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Abstract

Background: Nicotine products have been the subject of considerable
innovation over the past few decades. While the health risks of
combustible cigarettes and most tobacco-based products are well
characterized, there is less clarity regarding newer nicotine products,
and how they compare with the traditional forms.

Methods: In this study, we have developed a relative risk hierarchy
(RRH) of 13 nicotine products based on systematic review of the
scientific literature and analysis of the best available evidence. In total,
3980 publications were identified and screened, with 320 studies
being carried through to the final analysis. The health risk data for
each product was extracted and the level assessed. The products
were analyzed in terms of their toxin emissions and epidemiological
data, which were combined on an arbitrary scale from 0 to 100 (low to
high risk) to derive a combined risk score for each nicotine product.
Results: Combustible tobacco products dominate the top of the RRH,
with combined risk scores ranging from 40 to 100. The most
frequently consumed products generally score highest. Dipping and
chewing tobacco place considerably lower on the hierarchy than the
combustible products with scores of 10 to 15, but significantly above
heat-not-burn devices and snus, which score between 3 and 4. The
lowest risk products have scores of less than 0.25 and include
electronic cigarettes, non-tobacco pouches and nicotine replacement
therapy.

Conclusions: The RRH provides a framework for the assessment of
relative risk across all categories of nicotine products based on the
best available evidence regarding their toxin emissions and the
observed risk of disease development in product users. As nicotine
products continue to evolve, and more data comes to light, the
analyses can be updated to represent the best available scientific
evidence.
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Introduction

Tobacco smoking remains a leading cause of preventable disease
and premature death worldwide'. The main forms of tobacco
used in the world today are combustible products, such as ciga-
rettes, cigars or pipes, and smokeless tobacco products, like
chewing and dipping tobacco. The most recent estimates show
that combustible tobacco kills approximately half of its consum-
ers and causes more than 8 million premature deaths every year'.
The health risks of tobacco products are a result of their chemi-
cal content'. Tobacco smoke contains more than 7,000 chemi-
cals, of which 250 are known to be harmful and 69 are known
to cause cancer’. Smokers are directly exposed to these tox-
ins every time they inhale smoke, and non-smokers are exposed
through secondhand inhalation’. The primary exposure sites are
the oral, throat and pulmonary tissues, however, other tissues can
also be affected through the absorption of toxins into the blood-
stream’. The toxic properties of tobacco products have been
proven in numerous scientific studies and for this reason, tobacco
products are widely condemned by public health authorities’.

Despite the well-documented health risks, approximately 20% of
the world’s population voluntarily consume tobacco products'.
The motivation to use tobacco involves a complex interplay
between learned and conditioned behaviors, genetics, social and
environmental factors, and nicotine dependence’. The barriers to
quitting vary depending on location. In low and middle income
countries, awareness of the health risks tends to be much lower,
whereas, in developed nations, many tobacco users are aware
of the health risks and aim to quit, but struggle with motivation
and nicotine dependence’.

Nicotine delivery has been the subject of significant innova-
tion since the 1950s with the development of novel products that
are designed to rapidly deliver nicotine to the user while sig-
nificantly reducing the risks associated with exposure to toxins
emitted by combustible products’. These next generation prod-
ucts include heat-not-burn/heated tobacco (HNB) devices, elec-
tronic cigarettes, snus and nicotine replacement therapy>°. There
is a large body of evidence in the scientific literature that proves
the detrimental effects of combustible tobacco products on the
health of their users, and this is widely accepted by public health
authorities. However, there is currently no consensus, that is
based on the available scientific evidence, regarding the rela-
tive risks associated with the full spectrum of nicotine products,
particularly the next generation/reduced risk products®.

To date, three studies published in the scientific literature
have produced scales of risk associated with nicotine products
based on a range of parameters and methodologies™™. In 2014,
Nutt er al. published a report on the relative harms of nicotine
containing products’. An international panel of experts was con-
vened, and 12 nicotine products were scored according to 14
weighted criteria on a scale of 0 to 100’. This study formed the
basis for the UK Public Health England (PHE) statement that
electronic cigarettes are “95% less harmful than combustible cig-
arettes.” In 2018, Abrams et al. built on this study, qualitatively
reviewing the relative harms of nicotine products in the con-
text of a multidimensional framework, consisting of three axes
dependence, toxicity/harmfulness and appeal®. The authors define
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a “sweet spot” inhabited by products with lower harm, suf-
ficient appeal and adequately satisfying nicotine delivery, and
propose that electronic cigarettes and Swedish snus are the most
promising candidates®. Finally, also in 2018, Stephens published
a quantitative assessment of the cancer potencies of inhaled nic-
otine products using the toxin emissions data for each product
combined with the California Office of Environmental Health
Hazard Assessment (OEHHA) cancer potency factors’. Stephens
estimated that tobacco smoke carries a lifetime cancer risk more
than 2,500 times that of a nicotine inhaler, while HNB devices
carry 64 times the risk, and electronic cigarettes, 10 times the
risk’. These studies represent an excellent foundation upon which
the data-driven assessment of the relative risk of nicotine products
can be built.

In this study, we developed a relative risk hierarchy (RRH) of
13 nicotine products based on systematic review, methodologi-
cal assessment and quantitative analysis of the available scien-
tific literature. The systematic literature searches returned almost
4,000 publications, which were screened at the title, abstract
and full text level. A final shortlist of 320 studies were car-
ried through into the analysis and the level of evidence was
assessed using the Oxford Evidence-based Medicine Scale. After
extraction and assessment of the available data, two analyses were
performed. One was based, in part, on the methodology devel-
oped by Stephens to estimate the lifetime cancer risk of nicotine
products, and in part, on a proposed rule developed by the United
States Food and Drug Administration (FDA) to estimate the life-
time cancer risk of smokeless tobacco products according to their
toxin content”'’. The other method involved a meta-analysis of
the available epidemiological data to obtain combined risk ratios
for cancer and non-cancer risks. Each analysis was weighted
according to the level of evidence of its component studies and
the completeness of the dataset before being incorporated into
an overall combined risk score for each nicotine product. The
risk scores were subsequently incorporated into the final RRH.

Methods

Systematic literature review

Systematic searches were conducted using specific search terms
pertaining to the health risks of nicotine products on July 7%,
2020 in the MEDLINE (Pubmed) and NIH clinical trials (Clini-
calTrials.gov) databases (see extended data''). Due to the broad
scope of the searches, the most relevant literature was targeted
by searching at the title and abstract levels. The publication
lists returned by the searches were exported and screened at the
title, abstract and full-text levels according to pre-defined inclu-
sion and exclusion criteria (see extended data''). The screen-
ing steps were completed by one researcher and confirmed by a
second. During each screening step, the reason for exclusion of
each individual publication was recorded and the level of evi-
dence assessed for the final shortlisted publications using an
adapted version of the Oxford evidence-based medicine level of
evidence scale (see extended data'").

Data extraction and harmonization

The shortlisted studies were analyzed in detail to extract health
risk data and relevant meta-data, including the nicotine prod-
uct, brand, disease/symptom, methodology used, measurement
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and unit, error in measurement, significance of measurement,
geographic location, sample size and conflict of interest. The
extracted data were subsequently grouped by study and data type
into epidemiological, toxin emissions, biomarkers of exposure,
biomarkers of effect and adverse events groups. Within these
groupings, the studies were clustered by nicotine product into
the following 13 categories: combustible cigarettes, cut tobacco,
chewing tobacco, dipping tobacco, snus, cigars, cigarillos, west-
ern pipe tobacco, water pipe tobacco, non-tobacco pouches,
heat-not-burn devices, electronic cigarettes and nicotine replace-
ment therapy.

Data analysis

The extracted and harmonized dataset was analyzed in three
main segments: lifetime cancer risk, biomarkers of exposure
and epidemiological data. The latter two segments are further
subdivided into cancer and non-cancer risk.

Lifetime cancer risk. The lifetime cancer risk (LCR) of each
nicotine product was calculated separately for inhalable and
smokeless products. The inhalable products LCR calculation
was based on the methodology outlined by Stephens’, whereas
the LCR of the smokeless products was determined using
the methodology outlined by the FDA'".

The LCR of each inhalable nicotine product was calculated
from the toxin emissions data by adjusting the OEHHA unit risk
values'”. From the full toxin emissions dataset, the International
Agency for Research on Cancer (IARC) Group 1 carcinogens
(“known carcinogens”) were selected, making a total of 13 car-
cinogens that were included in the analysis". For each carcinogen,
the OEHHA unit risk values were sourced and converted from risk
per pg per m®to risk per pug per breath by assuming the average
breath volume of a healthy human is 500 mL'*. The toxin emis-
sions of the nicotine products were reported in varying units.
For instance, combustible cigarette studies reported toxin emis-
sions as ug or ng per stick, whereas electronic cigarette studies
reported toxin emissions as pg or ng per 150 puffs. Therefore,
the toxin emissions data for each product were converted to per
puff values. In order to make this conversion, the average number
of puffs per product/session was extracted from puff topography
studies in the scientific literature (see extended data''). The can-
cer potency of each nicotine product was calculated by adjust-
ing the unit risk values with the observed masses of toxins in the
emissions from each inhaled nicotine product using Equation 1:

:icl
j=1

Equation 1: Cancer potency of the nicotine product

Where P, is the cancer potency of the ith nicotine product, Ci‘j
is the mass of the jth toxin in the ith nicotine product and U, is
the unit risk for the jth toxin. The cancer potency (P) repre-
sents the excess cancer risk associated with continuous lifetime
use of each nicotine product. To put the cancer potency values
into real-world context, the lifetime cancer risk was calculated
by adjusting the cancer potency values for average consumption
patterns of each product, using Equation 2:
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Equation 2: Lifetime cancer risk of inhalable nicotine products
Where LCR, is the lifetime cancer risk of the ith nicotine prod-
uct, P, is the cancer potency of the ith nicotine product, D, is the
average daily number of puffs taken by users of each nicotine
product and B is the average number of breath taken in one day
(40,000 breaths, equivalent of 20 m® breathed per day). The life-
time cancer risk (LCR)) represents the excess cancer risk asso-
ciated with average daily use of each nicotine product over
the course of a person’s lifetime.

For the non-inhaled (smokeless) products, the estimated life-
time cancer risk (ELCR) equation as defined by the FDA was
used’. This equation calculates the lifetime cancer risk based
on adjustment of the cancer slope factor for each carcinogen
with the observed amounts of toxins measured in smokeless
tobacco products and average consumption of the products:

2 AB,EF,ED,
ELCR,=Y C, ,IR,—_—'——LCSF,
= BWAT

Equation 3: Estimated lifetime cancer risk of smokeless nicotine
products

Where ELCR; is the estimated lifetime cancer risk of the ith
product, C is the concentration of the jth toxin in the ith prod-
uct, IR, is the intake rate of the jth toxin in the ith product, AB,

is the absorptlon rate of the jth toxin in the ith product, EF

is the exposure frequency of the jth toxin in the ith product
ED,; is the exposure duration of the jth toxin in the ith product,
BW is the body weight of the average user, AT is the averaging
time of use and CSFj is the cancer slope factor of the jth toxin.

Biomarkers of exposure analysis. The excess biomarker levels
of six IARC classified Group 1 carcinogens and 14 U.S Envi-
ronmental Protection Agency (EPA) classified non-cancer toxin
biomarkers in the users of each nicotine product, relative to
non-users, were determined.

All values included in the analysis had been corrected for urine
creatinine concentration, a common reference biomarker for
urinalysis, and represented users of only one, single nicotine
product. The average levels of these biomarkers in a popula-
tion of non-nicotine product users were used to derive an excess
biomarker level for each product using Equation 4. Where
there were gaps in the data, the non-smoker referent value of 1
was set as a default. This assumes that nicotine products would
never actively reduce toxin biomarkers in their users, therefore,
the minimum (background) level of toxin biomarker will always
be equivalent to that found in non-users. The excess biomar-
ker level (EBL) represents the excess amount by which the users
of each nicotine product are exposed to systemic toxins above
the levels found in a non-user:

EBL,= 2 /R,
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Equation 4: Excess biomarker levels in nicotine product users
Where EBL, is the excess biomarker level for the ith nico-
tine product, P is the biomarker level in nicotine product users
for the jth toxin biomarker and R, is the reference level for
the jth toxin biomarker.

Epidemiological data analysis. Risk ratios, odds ratios and
hazard ratios were extracted from the epidemiological studies
and a set of meta-analyses were performed to determine the rela-
tive risk of cardiovascular disease, respiratory disease, cancer
and mortality in users of each nicotine product compared to
non-users of any nicotine products. The epidemiological data
extracted from the systematic literature searches was screened
to include only relative risk values that compared current users
of a single nicotine product to non-users of any nicotine prod-
uct. Relative risk values were excluded if they were unadjusted
for tobacco smoking. Where more than one study was available
for a specific disease, the best available evidence was selected
according to the level of evidence scale (see extended data'').
For instance, if a meta-analysis of prospective cohort studies
and a single case-control study were available, the former would
be included and the latter would be excluded. The lowest level
of evidence included in the analysis was case-control studies;
cross-sectional studies were excluded.

The remaining data after screening were grouped by disease
type into cardiovascular disease, respiratory disease, cancer
and mortality. The cancer category was further broken out
into oral, other head and neck, lung, gastrointestinal and other.
Meta-analyses of the relative risk data for each disease category
were conducted using a random-effects model in the Comprehen-
sive Meta-analysis (CMA) software Version 3.3, with a statistical
significance threshold of oo = 0.05. The meta-analysis could also
be conducted in the open-access alternative, the metaphor pack-
age of R. A final meta-analysis was conducted to obtain overall
relative risk ratios of cancer and non-cancer diseases for each
nicotine product.

Relative risk hierarchy

The RRH combines the results of the lifetime cancer risk and
epidemiological analysis, with a weighting system that accounts
for the level of evidence and completeness of the dataset. In
order to integrate these two analyses into a combined risk score
for each nicotine product, an arbitrary scale from 0 to 100 was
defined, with O representing non-users of nicotine products and
100 representing users of combustible cigarettes. Combustible
cigarettes were selected as the top of the scale because they
were the highest risk product in both of the analyses. Non-user
groups were the control or baseline in both analyses, there-
fore no correction was required to the lower end of the scale.
After converting both analyses onto a 100-point scale, a weight-
ing of 5 was applied to the lifetime cancer risk analysis and 3 to
the epidemiological analysis. The weighting scale is based on
the 5-point scale that was used to classify the level of evidence,
with systematic review/methodological syntheses of the data
representing the top of the scale, followed by prospective cohort
studies, retrospective cohorts studies, case-control studies and
cross-sectional studies (see extended data''). Two points were
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deducted from the epidemiological analysis in the weighting
due to the fact that data were not available for all of the nicotine
products and the quality of evidence was more variable, with
single cohort and case-control studies being the best available
for most of the data points. Alternatively, toxin emissions data
was available for every nicotine product and the unit risk/cancer
slope factors are based on large, comprehensive systematic
literature review studies completed by OEHHA.

Sensitivity analysis

The sensitivity of the RRH to each analysis was determined
by simulating several weightings of the lifetime cancer risk
and epidemiological data and assessing their outcomes on the
risk hierarchy. The analyses were weighted 5:3, 1:1 and 3:5,
producing three simulations of the RRH.

Statistical software

Data was extracted from the scientific literature into a Micro-
soft Excel Version 16.41 spreadsheet. Microsoft Excel was used
to conduct the lifetime cancer risk calculations. Comprehensive
Meta-analysis (CMA) software Version 3.3 was used to conduct
statistical meta-analyses in the epidemiological data-analysis.
Calculation of the combined risk scores that were incorporated
into the RRH was completed in Microsoft Excel.

Results

Literature review

Systematic searches of the academic literature for studies inves-
tigating the health risks and hazards associated with nico-
tine products returned a list of 3,980 publications (Figure 1).
Of these, 2,824 were excluded at the title screening step, 209 were
excluded at the abstract screening step and 665 were excluded
at the full text screening step. This left 320 publications that
were included in the analyses, of which 53 were included in the
quantitative analyses and RRH. During the screening steps,
additional exclusion criteria were defined and added to those
originally outlined in the methodology. The most common rea-
sons for exclusion across all the review stages were “efficacy
for smoking cessation only”, “not related to nicotine products”,
“related to marketing or sales of nicotine products”, “related to
prevalence of usage of nicotine products” and ‘“related to con-
sumer perceptions of nicotine products.” A full list of additional
exclusion criteria can be found in the extended data''.

Data analysis

The toxin emissions data was available for the full spectrum
of nicotine products and the unit risk and cancer slope fac-
tor values provided a direct, quantitative link to cancer risk.
Epidemiological data was available for over half of the nico-
tine products, and also provided a direct measure of disease risk.
Biomarkers of exposure data were available for the majority of
nicotine products, but the link between the concentration of the
biomarker and disease risk was less clear compared with the
toxin emissions and epidemiological data so this analysis was
excluded from the RRH. Similarly, the biomarkers of effect
and adverse event reports were excluded from further analysis
due to the heterogeneity and subjective nature of the datasets,
respectively.
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Figure 1. Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) flow diagram. NP - nicotine product.

Lifetime cancer risk analysis

The lifetime cancer risk was calculated using toxin emis-
sions or content data for the inhalable and ingestible nicotine
products, respectively (Table 1). The toxin emissions/content
data was extracted from 12 publications as ranges of masses,
which vary depending on the sub-type, brand or variety of nico-
tine product. The combustible cigarettes and heat-not-burn
device datasets were the most complete, with 100% of the val-
ues available in the literature. For cut tobacco, cigarillos, cigars
and water pipe tobacco, 40 — 60% of the data points were avail-
able, and any gaps in the data were filled with combustible ciga-
rette values, based on the assumption that all combustible tobacco
products would have a comparable emissions profile. For the
electronic cigarette and nicotine inhaler, 50% and 75% of data
points were not available, respectively, and no assumptions

were made to fill these gaps due to the lack of compara-
ble products. Data were available for all carcinogens in each
smokeless product.

Cigarillos and water pipe tobacco have the highest cancer potency
with values of 0.95 + 0.013 and 0.94 + 0.04 respectively, com-
pared with 0.93 = 0.004 for combustible cigarettes and cigars
(Table 2). The adjustment for consumption causes significant
differentiation between the combustible products. Combustible
cigarettes and cut tobacco occupy the top the hierarchy for life-
time cancer risk, with 3,490 + 16 and 3,464 + 12 excess cancer
cases per 100,000, and 650 + 3.04 and 645 + 2.33 times the risk
compared to the nicotine inhaler, respectively (Figure 2). Cigaril-
los, which have a lower daily consumption, are associated with
2,938 + 41 excess cancer cases per 100,000 and 547 + 7.6 times
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Table 1. The toxin emissions data used in the lifetime cancer risk analysis. The toxin emissions data that was extracted from the
scientific literature and used in the lifetime cancer risk is listed below for the inhalable (top) and ingestible (bottom) nicotine products.
The International Agency for Research on Cancer (IARC) Group 1 toxins are listed at the left with their units and the nicotine products are
listed horizontally. The combustible tobacco product values that were assumed based on combustible cigarettes are marked with one
asterisk (*). The cigarillo values that were assumed based on the cigar values are marked with two asterisks (**). The reference for each
data point is marked in brackets just after.

Inhalable products

Carcinogen Combustible Cut
cigarettes (per tobacco
stick) (per

stick)

NNK and NNN 50 - 200" 160

(ng) -201"

Formaldehyde 10-30" *10-30"

(ug)

2-amino- 17.5% *17.5%0

naphthalene (ng)

4-aminobiphenyl 1-20" *1 - 2015

(ng)

Benzo[alpyrene 13.3%° 23-26%

(ng)

1,3-butadiene 20-40" 6.4 - 33*

(ug)

Benzene (ug) 12 -50" 41 -45'°

Vinyl chloride 93420 #0320

(ng)

Ethylene oxide 167 162

(ug)

Arsenic (ng) <7.49 (LOD)*° *<7.49%0

Chromium-VI <11.9 (LOD)** *<11.9%0

(ng)

Cadmium (ng) <8.92 (LOD)* #*<8.92%0

Ingestible products
Carcinogen

NNK and NNN
(ng/ma)

Benzo[a]pyrene
(ng/mgq)

Arsenic (ng/mg)

Chromium-VI
(ng/ma)

Cadmium (ng/maQ)

Chewing tobacco

2.99*

0.0012 - 0.008*

0.074-0.157*
0.585-1.432*

0.469 - 0.811+

Cigarillos Cigars Water Heat-not- Electronic Nicotine
(per stick)  (per pipe burn device  cigarettes inhaler
stick) tobacco (per stick) (per 150 (per 150
(per puffs) puffs)
session)
223 -2309" 905 200 17.92% 1.3-29.5% <0.183
-2425'% - 44707 (LOD)*
15-40" 48 -209'®  20-100" 114:12° 3.2-56.17 2%
*17.5% #17.5% 1-334" 0.0223% 26 - 45% No data
*1-20" *1-20"  *1-20" 0.0087° 15-23% No data
23 -123" 30-51"% 20 - 40" 0.736* 0.9% No data
126 -508"  *20-40" *20-40" 0.207%° No data No data
126 -469' 92 -245¢  20-70" 0.452+ No data No data
*XG3 A2 20-37"* *93.4% <0.657 (LOD)* No data No data
162 162 16+ <0.119 (LOD)* No data No data
**<7.4920 *<7.49°  40-120" <0.36 (LOD)* No data No data
*%<11.92 *<11.9% 4-70" 110 No data No data
#<8.92% 2-38"¢ #<8.92% 0.28% 0.01 -0.22* 0.03%
Dipping tobacco Snus Non-tobacco pouches
3.69% 0.478* 0.95*
0.0006 - 1.299* 0.00199* 0.00125%
0.07-0.312* 0.108 - 0.188* 0.25%
0.877 - 5.740% 1.209-1.9% 1.5%
0.356 - 1.871* 0.512-0.740* 0.5%

the risk compared with the nicotine inhaler. Cigars and water
pipe tobacco are also consumed less regularly and carry risks of
1,767 + 26 and 1,748 + 70 excess cancer cases per 100,000, and
329 + 492 and 325 + 13 times the risk of the nicotine inhaler,

respectively.

After the combustible products, the ingestible products have
the next highest cancer potency. Dipping tobacco and chew-
ing tobacco have cancer potency values of 0.27 = 0.17 and 0.12
+ 0.02, compared to 0.09 = 0.02 and 0.08 for snus and non-
tobacco pouches, respectively. When adjusted for consumption,
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Table 2. The lifetime cancer risk data for 13 nicotine products. The lifetime cancer risk data for each nicotine product
is listed in the table for 12 nicotine products. The completeness of the data for each nicotine product is represented as a
percentage of toxins for which emission measurements were available. Where assumptions were made, the percentage is
italicized, and the actual percentage of toxin emission values directly measured from the product are shown in parentheses.
The cancer potency values and assumed consumption levels are also outlined.

Nicotine Product Data Cancer Assumed Lifetime Number of excess
completeness potency consumption cancer risk cancer cases per 100,000
Combustible 100% 0.930786386 15 sticks/day 3.49 x 102 3,490
cigarettes
Cut tobacco 100% 0.923723217 15 sticks/day 3.46 x 103 3,464
(42%)
Cigarillos 100% 0.94625437 5.4 cigarillos/day 294 x 103 2,938
(42%)
Cigars 100% 0.930043919 4 cigars/day 1.77 x 103 1,767
(50%)
Water pipe tobacco 100% 0.944648917 3 sessions/week 1.75%x1073 1,748
(58%)
Heat-not-burn 92% 0.022495112 15 sticks/day 1.18 x 10+ 118
tobacco
Dipping tobacco 100% 0.268647171 12 g/day 248 x10° 25
Chewing tobacco 100% 0.123754457 12 g/day 1.14 x10° 11
Snus 100% 0.093925457 12 g/day 8.67x10° 8.7
Electronic 50% 0.002002016 163 puffs/day 8.21 x10° 8.2
cigarettes
Non-tobacco 100% 0.084428571 12 g/day 7.79 x10° 7.8
pouches
Nicotine inhaler 25% 0.0004474 6 cartridges/day 537 x 10° 5.4
800
[_4
£ 700 650.14 64520
o - x
o 600 547.26
B =
=500
g
% 400 320.14 32551
5 300 = -
=
§ 200
£
=100
& 2000 46 213 16l 153 145 100
— 0 =
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Nicotine products

Figure 2. The lifetime cancer risk of 13 nicotine products relative to nicotine replacement therapy (NRT). The lifetime cancer risk
of each nicotine product is shown here relative to NRT. The error bars on the chart represent the ranges of toxin emissions for different
variants of each product. The data completeness (DC) is marked as a percentage in the x-axis.
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heat-not-burn devices place higher in the hierarchy than the
ingestible products, with 118 excess cancer cases per 100,000,
compared to 25 + 16 for dipping tobacco and 11 + 2.3 for chew-
ing tobacco. Similarly, non-tobacco pouches score lower than
electronic cigarettes after adjusting for consumption, with 7.8
excess cancer cases per 100,000, compared with 8.2 + 6.2. Rela-
tive to the nicotine inhaler, dipping tobacco, chewing tobacco,
snus and non-tobacco pouches carry 4.6 + 3, 2.1 + 042, 1.6 +
0.28 and 1.5 times the lifetime cancer risk, respectively.

Among the next generation inhalable nicotine products,
heat-not-burn devices have the highest cancer potency (0.02),
followed by electronic cigarettes (0.002) and the nicotine
inhaler (0.0004). When adjusted for consumption, heat-not-burn
devices are associated with 118 excess cancer cases per 100,000,
compared with 8.2 + 16 for electronic cigarettes and 5.4 for
the nicotine inhaler. This equates to 22 times the risk of a nico-
tine inhaler for heat-not-burn devices and 1.53 + 0.37 times the
risk for electronic cigarettes.

Epidemiological analysis

Overall, 101 risk ratios across eight of the nicotine products
were included in the analysis (Table 3). No studies that met the
inclusion criteria were identified for cigarillos, non-tobacco
pouches, electronic cigarettes, heat-not-burn devices or nico-
tine replacement therapy (Table 3). The completeness of the data
for most products was above 80%, with only chewing, dipping
and water pipe tobacco below. It should be noted that a large
number of epidemiological studies were identified that investi-
gated smokeless tobacco products, however, relatively few stud-
ies differentiated between chewing and dipping tobacco and
no assumptions were made to fill the gaps in the data here.

The risk ratios relative to non-users for each nicotine product,
obtained by meta-analysis of the cancer and non-cancer dis-
ease risk ratios extracted from the scientific literature, are listed
in Table 4. In all cases, the risk ratio for cancer is greater than
the risk ratio for non-cancer risk, but the confidence intervals are
much larger (Figure 3). The risk ratios vary from 1.1 (1.04 — 1.17)
for snus to 3.3 (2.44 — 4.43) for combustible cigarettes. For cut
tobacco, to compensate for the lack of studies that specifically
reported on cut tobacco, the combustible cigarette values were
assumed on the basis that the majority of studies did not differ-
entiate between factory-made and roll-your-own cigarettes in
their classification of “cigarette smokers” and cut tobacco is pri-
marily consumed in the form of roll-your-own or make-your-own
cigarettes.

In the cancer group, the highest risk products are combustible
cigarettes and cut tobacco (RR = 3.28, 2.43 — 4.43), followed
by water pipe tobacco (RR = 2.64, 1.64 — 4.26), western pipe
tobacco (RR = 2.38, 1.28 — 4.41), dipping tobacco (RR = 2.06,
1.38 — 3.09), chewing tobacco (RR = 1.81, 1.04 — 3.17), cigars
(RR = 1.68, 1.21 — 2.32) and snus (RR = 1.12, 0.89 — 1.4). All
of the cancer risks are statistically significant (p < 0.05), with
the exception of snus (p = 0.292), suggesting no statistically sig-
nificant difference in the cancer risks between snus users and
non-users of nicotine/tobacco products based on the available
data. The non-cancer group follows the same overall order, with

F1000Research 2020, 9:1225 Last updated: 01 DEC 2020

lower risk ratios compared to the cancer group and the absence
of water pipe tobacco. Combustible cigarettes and cut tobacco
have risk ratios of 1.97 (1.6 — 2.4), followed by western pipe
tobacco with 1.86 (1.65 — 2.13), dipping tobacco with 1.31 (1.15
— 1.48), chewing tobacco with 1.22 (1.14 — 1.31), cigars with 1.20
(1.08 — 1.34) and snus with 1.11 (1.04 — 1.17). Here, all of the
risk ratios are statistically significant (p < 0.05).

Relative risk hierarchy

The combined risk scores derived from the lifetime cancer risk
and epidemiological analyses are plotted on a bar chart to form
the RRH (Figure 4). In the RRH, the combustible products occupy
the top end of the spectrum, with scores of 100 (91.3 — 111.2),
99.5 (90.9 — 110.6), 84.2 (83 — 85.3), 75.7 (56.7 — 107.3), 55
(47.1 — 66.7) and 41 (38.6 — 44.3) for combustible cigarettes,
cut tobacco, cigarillos, western pipe tobacco, water pipe tobacco
and cigars, respectively. Combustible cigarettes and cut tobacco
are almost equivalent, followed by 10 — 20% decreases in risk
for each of the proceeding products; cigarillos, western pipe
tobacco, water pipe tobacco and cigars. Dipping and chew-
ing tobacco follow the combustible products with combined
risk scores of 15.1 (11.2 — 20.6) and 11.2 (8.01 — 16.5) respec-
tively, representing a 63% drop in risk compared with cigars.
Heat-not-burn devices and snus carry 3.3 and 3.5 times less risk
than chewing tobacco, respectively. Finally, at the lower end
of the spectrum, electronic cigarettes, non-tobacco pouches
and the nicotine inhaler score less than 0.25 and only margin-
ally elevated compared with non-nicotine product users, which
have a score of 0 on the scale.

The sensitivity analyses (see extended data'') showed that the
overall order of the RRH is robust to different weightings of the
analyses. The order of snus and heat-not-burn devices inverse
when greater weight is given to the epidemiological analyses,
and this is equally true for electronic cigarettes and non-tobacco
pouches. The most sensitive products in the risk hierarchy
are snus, chewing tobacco, dipping tobacco, cigars and water
pipe tobacco, with deviations in their combined risk scores of
15 - 60%.

Discussion

Combustible tobacco products

The combustible products are the highest risk products across
both analyses and in the final RRH. The combined risk score
for cut tobacco is 99.5 (90.9 — 110.6), making it almost iden-
tical to combustible cigarettes, the high-risk referent at 100
(91.3 — 111.2). In the toxin emissions analysis, only 20% of the
values for cut tobacco were available from studies that directly
measured toxin emissions from this product. The remaining 80%
of data points were filled with the combustible cigarettes val-
ues, based on the assumption that cut tobacco is generally con-
sumed as ‘roll-your-own’ or ‘make-your-own’ cigarettes, and
that the emissions would be comparable. Indeed, the few data
points that were available from cut tobacco studies supported
this assumption, showing very similar toxin emissions between
roll-your-own and factory-made combustible cigarettes'®**,
Similarly, in the epidemiological analysis, the combustible ciga-
rette risk ratios were assumed for 100% of the cut tobacco data
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Table 4. Meta-analysis of the epidemiological data for 8 nicotine products. The risk ratios, with their confidence
intervals in parentheses, and p-values thereof are listed for each nicotine product, accompanied by the full list of
component indications for each risk ratio and a data completeness percentage. The data completeness represents the
percentage of indication groups with data available. Italicization of the percentage denotes an assumption and the value
in parentheses below it indicates the proportion of datapoints that relate to the actual product.

Cancer Risk
Nicotine Data
Product completeness
Combustible 0
Cigarettes 100%
100%
Cut tobacco (0%)
Water pipe 40%
tobacco
Western Pipe 80%
Tobacco
Dipping ;
tobacco 60%
Chewing o
tobacco 20%
Cigars 100%
Snus 80%
Non-cancer risk
Nicotine Data
Product completeness
Combustible 5
cigarettes 10k
100%
Cut tobacco (0%)
Western Pipe 67%
Tobacco
Dipping 0
tobacco 67%

Component diseases

Oral cancer, oropharyngeal cancer, mouth cancer, head and
neck cancer, larynx cancer, esophageal cancer, lung cancer,
pancreatic cancer, stomach cancer, bladder cancer, rectal
cancer, cervical cancer, non-Hodgkin's lymphoma, all-cancer

Oral cancer, oropharyngeal cancer, mouth cancer, head and
neck cancer, larynx cancer, esophageal cancer, lung cancer,
pancreatic cancer, stomach cancer, bladder cancer, rectal
cancer, cervical cancer, non-Hodgkin's lymphoma, all-cancer

Oral cancer, oropharyngeal cancer, head and neck cancer

Oropharyngeal cancer, cancers of the upper aero-digestive
tract, head and neck cancer, esophageal cancer, lung cancer,
pancreatic cancer, stomach cancer, bladder cancer, colorectal

cancer, liver cancer, kidney cancer,

Oral cancer, head and neck cancer, esophageal cancer, stomach
cancer, gastrointestinal cancer

Oral cancer

Oral cancer, oropharyngeal cancer, mouth cancer, lip
cancer, tongue cancer, head and neck cancer, larynx cancer,
esophageal cancer, lung cancer, pancreatic cancer, stomach
cancer, bladder cancer, colorectal cancer, liver cancer, kidney

cancer, all-cancer

Oral cancer, oropharyngeal cancer, esophageal cancer, lung
cancer, pancreatic cancer, stomach cancer, rectal cancer,

Component diseases

Myocardial infarction, stroke, cardiovascular disease, coronary
heart disease, atrial fibrillation, asthma, asthma attack,
bronchitis, wheeze, COPD, CHD mortality, cardiovascular
disease mortality

Myocardial infarction, stroke, cardiovascular disease, coronary
heart disease, atrial fibrillation, asthma, asthma attack,
bronchitis, wheeze, COPD, CHD mortality, cardiovascular
disease mortality

Cardiovascular disease, coronary heart disease, CHD mortality,
cerebrovascular disease mortality, COPD mortality

Myocardial infarction, CHD mortality, cardiovascular disease
mortality

Meta-analysis

Risk ratio
relative to non-
users
(95% confidence
intervals)

3.283(2.44 - 4.43)

3.283 (2.44 - 4.43)

2.64 (1.64 - 4.26)

2.38(1.28 -4.41)

2.06 (1.38 - 3.09)

1.81(1.04 - 3.17)

1.675(1.21 - 2.32)

1.12(0.89 - 1.41)

p-value

p <0.001

p < 0.001

p < 0.001

p = 0.006

p < 0.001

p=0.037

p =0.003

p=0292

Meta-analysis

Risk ratio (95%
confidence
intervals)

1.97 (1.60 - 2.42)

1.97 (1.60 - 2.42)

1.861 (1.65 - 2.10)

1.305(1.15-1.48)

p-value

p <0.001

p < 0.001

p < 0.001

p <0.0071
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Meta-analysis

Component diseases Risk ratio (95%
Product completeness T e p-value
intervals)
Chewing @ Myocardial infarction, CHD mortality, cardiovascular disease
(olbREs 67% mortality 1.22(1.14-131) p<0.001
Myocardial infarction, stroke, cardiovascular disease, coronary
. heart disease, COPD, CHD mortality, cardiovascular disease
0 i i 1 _ —
Cigars 100% mortality, chronic lower respiratory disease mortality, 1.20(1.07-1.35) | p=0.001
cerebrovascular disease mortality

Snus 67% Myocardial infarction, stroke, atrial fibrillation, asthma 1.105(1.04-1.17) p=0.001

4.5

~

Risk ratio
— W 3]

w

it
|

DC 100% 0% 25% 88%

Combustible Cut tobacco

cigarettes tobacco

Water pipe  Western pipe
tobacco

63% 38% 100% 75%
Dipping Chewing Cigars Snus
tobacco tobacco

Nicotine products

Figure 3. The risk ratios of 8 nicotine products in the epidemiological analysis. The risk ratios are plotted here on a bar chart with
the dark grey bars representing cancer risk and the light grey bars representing non-cancer risk. The data completeness for each product
is shown as a percentage in the x-axis. The color of the bars indicates the completeness of the data, with darker colors representing more
complete and lighter colors representing less complete datasets. The error bars represent the 95% confidence intervals.

points, based on the fact that most epidemiological studies
did not differentiate between factory made and roll-your-own
cigarettes and defined only “cigarette smoker” or ‘“non-smoker”,
thus encompassing both products’*'***. In addition, the con-
sumption patterns and toxin emissions for these products are
very similar and so it is reasonable to assume that the health
outcomes would also be comparable.

In the toxin emissions analysis, data points that were missing
for the combustible products were filled with the values reported
for combustible cigarettes. This was based on the assump-
tion that the toxin emission profile of combustible cigarettes
would be roughly comparable to all products based on combus-
tible tobacco. This assumption was based on the fact that where
toxin emissions data was available for combustible tobacco
products, they were comparable to or greater than the values for

combustible cigarettes (Table 1)'*'". Therefore, combusti-
ble cigarette emissions represent a reasonable minimum for
combustible tobacco emissions. The data that was available for
combustible products supported this assumption. The key dif-
ferentiator between the combustible products is the adjustment
for consumption patterns, which determines the order of the
combustible products. According to the toxin emissions data,
cigarillos and water pipe tobacco have a higher cancer potency
than combustible cigarettes, however, cigarillos are consumed
at a rate of 5.4 per day and water pipe tobacco had an average
consumption of 3 sessions per week, whereas combustible ciga-
rettes are consumed at a rate of 15 per day. On the other hand,
daily users of cigars consume 4 per day on average, which
decreases the overall lifetime cancer risk making this product the
lowest risk among combustibles. This is in agreement with the
epidemiological data, which also shows a reduced risk of cigars
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11.18
I 3.38 3.18

0.24 0.22 0.15

25% 50% 13%

0.00

69% 46% 88% 100%

Nicotine  Non-nicotine
replacement  product user
therapy

Non-tobacco
pouches

Electronic
cigarettes

Chewing  Heat-not-burn Snus

tobacco devices

Nicotine products

Figure 4. The relative risk hierarchy of the 13 nicotine products. The combined risk scores for the 13 nicotine products are represented
on the hierarchy. The combined risk scores were determined by combining the lifetime cancer risk and epidemiological analyses. The error
bars represent a combination of the range of nicotine product emissions from the lifetime cancer risk analysis and the 95% confidence
intervals for the epidemiological data. The data completeness (DC) is marked as a percentage in the x-axis.

29,33,37,39,50,67

compared with other combustible products (Table 2)
The assumptions regarding consumption patterns are based on
consumer survey data of daily users of each product provided by
Euromonitor International.

Dipping and chewing tobacco

Dipping and chewing tobacco carry less risk compared with the
combustible products. This is generally consistent across the
two analyses, with the exception of cigars in the epidemiologi-
cal analysis, which place slightly lower than dipping and chew-
ing tobacco. Conversely, in the toxin emissions analysis there is
a large difference between all of the combustible products and
the smokeless tobacco products. This difference holds in the
RRH, with dipping and chewing tobacco placing significantly
lower than the combustible products, but remaining discernably
elevated compared with the reduced risk products.

Reduced risk nicotine products

The reduced risk category is comprised of heat-not-burn devices,
snus, electronic cigarettes, non-tobacco pouches and nicotine
replacement therapy, all of which score lower than 5 on the 0 to
100 scale of the RRH. This category can be further divided into
the tobacco-based reduced risk products and the tobacco-free
reduced risk products. The former consists of heat-not-burn
devices and snus, which have combined risk scores of between
3 and 3.5, and the latter consists of electronic cigarettes,
non-tobacco pouches and NRT, which have combined risk scores
below 0.25.

With the exception of snus, the reduced risk products are not
represented at all in the epidemiological analysis, which can
be attributed to their relative novelty compared with combusti-
ble and smokeless tobacco. In the toxin emissions analysis, the
heat-not-burn devices place higher than chewing and dipping
tobacco, however, this order is reversed in the final hierarchy due
to the position of chewing and dipping tobacco relative to com-
bustible cigarettes in the epidemiological analysis. Nicotine

replacement therapy and electronic cigarettes lack 75% and 50%
of data points in the toxin emissions analysis, respectively. There-
fore, these products could potentially shift in the hierarchy as
more data comes to light.

There are two key limitations in the placement of the next
generation nicotine products in the hierarchy. The first is the
lack of comprehensive and high-quality data, which leaves
significant gaps in the analyses. The second is the rapid evolu-
tion of these products. Electronic cigarettes are currently on their
fourth generation of development since their introduction to the
United States market in 2007, having undergone changes to the
atomizer unit, battery and other components, which can affect
the aerosol®. It is highly important, therefore, to clearly iden-
tify the exact brand and generation of the device used in future
research; this could also permit further breakdown of the cat-
egories for next generation devices and focus their development
on reduction of risk to the user.

Biomarkers of exposure analysis

The biomarkers of exposure analysis (see extended data'')
was not included in the RRH due to the lack of a direct link
between the biomarker levels and health outcomes, and the high
inherent variability of this data. The high standard errors associ-
ated with biomarkers of exposure data have been characterized
elsewhere in the scientific literature and include differences in
external exposure level, chemical characteristics of the biomar-
ker and differences in the elimination half-life of the chemical®.
In the biomarkers of exposure analysis, all combustible
products as well as chewing and dipping tobacco are within
the margins of error of one another. Equally, snus and nico-
tine replacement therapy are both within the margin of error of
non-users of any nicotine products. Overall, the large errors asso-
ciated with the biomarker levels of each product user make it
impossible to confidently order the products on a relative risk
assessment scale.
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Consistency with other studies

As outlined in the introduction, there are three main studies in
the scientific literature that have ranked nicotine products in
terms of their relative risk using different methods’~’. The relative
harm spectrum of nicotine products developed by Nutt and col-
leagues in 2014, and later adapted by Abrams and colleagues in
2018, places combustible cigarettes at the top of the spectrum’*.
Following combustible cigarettes, small cigars, pipes, cigars and
water pipe tobacco were listed. This order of combustible prod-
ucts is identical to the order presented in this study, with the
exception of cigars and water pipe tobacco which are inversed.
The actual score of small cigars, or cigarillos, is also very simi-
lar. However, after cigarillos, the Nutt and Abrams scales score
the remaining combustible products between 10 and 25, which
represents a major difference in comparison to this analysis. Here,
the remaining combustible products score between 40 and 75.
The smokeless tobacco products and reduced risk products, on
the other hand, have comparable scores and placement, although
the breakdown of the products is slightly different with Nutt’s
classification differentiating refined and unrefined smokeless
tobacco and various forms of nicotine replacement therapy.

Stephens created a risk spectrum based on the cancer poten-
cies and lifetime cancer risk of tobacco smoke, heat-not-burn
devices, electronic cigarettes and the nicotine inhaler’. The meth-
odology used in the lifetime cancer risk analysis presented in
this study is based on the methodology used by Stephens and the
overall order of the products is consistent. Furthermore, the can-
cer potency ratios for each product shows excellent agreement
with the values determined by Stephens.

In summary, this study is largely consistent with previous
studies that characterize the relative risk of nicotine products
published in the scientific literature, with only a few minor
alterations to the overall order and significantly higher risk asso-
ciated with all combustible products, compared with smokeless
and reduced risk products. Nevertheless, this work represents
an advancement in the relative risk assessment of nicotine prod-
ucts due to the systematic and data-driven methodology, applied
to a broad spectrum of nicotine products and focused on the best
available evidence in the scientific literature.

Limitations of the study
The key limitation of this study lies in the availability of the
input data. In producing the RRH, we have highlighted where
there are key gaps in the literature, particularly for the next
generation nicotine products.

Another limitation of this analysis is the static view of con-
sumption. While it was imperative to account for consumption
patterns in order to make the risk hierarchy meaningful in the
context of real-world product usage, this necessitated selecting
one specific consumption level for each product and incorpo-
rating it into the analyses. As a result, the risk of certain prod-
ucts may be under- or overestimated in cases of lower or higher
than average consumption. For example, the consumption
of combustible cigarettes is assumed to be 15 per day in this

F1000Research 2020, 9:1225 Last updated: 01 DEC 2020

analysis, which is associated with a specific level of risk. A
smoker of 40 cigarettes per day may be at significantly higher
risk than represented in this study, whereas a smoker of 1 ciga-
rette per week may be at lower risk. Furthermore, this analy-
sis only accounts for consumption of a single nicotine product;
dual and poly-product usage risk data was excluded. Therefore,
an individual consuming multiple nicotine products at the same
time, may be at a different level of risk than that associated with
consumption of any one product.

The combined relative risk values in this study represent an
average across an ensemble of individual diseases. In doing so,
we generalize disease risk to cancer and non-cancer risk, and
then to a combined risk score. The risk values are only mean-
ingful at this level and cannot be applied to individual diseases.
This means that certain specific indications may be under- or
over- represented by the relative risk values. For instance, the
combined risk ratio for cancer, calculated from the epidemio-
logical data, is 3.283 for combustible cigarettes, whereas the
individual risk ratio for lung cancer is 8.96 and 1.3 for stom-
ach cancer. Therefore, the combined risk value is meaningless
at the level of individual cancers and can only be applied to the
full ensemble. This is also true for the non-cancer combined risk
scores.

Conclusions

In this work, the relative health risks of 13 nicotine prod-
ucts have been assessed using the best available scientific lit-
erature. A relative risk hierarchy was developed, which assigns
a combined risk score to each product based on analysis of the
toxin emissions and epidemiological data available in the sci-
entific literature. Combustible tobacco products dominate the
top of the RRH, with scores ranging from 40 to 100 and the
most frequently consumed products generally scoring highest.
Dipping and chewing tobacco score considerably below the com-
bustible products, with scores of 10 to 15, but significantly above
heat-not-burn devices and snus. The last tranche of low risk
products score less than 0.25 and include electronic cigarettes,
non-tobacco pouches and nicotine replacement therapy. The
RRH provides a framework for the assessment of risk across
all categories of nicotine products based on the best available
evidence, which can be further developed and evolved as more
data comes to light.

Data availability

Underlying data

All data underlying the results are available as part of the article
and no additional source data are required.

Extended data

Open Science Framework: Nicotine Products Relative Risk
Assessment: A Systematic Review and Meta-analysis. https://doi.
org/10.17605/0OSEIO/3GX42!"

This project contains the following underlying data:
e PRISMA Checklist - NPRRA
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e Supplement 1: Keywords used in the systematic literature
searches

e Supplement 2: Level of evidence scales used to score
the individual studies and to determine the weighting
of the RRH

e Supplement 3: References for the number of puffs
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e Supplement 4: Sensitivity analyses of the RRH

e Supplement 5: Excess urinary biomarker levels in
nicotine product users (relative to non-users).

Data are available under the terms of the Creative Commons
Zero “No rights reserved” data waiver (CCO 1.0 Public domain

assumptions for each inhalable product. dedication).
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David Nutt
Department of Neuropsychopharmacology and Molecular Imaging, Imperial College London,
London, W12 ONN, UK

This study adds to the growing literature that vaping [e-cigarettes] are an important advance in
the treatment of tobacco related health harms and in the prevention of these in future. Tobacco
use leads to about 7 million premature deaths per year and is estimated to kill over a billion
people globally this century. Initial estimates '-? suggested that vaping is 25 x less harmful than
cigarettes which was incorporated into UK tobacco harm reduction policy >. So if the world
switched fully to it there would be a saving nearly a billion deaths, then this would be the greatest
health impact of any intervention in history. But there is resistance to the concept of harm
reduction in tobacco dependence with most governments and medical authorities advocating
abstinence - even though this approach has clearly failed - especially in the developing world. A
powerful anti-vaping lobby has developed and influenced decision-makers against its use in harm
reduction claiming that it could be a harmful as tobacco. They have disseminated misinformation
about the harms of vaping that in just a few years have significantly changed smokers perception
of its harms and so reduced its use. This paper provides a more recent and more detailed analysis
of relative harms that confirms the original 25x less harmful estimate and so should give new
impetus to the vaping approach.
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