluation of new tobacco products and health-related claims 

Provides a four-phase framework for overall tobacco product 
assessment. The first of these, "pre-market evaluation", includes 
(1) assessment of the tobacco product design, physical 
performance, characteristics and contents; and (2) laboratory 
chemical and toxicological analysis. 

[59] (PMI) Tobacco heating system 
2.2 (THS2.2) 

Overall MRTP assessment program The first step in the overall process designed to ensure appropriate 
quality standards and to establish product specification 
maintained through strict change control process. 

[2] Electronic cigarettes (e- 
cigarettes) 

Overall assessment of e-cigarettes for public health impact. Proposes a 7 step approach of which steps 1 (characterization of 
the product) and step 5 (evaluation of direct health effects) parallel 
PTA. 

[8] (BAT) Electronic cigarettes 
(EC) 

Overall assessment of e-cigarettes for public health impact. 
exposure 

6 step process for product stewardship includes purity standards; 
exclusion of CMRd and respiratory allergens; toxicological risk 
assessment on e-liquid and aerosol, with potential bridging 
approach.  

a Products as described within the publication; b TobPRAC = Tobacco Product Assessment Consortium; c HPHC = harmful and potentially harmful constituents; 
d CMR = carcinogenicity, mutagenicity, and reproductive toxicity 
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study used a continuous flow rate to collect aerosols for physical 
parameter measurements only [48]. In addition to standardized puffing 
regimens, nine studies compared aerosols from HTPs that had been 
produced over two or more different puffing regimes to determine how 
stable or varied the assessment results would be under different usage 
conditions [21,22,39,44,48,53,55–57,76]. 

Of the 18 studies on aerosol chemistry, 7 measured a range of ana-
lytes represented as established HPHC lists, although the actual list used 
varied [24,34,52,56,57,62,76]. The other eleven looked at a subset of 
analytes, such as nicotine, aldehydes, polyaromatic hydrocarbons [1,15, 
22,39,42,44,53–55], nicotine, carbon monoxide, and tobacco-specific 
nitrosamines [3] with one paper looking at nicotine delivery [21]. In 
addition, four studies added new compounds to these lists based on the 
presence of high vegetable glycerin or propylene glycol levels in HTPs 
[24,39,44,62]. To ensure that these relatively recent product designs do 
not result in the production of novel, unexpected, and potentially toxic 
aerosol constituents, three groups of investigators have recently reported 
non-targeted analysis methods as a more general, semi-quantitative 
approach to identify all compounds found in aerosols [52,54,55]. 

Neutral red uptake (NRU) assay is the most common in vitro assay 
reported in six papers [10,35,56,62,63,76]. For genotoxicity, the Ames 
assay was the most reported (five studies) [28,56,62,63,76], with four 
reporting on mammalian cell mutation assays [28,56,63,64], and two 
reporting on in vitro micronucleus assays [62,65]. In all cases, HTPs 
showed considerably reduced activity, and no novel activity was re-
ported. In most of the studies, cells were exposed to aerosol fractions, e. 
g., total particulate matter (TPM) or gas–vapor phase, although three of 
them used air–liquid interface (ALI) exposure systems. The three papers 
reporting on in vivo studies were all part of longer-term assessment 
programs that ultimately aimed to support clinical studies and the 
overall weight of evidence for risk reduction [47,66,75]. 

Other analyses have included studies on physical characteristics, 
such as mass median aerodynamic diameter and particle number, den-
sity, and distribution [24,48,56]. One study reported pyrolysis products 
from an HTP [16]. 

4. Discussion 

Our analysis indicates: 

i) Regulators acknowledge a requirement for preliminary toxico-
logical assessment of HTP products but provide only limited 
guidance for the methods that should be used; The most 
comprehensive guidance is provided by the FDA which requires 
listing of all components; a toxicological review of all the com-
ponents; constituent analysis (e.g., aerosol chemistry); in vitro 
toxicology studies; computational modeling of toxicants, and in 
vivo toxicological studies.  

ii) Several groups, including manufacturers; academia and official 
organizations, have reported on general principles for pre-
liminary toxicological risk assessment in the context of the 
overall assessment of MRTPs, though without specific guidance 
for HTPs. The common recommendation from these includes 
standards for ingredients and a review of toxicity data on all 
components, as well as chemical and toxicological evaluation.  

iii) The most common assessment methods reported in the literature 
as applied to HTPs specifically include aerosol chemistry, neutral 
red uptake, bacterial mutagenicity with the Ames assay, and 
mammalian cell mutation assays. 

Several previous studies have examined some aspects of preliminary 
toxicological risk assessment focused on e-cigarettes [38,46,72]. 
Although some of these processes for e-cigarettes may be relevant for 
HTPs, there exist different considerations for HTPs that would argue for 
establishing a distinct process for HTPs. A case in point is related to 
nicotine quality. For e-cigarettes, where nicotine is extracted from 

tobacco and concentrated before addition to the e-liquid, it is appro-
priate to define a quality standard, such as pharmaceutical grade purity. 
This is not relevant for HTPs, where nicotine is derived directly from the 
natural nicotine levels in tobacco. 

Although flavor ingredients are used in both products, differences 
exist in the matrix to which the flavors are applied (e-liquid versus to-
bacco substrate) as well as likely differences in the levels of flavors used 
in different products. The mechanism of transfer may also affect the 
nature of the ingredients transferred into the aerosol; e-cigarette aerosol 
formation is usually based on evaporation from a wick or membrane, 
whereas the aerosol is formed from the heating of the tobacco substrate 
for HTPs. Thus, it is important to consider the potential impact of flavor 
compounds in the context of the product itself. For example, there may 
be relevant differences in the components of flavors transferred to the 
aerosols of e-cigarettes, HTPs, or combusted cigarettes due to degrada-
tion or thermal decomposition at different temperatures. Although 
arguably, in a combustible cigarette, all processes occur, it is just a 
matter of distance from the burning coal that makes the difference. In e- 
liquids, the transfer is because of aerosolization, although some thermal 
degradation may occur. For HTPs, the flavors are transferred at a much 
lower temperature than for combustible cigarettes, although they are 
likely higher than for e-cigarettes. In all cases, the amount and nature of 
transfer of any given ingredient should be evaluated in the context of the 
product itself. 

One approach to address this is to evaluate the potential toxicity of 
mixtures of flavor compounds in a similar exposure system. This 
approach was explored in an in vivo study that examined the impact of a 
mixture of 26 flavor compounds in a 90-day-long rat inhalation study 
(OECD Test No. 413) [31]. The flavors were selected to represent a 
potential worst-case scenario for the addition of flavors to e-liquids in 
e-cigarettes or tobacco in HTPs, thereby providing supporting data for 
the inclusion of a range of flavors in these products from a toxicological 
perspective. 

In addition to the flavor ingredients, both e-cigarettes and HTPs 
commonly incorporate the humectants propylene glycol or vegetable 
glycerin to facilitate aerosol formation. Concerns have been raised 
regarding the potential formation of toxic compounds from the thermal 
degradation of humectants [17,26,27,36,43,5]. Thus, it is necessary to 
establish that these reactions do not occur when the products are used. 

A recent comprehensive review on the methods and devices for the 
generation, exposure, and collection of aerosols from HTPs examined 
the challenges arising from the differences in aerosol formations be-
tween cigarettes and HTPs [7]. Various adaptations to testing methods 
for addressing specific product attributes were identified, and the au-
thors concluded a need to harmonize the methods used to avoid the 
difficulties in interpreting comparative data. 

The Cooperation Centre for Scientific Research Relative to Tobacco 
(CORESTA) has published a technical report on HTPs and recommended 
methods for the generation and collection of emissions from different 
HTP types. This technical report recommends the Health Canada 
method as the basis for aerosol generation for eHTPS and cHTPs. 
However, adaptation of the ISO method has been suggested to be more 
appropriate for aHTPs [23]. 

4.1. Proposed preliminary toxicological assessment approach 

Fig. 1 describes a preliminary toxicological risk assessment strategy 
for the development of HTPs. The strategy adopts a classic toxicological 
risk assessment approach to address specific challenges or concerns that 
may arise from heating tobacco (rather than heating e-liquids or burning 
tobacco). 

First, all materials and substances used or applied to the tobacco 
substrate (e.g., flavors; diluents such as propylene glycol, glycerin, 
water, or ethanol; and additives) must be chemically identified. In 
addition, the thermal stability of substances at the temperatures to 
which they will be exposed needs to be evaluated to identify further 
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Table 2 
Studies reporting original data from preliminary toxicological assessment of heated tobacco products (HTP) according to the types of studies performed, categories of 
HTPs, and comparator reference products.  

Author-date Aerosol 
Chemistry 

In 
Vitro 

In 
Vivo 

Other HTP 
typea 

Reference 
cigaretteb 

Test material 
generatione 

Analytes / Assaysp 

Zenzen 2012 X X   E 2R4F 
CC 

ISO 
HPBf 

2) 49 HPHCs 
3) Ames / NRU 

Schaller 
2016a 

X X  X E 3R4F HCI 
ISO 
APRg 

2) 58 HPHCs 
3) Ames / NRU / MLA 
5) aerosol droplet size - MMAD 

Oviedo 2016   X  E 3R4F HCI 4) OECD Test No. 413 /Systems toxicology endpoints 
Schaller 

2016b 
X    E 3R4F HCI 2) 58 HPHCs 

Wong 2016   X  E 3R4F HCI 4) OECD Test No. 413 /Systems toxicology endpoints 
Auer 2017 X    E CC; 

PDc 
ISO 2) 8 VOCs; 16 PAHs; 3 inorganic compounds; Nicotine 

Bekki 2017 X    E 1R5F; 
3R4F 

HCI 2) Nicotine; Tar; CO; 4 TSNAs 

Farsalinos 
2017 

X    E CC HCI 
LPVh 

2) Nicotine 

Jaccard 2017 X    E 3R4F; 
CC 

HCI 2) 44 compounds (Health Canada list) 

Poynton 
2017 

X    A 3R4F HCI 
CRM81i 

2) Untargeted GC scans; 
113 compounds (FDA / HC) 

Jaunky 2018  X   E 3R4F HCI 3) NRU 
Takahashie 

2018 
X X   A 3R4F HCI 2) 43 Hoffmann analytes; propylene glycol, glycerol, triacetin, TPM, 

Nicotine, CO; 
3) Ames / MN / NRU 

Thorne 2018  X   E 3R4F HCI 3) Ames / NRU / MLA / Bhas cell transformation 
Eaton 2018    X E 3R4F nak 1) TGAq 

Farsalinos 
2018 

X    E CC HCI 
+ 2 Intensel 

2) 5 carbonyls (acetaldehyde, acrolein, formaldehyde, propionaldehyde 
and crotonaldehyde) 

Forster 2018 X   X E 3R4F HCI 
CRM81i 

2) 126 HPHCs 
5) Physical analysis: particle diameter and number 

Li 2018 X   X E 3R4F HCI 
ISO 

1) Simulated pyrolysis 
2) TPM; water, tar, nicotine, propylene glycol, glycerin, CO, VOCs, 
aromatic amines, HCN, ammonia, TSNAs, phenol, PAHs 

Mallock 2018 X    E PDd HCI 2) TPM; Nicotine, Water, Aldehydes (Acetaldehyde; acrolein; 
formaldehyde; crotonaldehyde) VOCs (1,3-Butadiene; Benzene; 
Isoprene; Styrene; Toluene) 

Pacitto 2018    X E PD (-/2/10)m 5) physical characteristics of the aerosol (Particle size distribution; 
particle volatilitiy) 

Savareear 
2018 

X    E 3R4F HCI 2) Non targeted screening of VOCs from PP fraction of aerosols 

Titz 2018   X  C 3R4F HCI 4) OECD413 / Systems toxicology endpoints 
Godec, 2019  X   E 3R4F HCI 3) Ames / MLA 
Thorne 

2019a  
X   E 3R4F HCI 3) MLA 

Thorne 
2019b  

X   E 3R4F HCI 3) MN 

McAdam 
2019 

X    C, E CC Multiplen 2) Total aerosol mass (AM); smoke particulate matter (TPM); Water; 
Nicotine; Glycerol 

Salman 2019 X   X E CC HCI 
ISO 

2) Carbonyl compounds and total nicotine (free-base and protonated) 
and Reactive oxygen species (ROS) 

Savareear 
2019 

X    E 3R4F HCI 
ISO◦

2) non-targeted screening for PP components 

Caruso 2021  X   E IR6F HCI 3) Cytotoxicity tests in Human H292 cells via ALI (Air-liquid interface) 
exposure: 
NRU; MTT; Annexin V apoptosis; 

Dusautoir 
2021 

X X   E 3R4F HCI (WA) 2) Nicotine; Aldehydes, PAHs 
3) BEAS-2B cells cell viability; Glutathione Content assay; Gene 
expression; inflammatory mediators (GM-CSF; GRO-α IL-1ẞ; IL-6; IL-8; 
IL-13; MCP-1; MIP-1 α, RANTES and INF-γ) 

a: HTP category as defined by CORESTA [23]: E = electrically heated tobacco product (eHTP); A = aerosol-heated tobacco product (aHTP); C = carbon-heated tobacco 
product (cHTP). 
b: CC = marketed conventional cigarettes, PD = published data. 
c: Published data based on reference [71]. 
d: Published data based on reference [12] 
e: Test material generation as defined by the puffing regimen applied to produce the testing material characterized by puff volume (mL)/puff duration(s)/puff interval 
(s): ISO = International Organization for Standardization (35/2/60); HCI = Health Canada Intense (55/2.0/30). Other regimens specified by relevant footnotes: 
CRM81 = CORESTA recommended method (55/3/30); test material exposure; TPM = total particulate matter; GVP = gas–vapor phase; WA = whole aerosol; ALI =
air–liquid interface. 
f: HPB = human puffing behavior—nine different puffing regimens compared based on observed human topography studies (see [76] for details). 
g: APR—test material also generated using five alternative puffing regimens based on human puffing behavior (see [56] for details). 
h: LPV includes a long puff variant of the HCI regimen (55/4/30) in addition to the standard HCI regimen. 
i: Reference cigarette 3R4F generation using HCI regimen; CRM81 for HTPs. 
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degradation or reaction products that may impact toxicity. Similarly, 
any material that could potentially be transferred from the non-substrate 
parts of the product or from the heating device must be identified. 
Hazard assessment for each substance is performed based on prior 
knowledge from toxicological databases and literature review, with an 
emphasis on information relating to the inhalation exposure route. In 
the absence of adequate toxicity data, quantitative structure–activity 
relationship (QSAR) models and read-across from well-characterized 
surrogates are applied. 

Second, the expected or estimated exposure dose is determined by 
considering the observed usage data for the product, when available, 
and/or worst-case assumptions, for example, by modeling predicted 
transfer rates based on intense puffing conditions. These hazard and 
exposure assessments provide a basis for risk assessments. The accept-
ability of the substance for its intended use is determined based on the 
derivation of an acceptable daily exposure (ADE) via the inhalation 
route using appropriate Modifying Factors (MF). For example, the 
inhalation Derived No Effect Level (DNEL) for general population 
established by the European Chemical Agency (ECHA) or the Reference 
Concentration (RfC) from the American Environmental Protection 
Agency (US. EPA) could be used without additional uncertainty factors. 
In absence of such exposure limits, Occupational Exposure Limits (OELs) 
for inhalation exposure could be used as surrogate, however with spe-
cific MFs as they have been developed for workers, meaning addressed 
to a specific population for a specific exposure time (generally 8 h). For 
example, DNEL for workers, Recommended Exposure Limit (REL) from 
the National Institute for Occupational Safety and Health (NIOSH), or 
Permissible Exposure Limit (PEL) from the Occupational Safety and 
Health Administration (OSHA) could be considered applying different 
MFs. A first MF of 10 appears reasonably sufficient to protect the larger 
part of the population on account of individual susceptibility and 
absence of controlled environment. A second MF needs to be applied. 
Effectively, breathed air volume per day is slightly different for workers 
and general population. ECHA considers 10 m3 for 8 h in workers and 
20 m3 for 24 h (i.e., 5/6 or 0.83 m3/h) in general population. A third MF 
needs to be introduced, as OELs are determined for 8 h exposure 
whereas ADEs apply to 24 h exposure. A last MF should be considered as 
workers are exposed 5 days per week whereas general population is 
exposed 7 days per week. Where the inhalation data is not available, an 
ADE may be derived from published toxicological reference values, 
thereby applying modifying factors to consider differences in routes of 
exposure and other considerations. Reference values like oral DNEL, 
Acceptable Daily Intake (ADI) from the Joint FAO/WHO Expert Com-
mittee on Food Additives (JECFA) or the European Food Safety Au-
thority (EFSA), or Reference Dose (RfD) from the US. EPA can be 
considered. To these values, appropriate MFs are applied as advised by 
ECHA i.e., a default factor of 2 in the case of oral to inhalation extrap-
olation. European Chemical Agency) [19]. Nevertheless, it should be 
noted whereas route-to route extrapolation may help to determine ADE 
for systemic effects in absence of relevant data, such ADEs will however 
not protect against potential local effects like irritation. For substances 
with known local effects on the respiratory tract, the route-to-route 

extrapolation should be conducted with caution relying on expert 
judgment. In absence of human data, animal studies could be considered 
to derive appropriate ADE proven that they are adequate, reliable, and 
pertinent (animal choice). In addition, duration should be aligned with 
the intended period of human exposure for marketed products. The use 
of studies with limitations, like the absence of effective dose or incom-
plete datasets, should be validated by expert judgment. Once the study is 
judged acceptable, Uncertainty Factors (UF) are considered to perform 
human health risk assessment from animal studies. The methodology 
used to determine the appropriate UFs is derived from the ECHA guid-
ance [19]. Alternatively, a threshold of toxicological concern approach 
adapted to inhalation exposure may be applied. In reviewing the 
available related publications [11,18,40,9], it appears acceptable to 
consider the following thresholds, i.e., 1800 µg/day for Cramer Class I 
compounds, 90 µg/day for Cramer Class II and III compounds, 
18 µg/day for organophosphates, and 0.15 µg/day for substances pre-
senting structural alerts for genotoxicity. The outcome of this risk 
assessment is a decision on the acceptability of the substance, along with 
the maximum use level at which the substance is deemed acceptable. 

Last, aerosol chemistry analysis and in vitro toxicology assessment of 
the final product or flavor mixture is performed. This final assessment 
will help identify potential interactions or unintended consequences of 
the overall product design. The in vitro assessment utilizes a battery of 
assays, including cytotoxicity, bacterial mutagenicity, and mammalian 
cell genotoxicity assays, according to the recommendations from the 
CORESTA In Vitro Toxicity Testing subgroup [37]. These assays are 
evaluated with reference to a comparator product, usually a reference 
combustible cigarette such as the Kentucky reference 3R4F or 1R6F, as 
well as to a key reference HTP, which has undergone more in-depth 
non-clinical and clinical studies. These comparisons first ensure that 
the new products offer at least a reduction in toxicity in these assays 
compared to the reference combustible product and should be within the 
range of values expected from the comparator reference HTP. 

This approach to preliminary toxicological assessment satisfies most 
of the criteria that appear in the regulations described above, particu-
larly for FDA guidance for non-clinical assessment of ENDS products 
[69]. However, the FDA guidance also requires data from in vivo toxi-
cological studies to address unique toxicology issues that cannot be 
addressed through alternative approaches, while also supporting the 
need to reduce, replace, and/or refine the use of animal testing. In lieu of 
in vivo testing for each new product design, PMI has performed multiple 
studies on finished products [47,50,66,75] or on ingredients used in the 
products [31,51]. Extrapolation from these studies allows us to infer the 
appropriateness of the use of these ingredients and flavors in HTPs of 
similar designs and functionalities, thus minimizing the need to perform 
additional animal studies for each product modification. 

Nevertheless, new methods and analyses will be developed, and as 
products become more widely commercialized, they will be scrutinized 
by different laboratories using different techniques. Therefore, manu-
facturers such as PMI should continuously monitor the literature on 
components, ingredients, and finished products and critically review 
any new data when identifying unintentional toxicities that may not 

k: na = not applicable. A pyrolysis study was conducted based on 10 g of tobacco with 10 g wrapping paper heated in air or nitrogen in a platinum crucible up to 900 ◦C 
(see [16] for experimental details). 
l: Products were tested using HCI and two more intense regimens (80/3/30 and 90/3/25). 
m: Each test was performed with four puff profiles of five puffs for 2 s and an inter-puff time of 10 s. The puff volume was not specified; however, the flow rate was 1 
L/min. 
n: Five different regimens used with fixed 30-s puff interval and 20 puffs per device. The puff volume ranged from 20 mL to 150 mL and the duration from 2 s to 5 s 
o: HCI regimen used for the HTPs; ISO for 3R4F. 
p:1) Brief description of the pyrolysis method applied; 2) analytes measured in aerosol chemistry studies represented as the total number of analytes; plus, details of 
specific lists as given by the authors; 3) in vitro assays used: NRU = neutral red uptake, MLA = mammalian mouse lymphoma assay, MN = micronucleus, other tests as 
described; 4) in vivo protocol applied: OECD413 = Organization for Economic Cooperation and Development Test Guideline 413: Repeated dose inhalation toxicity; 5) 
other assays are briefly described. Please refer to the original papers for full details. 
q: TGA = thermogravimetric analysis with Pyris 1 TGA system in air or nitrogen: 5 ◦C/min from ambient temperature to 240 ◦C, held for 5 min at 240 ◦C, and continued 
ramping to 900 ◦C. 
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Fig. 1. Decision tree flow chart describing a preliminary toxicology assessment process for heated tobacco products. Please refer to the main text for full description 
of the steps. 
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have been picked up in the preliminary toxicological risk assessment. A 
recent report identifying formaldehyde cyanohydrin released from 
heatsticks in the IQOS product provides an example of such a case [13]. 
This compound of concern was not previously identified during the PMI 
assessment process; therefore, a reanalysis was performed to investigate 
the findings reported by Davis et al. Subsequent studies by PMI indicated 
that the peak identified by Davis et al. as formaldehyde cyanohydrin was 
meso-lactide—a known condensation product of lactic acid—which was 
identified in PMI’s initial analysis [41]. 

5. Conclusions 

Over the last two decades, several new HTPs have emerged for 
marketing from the product-development process. The regulation of 
these products varies worldwide, with many countries encompassing 
HTPs in regular tobacco regulations, often without providing specific 
guidance appropriate for the principles of HTPs. The absence of specific 
guidance on the testing that should be performed on these products is 
likely to lead to regulators receiving diverse data sets making compar-
ison between products difficult. 

A limitation of this research has been to restrict the review to studies 
using standardized methods. This may provide a false impression of the 
consistency of the approach. However, it seems that most manufacturers 
of these products have used the same standardized methods as a basic 
approach, with additional methods applied in an exploratory manner. 
The application of many new alternative methodologies to the assess-
ment of these products will likely provide improved understanding of 
these products in the future, but to date these are too varied to afford 
useful comparisons between products. Acceptance of the best new ap-
proaches by regulators will likely be facilitated in the near future when 
comparative studies by different laboratories on different products could 
provide insights into standardization of the methods and interpretation 
of the data. 

In our literature review, we highlight many consistencies in the way 
manufacturers and other institutions have assessed these products. 
Considering both the general regulatory guidance and published studies, 
a logical preliminary toxicological assessment process can be defined. 
This involves verification of the suitability of all materials used in the 
product, stability under the temperature ranges likely to be experienced 
during the use of the product, and toxicological assessment of the 
finished product through aerosol chemistry and standard in vitro studies 
to characterize the final product. Repeated in vivo studies on individual 
products are deemed unnecessary and therefore inappropriate, based on 
sufficient data being readily available from in vivo assessments of the 
main components to allow extrapolation to individual product designs 
using these components. Continued follow-up of the products in the 
market and insights that might be gained from other studies on the 
products should be deemed an ongoing step in the assessment process. 
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