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ABSTRACT

The tobacco heating product THP1.0, which heats but does not burn tobacco, was tested as part of a
modified-risk tobacco product assessment framework for its impacts on indoor air quality and residual
tobacco smoke odour. THP1.0 heats the tobacco to less than 240 °C + 5 °C during puffs. An environ-
mentally controlled room was used to simulate ventilation conditions corresponding to residential, office
and hospitality environments. An analysis of known tobacco smoke constituents, included CO, CO,, NO,
NO,, nicotine, glycerol, 3-ethenyl pyridine, sixteen polycyclic aromatic hydrocarbons, eight volatile
organic compounds, four carbonyls, four tobacco-specific nitrosamines and total aerosol particulate
matter. Significant emissions reductions in comparison to conventional cigarettes were measured for
THP1.0. Levels of nicotine, acetaldehyde, formaldehyde and particulate matter emitted from THP1.0
exceeded ambient air measurements, but were more than 90% reduced relative to cigarette smoke
emissions within the laboratory conditions defined Residual tobacco smoke odour was assessed by
trained sensory panels after exposure of cloth, hair and skin to both mainstream and environmental
emissions from the test products. Residual tobacco smoke odour was significantly lower from THP1.0
than from a conventional cigarette. These data show that using THP1.0 has the potential to result in
considerably reduced environmental emissions that affect indoor air quality relative to conventional

cigarettes.

© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cigarette smoking has been described as one of the leading
preventable causes of human diseases, such as cardiovascular dis-
orders, chronic obstructive pulmonary disease and lung cancer
(IARC, 1986; US DHHS, 2010; US DHHS, 2014). Scientists widely
agree that it is largely the toxicants and not the nicotine found in
cigarette smoke that cause smoking-related diseases (Farsalinos
and Le Houezec, 2015). When a cigarette is lit, the tobacco burns,
and is pyrolysed and vaporised to form smoke containing more
than 6500 compounds (Rodgman and Perfetti, 2013),

Abbreviations: 3-EP, 3-ethenyl pyridine; EHCSS, electrically heated cigarette
smoking system; ETS, environmental tobacco smoke; GC-MS, gas chromatogra-
phy—mass spectrometry; IAQ, indoor air quality; NGP, next-generation product;
PAH, polycyclic aromatic hydrocarbon; PM, particulate matter; RTS, residual to-
bacco smoke; THP, tobacco heating product; THS, tobacco heating system; TSNA,
tobacco-specific nitrosamine; TVOC, total volatile organic compound; VOC, volatile
organic compound.
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approximately 150 of which are thought to be toxicants (Fowles
and Dybing, 2003). As described earlier in this compendium
(Forster et al., 2017), tobacco heating products (THPs), where a
sample of tobacco is heated to temperatures sufficient to vaporise
volatile compounds, including nicotine, into an inhalable aerosol
but not high enough to burn the tobacco, have the potential to
significantly reduce the levels of combustion-derived toxicants in
the generated aerosol as compared to smoke from conventional
cigarettes (Forster et al., 2015; Gonzalez-Suarez et al., 2016; Mitova
et al., 2016; Ruprecht et al., 2017; Schorp et al., 2012; Smith et al.,
2016; Zenzen et al., 2012).

Conventional cigarettes produce two types of smoke: main-
stream smoke, which is inhaled directly by consumers and portions
of which are exhaled to the environment, and sidestream smoke,
which is produced from the lit end of the cigarette that smoulders
as the cigarette burns down. Sidestream smoke is formed at lower
temperatures than mainstream smoke (600 °C vs. 900 °C) in an
oxygen-deficient environment, and cools and is diluted rapidly af-
ter leaving the cigarette, forming a condensation aerosol. In gen-
eral, total sidestream emissions exceed mainstream emissions,

0273-2300/© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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normally by a factor of 2—3, although subsequent human exposure
concentrations are typically lower than those in mainstream smoke
because the sidestream smoke is rapidly diluted.

Sidestream smoke can have higher absolute emissions of toxi-
cants, such as ammonia (40—170-fold), particulate matter (PM),
nicotine and nitrogen oxides (threefold), volatile organic com-
pounds (VOCs) and carbonyls (onefold to threefold), or lower levels
of constituents such as N-nitrosamines (0.26—0.55-fold) than
mainstream smoke (IARC, 2004; based on smoking to Massachu-
setts smoking parameters from Borgerding et al., 2000). Sidestream
smoke particles are reported to be slightly smaller than main-
stream smoke particles (100 nm vs. 180 nm geometric diameter;
Guerin et al., 1987). Environmental tobacco smoke (ETS) has been
described as a mixture of sidestream smoke and exhaled main-
stream smoke, the latter contributing 1—43% of the mixture (Baker
and Proctor, 1990).

A series of reviews have summarised potential health risks to
non-smokers from exposure to ETS (California EPA, 2005; IARC,
2004; NCI, 1999; US DHHS, 2006; US EPA, 1992). Significant toxi-
cants identified in ETS include the respiratory irritants ammonia,
formaldehyde and sulfur dioxide; acrolein and hydrogen cyanide;
and nitrogen oxides and phenol (US DHHS, 2016). Around 50 con-
stituents have been identified as or are reasonably anticipated to be
human carcinogens, and most of them are present in the particulate
phase (IARC, 2004).

According to the US Surgeon General, even brief exposure to ETS
can be harmful to health and, on the basis that smoke contains
DNA-damaging carcinogens, that there is no risk-free level of
exposure (US DHHS, 2006; 2014, 2016). Among adults who have
never smoked, ETS is reported to have immediate harmful effects
on the heart and blood vessels (US DHHS, 2006; 2014), and these
reviews report there is a significant association between ETS
exposure and lung cancer, cardiovascular disease, pulmonary
function deficits and other diseases, as well as serious respiratory
conditions and other adverse health effects in infants and children.

There is also discussion of potential exposure to residual tobacco
smoke (RTS) — that is, the tobacco smoke residue from cigarettes
and other tobacco products that deposits after smoking and may
accumulate on indoor surfaces and furnishings. This residue is re-
ported to contain nicotine and other chemicals, including 3-ethenyl
pyridine (3-EP), phenol, cresols, naphthalene, formaldehyde and
tobacco-specific nitrosamines (TSNAs) (Matt et al., 2011a, 2016;
Singer et al., 2002, 2003).

Although there is evidence that tobacco smoke pollutants
persist on indoor surfaces and in house dust, no quantitative
studies have assessed their resuspension in the atmosphere.

Like RTS, tobacco odour can persist indoors and on surfaces after
smoking has stopped. New residents of former smokers’ homes
reported tobacco odour in their homes at a median of 33 days after
the smokers had moved out (Matt et al., 2011b). Although in the
published literature only a few studies have assessed tobacco
smoke odour directly (Noguchi et al., 2016), the ratio of odour index
to VOC concentration in ETS and RTS is correlated (Noguchi et al.,
2016), and many studies have assessed the release of VOCs and
semi-VOCs from different clothing fabrics exposed to tobacco
smoke emissions (Chien et al., 2011; Ueta et al., 2010; Whelan and
Cotte, 2014). Both composition (e.g., natural or synthetic fibres)
(Chien et al., 2011; Ueta et al., 2010) and structure (knitted or
woven) (Chien et al., 2011) affect the amount and size of com-
pounds that are off-gassed.

Next-generation tobacco and nicotine products (NGPs), such as
vapour products and THPs, are likely to produce significantly lower
environmental emissions than cigarettes, largely because the to-
bacco, the source content of the aerosol, is not burnt and/or the
product designs should function to prevent sidestream emissions,

which are the main contributors to indoor emissions derived from
conventional cigarettes. Although the vapour exhaled by con-
sumers of these NGPs has the potential to impact air quality, several
studies of indoor air quality (IAQ) have concluded that emissions
from electronic cigarette (e-cigarette) aerosols exhaled by con-
sumers are significantly reduced compared to those from conven-
tional cigarettes (Bertholon et al., 2013; Burstyn, 2014; Hess et al.,
2016; McAuley et al., 2012; O'Connell et al., 2015a). Limited
studies of THPs also support the notion that indoor emissions from
these products are significantly lower than those from conventional
cigarettes (Mitova et al., 2016; Ruprecht et al., 2017).

Indeed, the potential contribution of NGPs towards tobacco
harm reduction, defined by the US Institute of Medicine as
“decreasing total morbidity and mortality, without completely
eliminating tobacco and nicotine use” (Stratton et al., 2001), can
have a considerable impact on reducing the projected health
burden of tobacco use. In 2012, the FDA published guidance on
assessing the harm reduction potential of a “modified risk tobacco
product” through demonstration of reduced toxicant exposure and
reduced health risks in comparison to those conferred by conven-
tional cigarette smoking (FDA, 2012). It follows that, given the
concerns of public health authorities over the adverse health effects
of the exposure to combustible cigarette smoke for non-smokers,
substantiating the reduced risk potential of an NGP should
include data on the impact of the NGP on air quality in different
environments.

The aim of this study was, therefore, to compare, via a simulated
indoor exposure model, measured levels of known air quality
toxicant markers between THP1.0, which heats but does not burn
tobacco, and conventional cigarettes. Tobacco odour intensity was
also compared between the two product types by a trained sensory
panel. The results demonstrate significantly reduced levels of
environmental emissions in respect of measured toxicants and
lower tobacco odour intensities associated with aerosol from
THP1.0 compared to combustible cigarette smoke, in the test sys-
tems employed.

2. Experimental
2.1. Test products

2.11. THP1.0

The operation of THP1.0 has been described (Eaton et al., 2017).
In brief, the electronically heated THP comprises two main func-
tional parts: an electronic device to host and heat a specially
designed tobacco rod (Fig. 1a) and a consumable tobacco rod,
consisting of processed tobacco with added glycerol as the main
aerosol agent (Fig. 1b).

The electronic heating device contains a rechargeable Li-ion
battery (USB rechargeable, 3000 mAh capacity) that supplies the
energy to the heating tube when switched on. The heating tube has
a heater in two segments that are controlled separately by software,
and, thus, the tobacco rod is heated mainly by conduction from its
periphery (Fig. 1a). The battery life of the device allows at least 30
repeated uses from a single charge.

The tobacco consumable has a diameter of 5.0 mm, overall
length of 82 mm, and a 42-mm tobacco section of (Fig. 1b). The
tobacco is a blended Virginia type and is treated by a paper-making
reconstitution process (Norman, 1999) to incorporate ~14.5% glyc-
erol (dry-weight basis) into its structure. The diameter of the to-
bacco rod, which is smaller than an ca. 8 mm conventional kingsize
cigarette, allows rapid heat transfer from the peripheral surface to
its inner core. The overall dimension of the tobacco section results
in a total tobacco weight of approximately 260 mg, as compared
with 600—800 mg in a conventional kingsize cigarette.
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Fig. 1. Schematic drawing of THP1.0. (a) Heating device with a tobacco consumable inserted; (b) physical construction of the tobacco consumable.

During use, a consumable tobacco rod is inserted into the
heating tube. On activation of the device by pressing the activation
button, the battery-powered heating element reaches approxi-
mately 240 °C + 5 °C. The product is ready for use after approxi-
mately 30—40 s. The total heating session is programmed to last an
additional 3 min, and the total number of puffs available depends
on the frequency and volume of the puffs taken. The device is
programmed to shut down at the end of the 3 min, although re-
sidual heat will continue to generate aerosol. The consumed to-
bacco rod can be removed and discarded. The product was
developed in accordance with established in-house stewardship
protocol for a tobacco product (Costigan and Meredith, 2015).

The THP1.0 devices used in this study were randomly selected
from a single batch of commercial devices, sourced from Japan.
Prior to all the experiments described in this study, the consumable
tobacco rods (a Bright Tobacco Kent Neostick variant, British
American Tobacco, London, UK) were tested directly from the pack
without conditioning.

2.1.2. Commercial control cigarettes

The IAQ and odour from THP1.0 were compared with those from
two commercial cigarettes: a conventional US blend style kingsize
cigarette (ISO ‘tar’ 7 mg) with a conventional cellulose acetate filter
(coded as T189, commercially known as Lucky Strike Regular,
sourced from Japan); and a conventional kingsize Virginia blend
cigarette (ISO ‘tar’ 9 mg) with a cellulose acetate filter containing
activated carbon (coded as D976, commercially known as Du
Maurier Silver, sourced from Canada). The 3R4F Kentucky Refer-
ence Cigarette (Center for Tobacco Reference Products, University
of Kentucky, Lexington, KY, USA), as used for control purposes in
other studies of the series, was also used for the odour assessment
study. The 3R4F cigarette was deemed unsuitable for the IAQ study
because it was not designed for human smoking, only machine
smoking.

2.2. I1AQ measurements
2.2.1. Study design

The IAQ study was conducted at a testing laboratory accredited
by the United Kingdom Accreditation Service for IAQ (VOC and

formaldehyde: laboratory number 0578, BRE Ltd, Watford, UK). The
study was undertaken in a furnished test office with an adjoining
instrument room under three ventilation conditions defined in BS
EN 15251 (BSI, 2007): residential I, 1.2 air changes per hour (ACH);
office, 2.16 ACH; and hospitality, 7.68 ACH.

During the tests, the following parameters in the test room were
measured continuously every 60 s: CO;, CO, NOy, ozone (0O3) and
PM by size (diameter <1, 2.5 and 10 pum [PM;, PM; 5, and PMyg] or
respirable). In addition, PMy, PM; 5, PM1p, NOx and O3 were moni-
tored outside the test room building. The following air constituents
were sampled continuously over the total 4 h of the test inside the
test room: individual and total VOCs; low-molecular-weight
carbonyl compounds (formaldehyde, acetaldehyde, acrolein and
crotonaldehyde); polycyclic aromatic hydrocarbons (PAHs); nico-
tine; glycerol; 3-EP; and TSNAs. Particle size, mass and number
concentration were also measured continuously every 10 s with an
electrical-mobility spectrometer. The species measured were cho-
sen to be representative of known tobacco smoke emissions, but
are limited in scope. A more comprehensive review of potential
species emitted was conducted as part of the device and consum-
able materials stewardship process (Eaton et al., 2017) including
untargeted emissions scanning and clearly laid out assessment
criteria for any chemical species identified. This was supported by
subsequent emissions testing (Forster et al., 2017). No additional
species were identified from these untargeted and targeted ana-
lyses as requirements for IAQ testing.

2.2.2. Participants

The study was approved by an ethics review panel. Adult ciga-
rette smokers (minimum age 22 years; minimum daily cigarette
consumption six cigarettes) who had smoked for at least 18 months
were recruited by a specialist agency. Prospective participants
attended a 2—3 h familiarisation session, and were able to use up to
three sticks of the THP after reading a study synopsis, under-
standing the purpose of the study and providing written informed
consent. This process identified a pool of non-rejecters of the THP
from which the study participants were selected. Participants were
free to leave the study at any time.

Four participants were present in the test room at any time,
along with an independent non-smoking moderator.
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2.2.3. Test room and monitoring locations

A furnished room was used for the IAQ tests, and an instrument
room for monitoring and sample-collection equipment adjacent.
PTFE sampling lines passed between the two rooms. Prior to the
tests, no smoking or vaping had previously taken place in the test
room, which had been maintained under natural ventilation con-
ditions (i.e., no air conditioning or openable windows).

The dimensions of the test office were (I x w x h)
420 x 2.95 x 3.05 = 37.8 m>. A table (1.8 x 0.9 = 1.6 m?) and 5
chairs were placed in the centre of the room. Air handling appa-
ratus was used to control the ventilation as closely as possible to
three different values, as defined in BS EN 15251 (BSI, 2007): resi-
dential I1, 1.20 air changes per hour ([ACH] 45.4 m® h™1); office (2.16
ACH, 81.6 m® h™1); and hospitality (7.68 ACH, (290.3 m> h™'). The
air handling system was a conventional building air-conditioning
system with both high-efficiency particulate air and carbon filters

Top view

on the inlet to remove external contaminants. On each day of
testing or when the ventilation condition was changed, the air
change rate was measured by using a tracer gas (butane) technique
(Walker and White, 1995). Air temperature and relative humidity
were monitored throughout the study. The test office, with meeting
table installed, is shown in Figs. 2 and 3.

Gaseous samples were drawn from the test room through
sampling media at various locations (Table 1) with pumps in the
adjacent instrument room. The gaseous samples were collected
into tubes or on to cartridges appropriate to the parameter being
monitored. To avoid transmission losses down sampling lines,
measurements of PM, CO, and CO were carried out in situ in the test
room. Each parameter was determined once per test. Particle size,
number and mass measurements, O3 and NOy were conducted with
the instruments external to the room.
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Fig. 2. Top and side views of the test room. DustTrak aerosol monitor and Q-Trak air-quality monitor, TSI Inc., Shoreview, MN, USA. Abbreviation: DMS = differential mobility

spectrometer.
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Fig. 3. Location of sampling bar and sampling tubes in the test room. DustTrak aerosol monitor and Q-Trak air-quality monitor, TSI Inc., Shoreview, MN, USA.

Table 1
Sampling locations in the test office.

Sampling location Height Position Air quality parameters monitored

1 Overhead Line above meeting table Ozone, NOy, VOCs, carbonyls, PAHs, nicotine, glycerol, TSNAs

2 Table top Centre line of meeting table Particle mass fractions (PM;, PM; s, PM;g), CO, CO,, temperature, relative humidity
3 Sitting height Centre of room Ventilation rate, particle size

Abbreviations: VOCs = volatile organic compounds; PAHs = polycyclic aromatic hydrocarbons; TSNAs = tobacco-specific nitrosamines; PM; = particulate matter (diameter
<1 um); PM, 5 = particulate matter (diameter <2.5 pum); PM;o = particulate matter (diameter <10 um).

2.24. Indoor air constituents

Before all tests, the continuous monitoring equipment used to
measure temperature, relative humidity, CO, CO,, O3, NOx and PM
was operated within the test office set-up for at least 24 h to allow
the equipment to stabilise and equilibrate. For each test, sampling
commenced immediately (t = O min) and finished at 4 h
(t = 240 min).

CO and CO, were measured continuously by using a real-time Q-
Trak Model 7575 monitor (TSI Inc., Shoreview, MN, USA) with limits
of quantification (LOQs) of 1 ppm (1164 pg m>) and 5 ppm
(9690 pg m—3), respectively. O3 was measured continuously by a
Thermo Environmental Systems Ozone Analyser 49C (Thermo
Environmental Instruments, Franklin, MA, USA) using a US Envi-
ronmental Protection Agency (EPA) reference equivalent method
(US EPA, 2016). The LOQ for ozone using this analyser was 1 ug m~3.
NO and NO, were measured continuously using a Thermo Envi-
ronmental Systems NOy Analyser model 42C (EPA reference
equivalent method), calibrated by use of bottled gas standards. The
LOQs of NO and NO, were both 1 ppb. NOy (in pg-m~3) was
determined as [NO (ppb) + NO; (ppb)] * 1.91 = NOx.

PM mass fractions (PMy, PMiespirable: PM25 and PMyg) were
measured continuously every 60 s by a real-time Model 8533
DustTrak monitor (TSI Inc.) with an LOQ for each mass fraction of
1 pg m~>. Particle size distribution was also monitored continu-
ously every 10 s by using a DMS-500 Mk II electrical-mobility
spectrometer (Cambustion, Cambridge, UK) in the range
5—1000 nm, with simultaneous measurement of particle mass and
particle number concentration. Sampling was conducted at
8.0 L min~! via conductive tubing (length, 5 m; internal diameter,
6 mm), with no particle losses predicted for particle diameters
>20 nm. LOQs are dependent on particle size, but number and mass
concentrations of 1 particle-cm™3 and 0.1 pg m~3, respectively,
were readily achievable. For later cigarette smoke samples, gravi-
metric PM was collected at 1.6 L min onto 37 mm glass fibre filters
(pore size, 1.6 um; Whatman Ltd, Maidstone, UK) as per the UK
guideline MDHS 14 (Health & Safety Executive, 2006).

Nicotine and 3-EP were determined by pumped sampling of air

at 1.5 L min~! onto an appropriate sorbent resin tube (XAD-4, SKC
Ltd, Blandford Forum, Dorset, UK), followed by preparation and
analysis according to ASTM D5075 (ASTM, 2017) at an accredited
laboratory (Bureau Veritas, MI, USA). The LOQ was 0.2 pg m~> for
nicotine and 0.1 pg m~3 for 3-EP.

Glycerol was determined by pumped sampling of air onto an
appropriate XAD sorbent resin tube (XAD-7, SKC Ltd.), followed by
gas chromatography—mass spectrometry (GC-MS) analysis at a
laboratory accredited by the United Kingdom Accreditation Service
(Scientific Analysis Laboratories (SAL) Ltd, Manchester, UK). The
LOQ for glycerol was 10 pg per tube. The maximum sampling vol-
ume was 100 ; thus, at a suitable flow rate for 240 min samples, the
LOQ of glycerol in air for glycerol was ~100 pg m>. Later samples
used two XAD-7 tubes in series at a flow rate of 1.7 L min~, giving
an LOQ of 43 pg m—3.

To measure airborne VOCs (boiling point, 60—280 °C), pumped
sampling of air at 0.025 L min~! onto a Tenax TA adsorbent tube
(Markes International Ltd., Llantrisant, UK) was carried out for
240 min. The tubes were then analysed by thermal desorption GC-
MS, in accordance with ISO standard method 16000—6:2011 (ISO,
2011a). The concentrations of VOCs and total VOCs (TVOC) were
quantified by flame ionization detection as the area of all com-
pounds eluting between and including hexane and hexadecane,
quantified as toluene equivalents, and the main compounds were
identified by MS. The LOQ for each individual VOC at the sampling
volume used was ~ 1-5 pug m—>.

Low-molecular-weight carbonyls (acetaldehyde, acrolein, cro-
tonaldehyde and formaldehyde) were measured by pumped sam-
pling of air at 1.0 L min~' onto 2,4-DNPH cartridges (Waters, UK)
over 240 min, followed by high-performance liquid chromatog-
raphy analysis in accordance with ISO standard method 16000—3
(ISO, 2011b). At the sampling volumes used, the LOQ was 1 ug m~>
for formaldehyde, and 2 ug m~3 for the other carbonyl compounds.

Sixteen PAHSs, corresponding to the US EPA's priority list (ace-
naphthene, acenaphthylene, anthracene, benzo[a]anthracene,
benzo[a]pyrene, benzo[b/k|fluoranthene, benzo[ghi]perylene,
chrysene, dibenzo[a,h]anthracene, fluoranthene, fluorene, indeno
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[123-cd]pyrene, naphthalene, phenanthrene and pyrene), were
determined by pumped sampling of air at 2.3 L min~! on to an
appropriate sorbent tube (XAD-2), followed by analysis by GC-MS
at Scientific Analysis Laboratories (SAL) Ltd. The LOQ for each
PAH was 0.1 pg per tube. The average sampling volume was
approximately 0.5 m> and, thus, the LOQ in air for each PAH was
0.2 pg m—>. Sampling was conducted only for one pair of residential
ventilation samples and for hospitality ventilation.

Four TSNAs, 4-N-nitrosonornicotine, 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone, = N-nitrosoanatabine and  N-nitro-
soanabasine, were determined by pumped sampling onto
bisulphate-impregnated Cambridge filter pads, followed by anal-
ysis by high-performance liquid chromatography-MS at a labora-
tory accredited by the United Kingdom Accreditation Service (Hall
Analytical, Manchester, UK). The LOQ for each TSNA was 0.1 ug per
filter. At a flow rate of up to 1.5 Lmin ", the LOQ for each TSNA in air
was ~0.3 pg m~> for 240 min samples. Sampling was conducted
only for one pair of residential ventilation samples and for hospi-
tality ventilation.

In summary, the suite of chemicals measured included the nine
identified by the WHO (Burns et al., 2008), as key potential toxi-
cants suggested for mandated lowering and reporting in main-
stream cigarette smoke emissions; that is, 1,3-butadiene,
acetaldehyde, acrolein, benzo[a]pyrene, benzene, carbon monox-
ide, formaldehyde, 4-N-nitrosonornicotine and 4-(methylni-
trosamino)-1-(3-pyridyl)-1-butanone.

2.2.5. Experimental sequence

THP1.0 and the T189 cigarette were tested in duplicate at all
three ventilation conditions; the D976 cigarette was tested only at
the lowest 1.2 ACH ventilation (i.e., the highest-concentration
condition). Measurements of TSNAs and PAHS were conducted
only at the lowest ventilation (highest concentration) conditions.
Emission estimates for PAHs and TSNAs relative to PM suggested
that these analytes were unlikely to be measurable in the 4 h
sampling period, even for cigarette smoke. A gravimetric filter
sample was added for later cigarette exposures to resolve differ-
ences between reported mass values from the real-time measure-
ment techniques. Gravimetric analysis was not carried out for
THP1.0 and the blank air samples because the predicted tare
weights from a sample (1—2 pg) were not measurable with suitable
precision.

Five test situations, each with a 4 h sampling period, were
conducted per week in three stages, corresponding to the three
ventilation conditions (Table 2).

Cigarettes were always smoked last in the week to minimise
carryover contamination, and the room ventilation continued to
operate overnight and at weekends to flush out potential residual
contaminants.

A total of 20 test products (residential condition) or 32 test
products (office and hospitality conditions) were smoked by the
four volunteers moderated in the sequence shown in Table 3.
Smokers were asked to take a puff once every 30 s for eight puffs.

All product use was completed while volunteers sat in the chairs

Table 2
Test situations and order of testing.

provided. At other times, the volunteers were free to leave their
chairs, but they were asked to not stand in the direct vicinity of the
monitoring equipment in order to keep environmental interference
to a minimum. Participants were allowed one 5 min comfort break,
if required, and this was noted by the moderator. During breaks
they were not allowed to consume any tobacco or vapour products.

2.3. Odour evaluation

2.3.1. Fabric and hair

Cloth or hair samples were installed in the upper part of a
compartmented exposure chamber. A cigarette or THP1.0 stick was
puffed in the lower compartment allowing any sidestream emis-
sions to be retained and mixed upwards. In this case, in the absence
of a human smoker, each mainstream puff was circulated back into
the lower chamber, a feature designed to simulate the worst
possible “sidestream” emission to the test objects. The lower
chamber is shown in Fig. 4 and the upper chamber loaded with hair
samples is shown in Fig. 5.

Modified industry smoking machines were used to generate
aerosol. Cigarettes and THP1.0 were puffed under the Health Can-
ada Intense regime of a 55 ml bell-shaped puff of 2 s duration every
30 s with 100% ventilation blocking for the commercial control
cigarettes, but no ventilation blocking for THP1.0(Eaton et al., 2017).

For the cigarettes T189 and D976, four puffs (fabric) or eight
puffs (hair) were taken from each stick, and both the mainstream
and sidestream smoke or aerosol generated were fed into the upper
exposure chamber. A third test cigarette, the reference cigarette
3R4F (University of Kentucky, Center for Tobacco Reference Prod-
ucts) was also used because this reference product was used to train
the odour assessment panel. For THP1.0, eight puffs were taken for
both fabric and hair testing. Previous method development and
validation had shown that four puffs from a cigarette represented
an optimal mid-point level for odour evaluation between ciga-
rettes, and this approach was maintained. In contrast, eight puffs
were used from the THP1.0, to represent the full use of the product,
and align its use with other testing. Thus, data were tested for
significant differences, not for percentage reduction.

Thirty seconds after the last puff, the upper exposure chamber
was completely shut off from the lower aerosol generation chamber
to allow the aerosol to settle on the test substrate material (fabric or
hair) for 60 min.

Sixty minutes after the final puff was taken, the fabric and hair
samples were aged in sealed glass jars for a minimum of 30 min
before the panellists undertook an assessment of the intensity of
cigarette smoke odour.

Volunteers for the odour sensory panel had been previously
recruited, selected and trained in accordance with ISO 8586—1 (ISO,
2012), as follows. Initially, to determine the optimum amount of
smoke to be assessed by the panellists, a dose—response relation-
ship was derived between the amount of sidestream smoke and the
intensity of the sensory perception (irritation and odour). The
detection threshold for a “fabric in jar” method was determined by
preparing serial dilutions of the reference standard 1-butanol,

Day of testing Testing condition

Day 1 morning
Day 2 morning
Day 2 afternoon
Day 3 morning
Day 3 afternoon

Unoccupied room

Room occupied by four smokers plus one moderator, but no tobacco products consumed
THP1.0 used to a moderated schedule by four smokers in presence of one moderator

Room occupied by four smokers plus one moderator but no tobacco products consumed
Cigarettes used to a moderated schedule by four smokers in the presence of one moderator

Abbreviation: THP = tobacco heating product.
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Table 3
Product use schedule.

Session time (HH:MM) Residential (1.20 ACH)

Office (2.16 ACH) Hospitality (7.68 ACH)

Panellists Panellists Panellists

1&3 2&4 1&3 2&4 1&3 2&4
00:00 1 Stick - 1 Stick - 1 Stick -
00:15 - 1 Stick - 1 Stick - 1 Stick
00:30 - - 1 Stick - 1 Stick -
00:45 1 Stick - - 1 Stick - 1 Stick
01:00 - 1 Stick 1 Stick - 1 Stick -
01:15 - - - 1 Stick — 1 Stick
01:30 1 Stick - 1 Stick - 1 Stick -
01:45 - 1 Stick - 1 Stick - 1 Stick
02:00 - - 1 Stick — 1 Stick —
02:15 1 Stick - - 1 Stick - 1 Stick
02:30 - 1 Stick 1 Stick - 1 Stick -
02:45 - — — 1 Stick — 1 Stick
03:00 1 Stick — 1 Stick - 1 Stick -
03:15 - 1 Stick - 1 Stick - 1 Stick
03:30 - - 1 Stick - 1 Stick -
03:45 - - - 1 Stick - 1 Stick
04:00 Session ends Session ends Session ends

Abbreviation: ACH = air change per hour.

Outflow of mainstream
to pump

Inflow of mainstream
to smoking chamber

Fig. 4. Smoking chamber with tubes (50 cm) to connect THP1.0 or commercial control
cigarette to the smoking machine and let mainstream aerosol back into the aerosol
generation chamber.

which the panellists assessed for tobacco odour and nose irritation.
The detection threshold was obtained at the 50% chance-corrected
probability point. The panellists were then trained to score in-
tensity ratings using ratio scaling (magnitude estimation) and a
standardised procedure, with 1-butanol used as a reference (fixed
modulus). They were then trained to rate a range of sidestream
smoke concentrations (reference cigarette 3R4F). The optimum
sidestream concentration to be assessed was identified halfway
between detection and terminal threshold.

For this study, 21 of trained panellists calibrated their odour
intensity assessment by first smelling a reference jar with the
stimulus (fabric or hair) exposed to mainstream and sidestream
smoke from the reference cigarette (3R4F), which was given a score
of 50. Cigarette smoke/THP aerosol odour intensity was then
assessed relative to the reference jar for each stimulus in pairs
(D976 and THP1.0; T189 and THP1.0; and T189 and D976) by using
magnitude estimation scaling methodology.

2.3.2. Skin odour evaluation
The assessment of cigarette smoke or THP1.0 aerosol odour

Fig. 5. Locks of hair arranged in the chamber ready for exposure. Twenty-four locks of
washed Asian hair (Banbury Postiche Ltd., Banbury, UK) were spread across the
exposure chamber, with eight locks placed equidistant across each of the three shelves
in the exposure chamber. Each lock of hair weighed approximately 7 g and was ~26 cm
in length.

intensity on skin was conducted on the pre-washed hands of the
users of the test products (D976, T189 and THP1.0). A minimum of
seven volunteers consumed the test product using one hand only,
following a regime of one puff every 30 s for eight puffs. The other
hand was kept clean to act as the reference point and given a score
of zero. The product was used 15 min before the odour evaluation. A
maximum of three panellists from a pool of 30 then assessed the
volunteer's hand for residual smoke or aerosol odour intensity in
comparison to the clean hand, using a category scale of 0—10,
where 0 = no odour and 10 = very high odour intensity. Assess-
ments were conducted in pairs (D976 and THP1.0; T189 and THP1.0;
and T189 and D976). Each product evaluation lasted a maximum of
30 min.

2.4. Data analysis

The study data were separated into time- and non-time-related
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measurements and treated as follows. For time-related measure-
ments, the data were first split into outdoor data and room data
(outdoor data were available only for PM mass fractions and NOy
measures). For CO measurements, the LOD was 1 ppm. For CO only,
any values below the LOD were set as half the LOD (i.e. 0.5 ppm).
Means were generated based on time-course data for the whole
session of 4 h. Descriptive statistics for each product or session at
each ventilation rate available were then generated (mean, mini-
mum, maximum, median, standard deviation and sample size).

For non-time-related (chemistry) data, first, cases with a status
of “not done” were removed from the analysis. Values below the
LOD or LOQ were set as missing and replicates for each product and
session were identified. Descriptive statistics for each product or
session at each ventilation rate available were then generated
(mean, minimum, maximum, median, standard deviation and
sample size). The data reported were used to calculate percentage
differences between test article 1 (THP1.0) and test article 2 (T189
and D976 commercial cigarettes) as follows:

Test Article 1 Value
Test Article 2 Value

%Difference(Test Article 1) = 100 — ( X 100) ,

where each test article value was background-corrected for its
same-day baseline value.

Table 4

41
3. Results
3.1. IAQ analysis

A summary of the measurement data for the IAQ study are
shown in Table 4 for THP1.0 and T189 at the three ventilation
conditions. For each analyte, the baseline reported is the level
measured before the THP1.0 test. Table 5 shows the equivalent data
for only the low ventilation hospitality condition for THP1.0 and the
two commercial cigarettes. For statistical analysis, values that were
less than the LOD or LOQ were not used.

3.1.1. Temperature and relative humidity

For the occupied room IAQ tests, temperatures within the room
ranged from 20.5 °C to 26.4 °C, and relative humidity within the
room ranged from 25.1% to 48.8%. Both parameters tended to in-
crease over time with room occupancy, as might be expected (data
not shown).

3.1.2. COy

As expected, CO, concentrations rose owing to respiration of the
occupants during occupied room tests. Background CO; levels of
around 400 ppm increased to mean levels of around
1600—1800 ppm during the occupied phases of the low ventilation
tests, with the concentrations peaking at approximately 2500 ppm.
At the other extreme of the highest ventilation, background CO,
levels of around 400 ppm increased to mean levels of around

Levels of toxicants in environmental emissions from THP1.0 versus a commercial control cigarette (T189).

Toxicant Home (1.2 ACH) Office (2.2 ACH) Hospitality (7.7 ACH) % Reduction Notes

Baseline T189 THP1.0 Baseline T189 THP1.0 Baseline T189 THP1.0
VOCs (ng-m—3)
1,3-Butadiene <5 <5 <5 <5 <5 <5 <5 <5 <5 - THP1.0 & CS < LOD
Isoprene 16 197 16 10 226 11 4 86 4 99.5 THP1.0 < baseline
Acrylonitrile <5 <5 <5 <5 <5 <5 <5 <5 <5 - THP1.0 & CS < LOD
Benzene 1 17 1 1 23 1 9 <1 THP1.0 < baseline
Toluene 2 31 3 2 34 2 2 13 2 99.1 THP1.0 < baseline
Propylene glycol <5 <5 <5 <5 <5 <5 <5 <5 <5 - THP1.0 & CS < LOD
Acrylamide <5 <5 <5 <5 <5 <5 <5 <5 <5 — THP1.0 & CS < LOD
TVOC 101 321 49 78 372 70 39 120 21 — THP1.0 < baseline
TVOC excluding major occupant VOCs 39 286 32 36 347 34 10 93 8 — THP1.0 < baseline
Carbonyls (ug-m—3)
Formaldehyde 16 36 18 15 48 16 9 23 9 94.8 —
Acetaldehyde 5 100 10 7 140 16 3 42 6 93.7 —
Acrolein <2 <2 <2 <2 <2 <2 <2 <2 <2 - THP1.0 & CS < LOD
Crotonaldehyde <2 <2 <2 <2 <2 <2 <2 <2 <2 — THP1.0 & CS < LOD
Other (ug-m~3)
Nicotine 2.4 58 03 0.6 54 14 <0.2 325 04 98.5 —
3-ethenyl pyridine <0.1 9 <0.1 <0.1 11 <0.1 <0.1 5 <0.1 THP1.0 < baseline
TSNAs® (ug on filter) <0.1 <0.1 <0.1 - - - - - - - THP1.0 & CS < LOD
PAHs” <0.2 <0.2 <0.2 - — — - — - — THP1.0 & CS < LOD
Glycerol <100 <100 <100 <44 <44 <44 <44 <44 <44 — THP1.0 & CS < LOD
CO (ppm) <1 <1 <1 <1 1.5 <1 <1 <1 <1 — THP1.0 < baseline
NO (ppb) 21 44 4 2 26 2 5 14 3 — THP1.0 < baseline
NO; (ppb) 9 10 8 8 12 8 13 16 12 - THP1.0 < baseline
NOx (ppb) 29 54 12 10 38 11 18 29 15 99.0 THP1.0 < baseline
PM;* 9.9 1251 71 24 1520 10.3 3.8 614 6.5 99.5 —
PM, 5° 10.2 1251 74 26 1521 10.7 39 614 6.6 99.5 -
PM;o° 17.8 1257 12.8 5.0 1524 13.8 6.0 616 84 99.5 —
PM; o (mobility)- 35 505 6 0.7 661 4.2 1.2 242 3.5 99.3 —
Particle number (cm—3) 9.6E+03 2.0E+05 1.0E+04 9.9E+02 2.9E+05 8.5E+03 2.3E+03 14E+05 4.7E+03 984 -
MMD (nm) 597 231 210 150 225 164 143 218 180 — —
Gravimetric PM - 597 - - 764 - - - - - -

2 TSNAs: 4-N-nitrosonornicotine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone, N-nitrosoanatabine and N-nitrosoanabasin.
b PAHs: acenaphthene, acenaphthylene, anthracene, benzo(a)anthracene, benzo(a)pyrene, benzo(b/k)fluoranthene, benzo(ghi)perylene, chrysene, dibenzo(ah)anthracene,

fluoranthene, fluorene, indeno(123-cd)pyrene, naphthalene, phenanthrene, pyrene.

€ PM; mobility values verified as accurate from gravimetric data in separate experiment. Abbreviations: THP = tobacco heating product; ACH = air changes per hour;
VOC = volatile organic compounds. CS = cigarettes smoke; LOD = limit of detection; TVOC = total volatile organic compounds; TSNAs = tobacco-specific nitrosamines;
PAHs = polycyclic aromatic hydrocarbons; PM = particulate matter; MMD = mass median diameter.
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Table 5

Levels of toxicants in environmental emissions under residential ventilation conditions (1.2 ACH) from different types of tobacco product.
Toxicant Baseline T189 D976 THP1.0 % Reduction Notes
VOCs (ug-m~3)
1,3-Butadiene <5 <5 <5 <5 — THP1.0 & CS < LOD
Isoprene 17 191 255 16 — THP1.0 < baseline
Acrylonitrile <5 <5 <5 <5 — THP1.0 & CS < LOD
Benzene 1 16 21 1 — THP1.0 < baseline
Toluene 2 29 32 3 98.9 -
Propylene glycol <5 <5 <5 <5 — THP1.0 & CS < LOD
Acrylamide <5 <5 <5 <5 — THP1.0 & CS < LOD
TVOC 174 373 362 49 — THP1.0 < baseline
TVOC excluding major occupant VOCs 72 298 312 32 - THP1.0 < baseline
Carbonyls (ug-m~3)
Formaldehyde 15.7 333 43.0 175 91.5 —
Acetaldehyde 8 100 118 10 98.0 -
Acrolein <2 <2 <2 <2 - THP1.0 & CS < LOD
Crotonaldehyde <2 <2 <2 <2 — THP1.0 & CS < LOD
Other (pg-m~3)
Nicotine 13 47.0 33.0 03 97 -
3-ethenyl pyridine 0.2 9.1 7.8 <0.1 - THP1.0 < baseline
TSNAs? (ug on filter) <0.1 <0.1 - <0.1 - THP1.0 & CS < LOD
PAHs"” <0.2 <0.2 — <0.2 - THP1.0 & CS < LOD
Glycerol <44 <44 <44 <44 — THP1.0 & CS < LOD
CO (ppm) <1 <1 13 <1 — THP1.0 < baseline
NO (ppb) 12 30 22 4 - THP1.0 < baseline
NO; (ppb) 9 12 11 8 - THP1.0 < baseline
NOx (ppb) 20 42 33 12 — THP1.0 < baseline
PM; (light scattering)® 10.6 1392 1529 71 — —
PM 5 (light scattering) 10.8 1392 1536 74 — —
PM; (light scattering) 17.0 1398 1541 12.8 — —
PM; (mobility) 23 510 572 6 - -
Particle number (cm~3) 7.4E+03 1.9E+05 2.4E+05 1.0E+04 98.5 -
MMD (nm) - 234 227 210 - -
Gravimetric PM - 597 557 - - -

4 TSNAs: 4-N-nitrosonornicotine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone, N-nitrosoanatabine and N-nitrosoanabasin.
> PAHs: acenaphthene, acenaphthylene, anthracene, benzo(a)anthracene, benzo(a)pyrene, benzo(b/k)fluoranthene, benzo(ghi)perylene, chrysene, dibenzo(ah)anthracene,

fluoranthene, fluorene, indeno(123-cd)pyrene, naphthalene, phenanthrene, pyrene.

¢ PM; mobility values verified as accurate from gravimetric data in separate experiment. Abbreviations: THP = tobacco heating product; ACH = air changes per hour;
VOC = volatile organic compounds. CS = cigarettes smoke; LOD = limit of detection; TVOC = total volatile organic compounds; TSNAs = tobacco-specific nitrosamines;
PAHs = polycyclic aromatic hydrocarbons; PM = particulate matter; MMD = mass median diameter.

600—700 ppm during the occupied phases of the tests, with the
concentrations peaking at approximately 830 ppm (data not
shown).

3.13. CO

Significant levels of CO were not detected (all measurements
<1 ppm) during any of the tests except for short periods of time
(1—4 min) during the cigarette IAQ tests. This finding reflects a
general limitation of electrochemical sensors widely used for this
measurement, based upon a consensus that exposure levels of
<1 ppm are not of physiological or toxicological concern (WHO,
1999). In this case, to calculate mean values for the time-resolved
data, data points below the LOD were set at half the LOD, and
means were generated based on time-course data for the whole 4 h
session. Calculated 4 h mean values that were <1 ppm were re-
ported as below the LOD.

3.1.4. Oxides of nitrogen

In most tests, the concentrations of NO, and particularly nitric
oxide NO in the room broadly followed those measured outdoors
(data not shown), but with a time-lag associated with the ventila-
tion rate of the building and the test room. The exception to this
pattern was tests where cigarette smoking took place, during which
there was a noticeable increase in the concentrations of NO in the
test room.

The lack of CO and NOy observed during THP1.0 use is consistent
with a significantly reduced emission of combustion marker com-
pounds (Eaton et al., 2017).

3.15. 03

Due to the reactivity of O3 and the carbon filters in the me-
chanical ventilation system supplying air to the test room, in most
tests the indoor concentration of ozone tended to stay in the range
2—10 ppb, despite fluctuations in the outdoor O3 levels. The ozone
analyser used in these tests measured the O3 concentration via the
absorbance of ultraviolet radiation at a wavelength of approxi-
mately 274 nm; cigarette smoke contains many chemical com-
pounds, some of which clearly also adsorbed ultraviolet radiation at
the same wavelength. This was shown both by the O3 ‘measure-
ments’ apparently seen during the cigarette smoking tests in both
the test room and outdoors (because the common analyser
switching between the indoor and outdoor sampling heads
remained affected by the cigarette smoke). It was therefore
concluded that the elevated O3 readings obtained in the cigarette
IAQ tests should be viewed as unreliable due to smoke interference
with the instrument's detection methodology, and these data are
not shown.

3.1.6. Volatile organic compounds

BS ISO 16000—6:2011 defines TVOC as the “sum of volatile
organic compounds, sampled on Tenax TA®, that elute between and
including n-hexane and n-hexadecane on a non-polar capillary
column, detected by flame ionization (TVOC-FID) or MS (TVOC-
MS), and quantified by converting the total area of the chromato-
gram in that analytical window to a nominal mass using the
chromatographic response factor for toluene (toluene equivalents)”
(ISO, 2011a). It was noted that a number of VOCs were siloxanes and



M. Forster et al. / Regulatory Toxicology and Pharmacology 93 (2018) 34—51 43

terpenes, which were identified as originating from the occupants.
These compounds were quantified as toluene (toluene equivalent),
and the “total occupant (toluene equivalent) VOCs” were sub-
tracted from TVOC to give “total VOCs excluding major occupant
VOCs”.

In air sampled around THP1.0, TVOC and the following seven
VOCs did not exceed levels measured in background room samples:
isoprene, benzene and toluene, which were quantifiable; and 1,3-
butadiene, acrylonitrile, acrylamide and propylene glycol, which
were below the LOD.

At the start of the experiment, the air in the room was relatively
clean, having been passed through a filtration system, with a TVOC
concentration of less than 5 pg m~>. Over time in the occupied
room, the TVOC increased (albeit to a concentration that was about
one-quarter of the limit in the UK Building Regulations or the
BREEAM Hea 02 limit of 300 pg m~3; BREEAM, 2011). When the
occupant VOCs were subtracted from the TVOC value, the increase
in TVOC content was more modest. During the IAQ test for THP1.0,
TVOC decreased but the “TVOC less occupant VOC” concentration
remained at about the same. Thus, it may be reasoned that the use
of THP1.0 had little effect on TVOC. In contrast, when cigarettes
were smoked there was a marked increase in TVOC to levels to near
or slightly exceeding the 300 pg m—3 limit. This increase was largely
due to elevated levels of isoprene, toluene and benzene.

3.1.7. Carbonyl compounds

Formaldehyde and acetaldehyde levels from use of THP1.0 were
greater than background room levels, but significantly lower
(>90%) than levels from cigarette use. Neither acrolein nor croto-
naldehyde was detected in any of the air samples. At the lowest
ventilation level, formaldehyde remained constant at 9—18 pg m 3
during background tests and THP1.0 use, and increased to up to
48 pg m~3 during cigarette use. The concentration of acetaldehyde
varied between 3 and 8 ug m~3 during background measurements,
and increased to a maximum of 16 pg m—> during THP1.0 use and
~140 pg m~ during cigarette use.

3.1.8. PAHs

The concentrations of 16 PAHs, including benzo[a]pyrene were
below the LOD (<0.2 pg m~3) for both the T189 cigarette and
THP1.0.

10000

1000
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=
o
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3.1.9. TSNAs
Similarly, the concentrations of the four TSNAs were below the
LOD (<0.1 pg) for T189 and THP1.0.

3.1.10. Nicotine, 3-EP and glycerol

Nicotine environmental emissions for THP1.0 were reduced by
97% as compared with those from cigarettes. 3-EP was measured in
the air during cigarette use but was below the LOD (<0.1 pg m—3)
during THP1.0 use. Glycerol was below the LOD (<44 pg m~3) for
both cigarettes and the THP.

3.1.11. Particle mass

Particle mass was measured by both a light-scattering technique
(TSI DustTrak, operating range 300—10,000 nm), which splits the
aerosol concentration into multiple size bins including PM;, PM3 5,
PMy, respirable PM and total mass, and a more sensitive electrical-
mobility technique (DMS500, operating range 5—1000 nm), giving
effectively PM;. Aerosol mass concentrations were significantly
reduced (>99%) for THP1.0 relative to the commercial cigarettes for
both techniques.

However, the two techniques produced different absolute mass
values for PMj: the light-scattering technique gave values that
were, on average, 2.5 times greater than those obtained by elec-
trical mobility. A series of separate gravimetric filter analyses were
made for cigarette smoke, which supported the accuracy of the
electrical-mobility technique as follows:

Mobility mass = 0.89 x gravimetric mass (R*> = 0.81)
Light scattering mass = 2.30 x gravimetric mass (R*> = —11.25)

Gravimetric data could not be measured for THP1.0 because the
predicted tare weights (<1—2 pg) from a 4 h sample at 1.0 L min~"
were too low to measure precisely or accurately by weighing.

An example graph of particle (mobility) mass versus time for
baseline measurements for THP1.0 aerosol and T189 cigarette
smoke under the office ventilation condition is shown in Fig. 6.
Fig. 7 shows a series of time plots for the T189 and D976 cigarettes
under the various ventilation conditions. The distinctive repeating
saw-tooth pattern suggests that there was good compliance with
the volunteer smoking schedule, and good mixing within the room.
The consistent build-up and decay also indicates that ventilation

T189_office

THP1.0_office

THP1.0_air control
T189_air control

THP1.0_air control

Fig. 6. Logarithmic plot of particle mass data for T189 cigarette smoke, THP1.0 aerosol and baseline data under the office ventilation condition (2.2 ACH). Different colours are used
to discriminate between replicates. Abbreviations: THP = tobacco heating product; ACH = air change per hour.
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Fig. 7. Plot of cigarette smoke particle mass under the three different environmental conditions. (a) Cigarettes T189 and D976: 20 cigarettes smoked at 1.2 ACH. (b) Cigarette T189:
32 cigarettes smoked at 2.2 and 7.7 ACH. Different colours are used to discriminate between replicates. Abbreviation: ACH = air changes per hour.
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Fig. 8. Plot of uncorrected particle mass versus time for five THP1.0 IAQ tests at differing ventilation rates. Morning background averages ranged from 0.1 to 2.2 pg m~> under the
office and hospitality ventilation conditions. Particle generation from THP1.0 was consistent with the volunteer usage schedules, but significantly (99%) lower than that from
cigarette smoke. Different colours are used to discriminate between replicates. Abbreviation: THP = tobacco heating product.
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rates were consistent throughout the experiment.

Fig. 8 plots PM versus time for five THP1.0 IAQ tests in the
context of baseline measurements. It can be observed that the mass
concentrations lie in the same order of background levels, and do
not exceed recommended indoor and outdoor air guidelines.

3.1.12. Particle number concentration

Particle number emissions were reduced by 98% for THP1.0
relative to cigarette smoke. An example graph of particle number
concentration versus time is shown in Fig. 9 for background mea-
surements, THP1.0 aerosol and T189 cigarette smoke under the
home ventilation condition (1.2 ACH). The logarithmic scale in Fig. 9
illustrates the pattern of THP1.0 emissions; the activity can be
observed but is two orders of magnitude lower than the activity
from cigarette smoke.

3.1.13. Particle size

Mass median diameter data indicated that the THP1.0 aerosol
and cigarette smoke produced similarly sized particles, typically in
the 150—250 nm range (i.e., respirable). This is consistent with
formation of a condensation aerosol and, in the case of cigarette
smoke, is consistent with literature values for sidestream smoke.
The diameter tended to decrease at higher ventilation (and hence
higher dilution) rates. An example graph of particle size versus time
is shown in Fig. 10 for THP1.0 and T189 cigarette smoke under the
home ventilation condition. The data show that the particle
diameter tended to increase slowly during periods when the con-
centration was decreasing, in other words, when there was no
smoking activity current in the room. This is consistent with aerosol
accumulation processes (collisions): as fresh aerosol is generated,
the smaller primary droplets reduce the median diameter.

Overall, these particle metrics indicate that aerosol is generated
when THP1.0 is used, but the aerosol is of the order of baseline
concentrations within the room, and significantly lower than

4.5E+05
4.0E+05
3.5E+05
3.0E+05
2.5E+05
2.0E+05
1.5E+05
1.0E+05
5.0E+04

Particle mass ug m=3

cigarette smoke emissions. It is not possible to discriminate from
this study design whether the aerosol from THP1.0 is a direct
emission from the tobacco rod or aerosol exhaled by the product
user, although the latter is deemed to be more likely.

3.2. Comparison of odour between conventional cigarettes and
THP1.0

In the first test, 21 panellists trained in odour assessment
assessed fabric or hair samples exposed to either mainstream plus
sidestream smoke from conventional cigarettes or aerosol from
THP1.0, relative to the odour from a reference cigarette (3R4F),
which was given a score of 50.

In the second test, the odour on the exposed hand of the product
user was scored on a scale from 0 to 10 relative to their clean hand,
which had not handled the product (Table 6 and Figs. 11 and 12).

In all cases (i.e., fabric, hair and skin), the residual tobacco smoke
odour was significantly less for THP1.0 than for the conventional
cigarettes. The test scores for the two cigarettes did not differ
significantly for Fabric and Hair, but were significantly different for
Skin.

4. Discussion
4.1. IAQ: environmental emissions

4.1.1. Chemistry

The chemical species chosen for measurement in this work
reflect a combination of known tobacco smoke emissions, including
those reported previously for environmental exposure, and key
compounds of toxicological interest (Burns et al., 2008). The
selected analytes are supported by the present results for cigarette
smoke exposure, where increases over baseline were observed and
levels were at or above those previously reported in field

Cigarette T189
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Fig. 9. Plot of particle number concentration (linear and logarithmic) with time for air control baseline, THP1.0 and T189 cigarette smoke at 1.2 ACH. Abbreviations: THP = tobacco

heating product; ACH = air change per hour.
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Fig. 10. Particle mass median diameter versus time for THP1.0 and T189 cigarette smoke at 1.2 ACH; THP1.0T data are noisier due to significantly lower particle concentration.
Abbreviations: THP = tobacco heating product; ACH = air change per hour; CS = cigarette smoke.

Table 6

Intensity scores for tobacco odour on fabric, hair and skin for THP1.0 and cigarettes T189 and D976.

Test number Stimulus Product code Number of panellists Odour score P value (t-test)
Mean SD

1¢ Fabric D976 21 54.5 133 <0.0001
THP1.0 21 33 43

2¢ Fabric T189 21 473 9.8 <0.0001
THP1.0 21 7.9 7.4

37 Fabric D976 21 42.6 15.6 0.4907
T189 21 419 18.7

4° Hair D976 21 50.0 8.4 <0.0001
THP1.0 21 9.1 149

57 Hair T189 21 48.8 7.7 <0.0001
THP1.0 21 9.3 9.6

67 Hair D976 21 41.2 184 0.4958
T189 21 42.1 14.1

7° Skin D976 26 4.9 20 <0.0001
THP1.0 26 0.7 1.3

8> Skin T189 20 6.3 2.1 <0.0001
THP1.0 20 14 1.9

9> Skin D976 26 6.0 22 0.0002
T189 26 4.2 2.5

2 Paired t-test was performed on geometric means of the log-transformed data (scale 0—100).
b Ppaired t-test on untransformed data scale 0 to 10. Abbreviation: THP = tobacco heating product.

environmental studies for most of the measured species. We note
that glycerol, PAHs and TSNAs were not detected for either THP1.0
or the cigarettes, reflecting limitations in the capacities of the
sampling media used.

For most species measured, data for THP1.0 were below the LOD
or not significantly different from baseline levels. The exceptions
were nicotine, formaldehyde, acetaldehyde, particle mass and
particle number, which were raised above baseline values. How-
ever, the levels of these analytes were significantly less for THP1.0
than for the commercial control cigarettes. It is recognised how-
ever, that detection and quantification of several the chosen species
were limited by the LOD of the analytical methods, the capacity of
the sample media, and a practical limitation on volunteer exposure
times and exposure levels. Estimated reductions may require vali-
dation of new analytical methods, although magnitude estimates
may also, in part, be gauged from relative mainstream emissions
data (Forster et al., 2017).

Although multiple IAQ studies have been conducted on e-

cigarettes (e.g., as reviewed by Hess et al., 2016), there are very few
1AQ data for THPs. This, in part reflects, the fewer THP products that
are commercially available and their more recent emergence into
(so far) limited markets. The most comprehensive study is that
reported by Mitova et al. (2016), following a validation paper by
Mottier et al. (2016), who carried out similar sampling under
multiple ventilation conditions for tobacco heating system 2.2
(THS2.2) versus a cigarette. In this case, THS2.2 is designed to work
differently from THP1.0 and the tobacco rod is heated to a different
temperature profile, not exceeding 350 °C (Smith et al., 2016). The
result from this study shows that only acetaldehyde and nicotine
were observed above baseline levels during THS2.2 use, at levels of
up to 5.1 pg m~> for acetaldehyde and up to 1.81 pg m~> for nico-
tine, representing a reduction versus cigarette smoke of more than
90%. In comparison, baseline-corrected values for THP1.0 in the
present study were up to 0.8 pg m > for nicotine and up to 9 pg m—>
for acetaldehyde, although more products were used in the current
study. Cigarette smoke data were comparable across exposures, but
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were generally around twice as high in the present study (five or
eight products per hour smoked) as in Mitova et al.’s (2016) study
(three or four products per hour smoked). Measurements of par-
ticle mass by Mitova et al. were below an LOD of 14.7 pg m >, which
is consistent with our PM; mobility values of <5 pg m~> obtained
with a measurement technique that was significantly more
sensitive.

Tricker et al. (2009) compared IAQ between aerosol from an
electrically heated cigarette smoking system (EHCSS) and smoke
from a conventional cigarette, using similar markers across multi-
ple ventilation environments. They found that 24 of 29 smoke
constituents were reduced by more than 90% for the EHCSS and the
other five by 80%—90% (average 94% + 4%); for example, PM,
nicotine and acetaldehyde were reduced by 90%, 97% and 93%,
respectively. Frost-Pineda et al. (2008) also reported ETS data for
the EHCSS, but less comprehensively than Tricker et al. (2009).

More recently, Protano et al. (2016) measured particle size and
number emissions in the 5.6—560 nm range for the iQOS™ THS (the
commercial name for a variant of THS2.2) versus a conventional
cigarette and modelled particle deposition in the lung. No absolute
concentration data were reported, but particle concentrations were
noted to be fourfold higher for the cigarette than for the THS, with
the cigarette particles persisting longer in the atmosphere after
cessation of smoking. The rapid loss of heated tobacco particles was
ascribed to rapid accumulation, which would expand the particles
beyond the 560 nm measurement range, but it seems equally likely
to be due to evaporative losses, because Mitova et al. (2016)
describe the mainstream output of the similar THS2.2 product as
being 76% water, 10% glycerol and 3% nicotine.

A very limited single-spectrum qualitative study by O'Connell
et al. (2015b) that used proton transfer reaction MS suggested
that sidestream VOC emissions from THS were more complex than
those from an e-cigarette or a Nicorette™ Inhalator (Johnson &
Johnson, New Brunswick, NJ, USA), but less complex than side-
stream cigarette smoke. In contrast to the studies of Mitova et al.
(2016) and Ruprecht et al. (2017), however, no quantification was
carried out.

Ruprecht et al. (2017) conducted a wider analytical study on THS
versus a conventional cigarette in which two or three volunteers
smoked six products per hour in a 48 m® room under 1.54 ACH.
They concluded that, where detectable, emissions from THS were
significantly less than those from the cigarette. In their study,
emissions were newly detected for black carbon and certain metals,
plus a series of n-alkanes, organic acids and levoglucosan. Previ-
ously reported markers included particle mass (>99% reduction),
particle number (>76% reduction), formaldehyde (93% reduction),
acetaldehyde (>94% reduction) and acrolein (>97% reduction).

In summary, the limited published data regarding environ-
mental emissions and effects on IAQ for THPs are in general
agreement: there is no evidence of combustion by-products, such
as CO or NOy. There is evidence for the generation of some distilled
and thermal degradation products, as well as for aerosol droplet
formation, but these are significantly reduced as compared with
conventional cigarette smoke. Most tobacco smoke toxicants of
those measured are detected at baseline levels or are below the LOD
of the experimental systems reported.

To understand how chamber studies may relate to real-life field
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conditions, it is useful to look at published values for particle mass
and nicotine exposures from tobacco smoking. Very few data have
been reported recently, which may be a consequence of the indoor
smoking restrictions that have emerged in many jurisdictions, with
a consequent fall in survey work. A reasonably comprehensive
overview of published data sets was carried out in 2000 by Jenkins
et al. (2000), who noted that the data should be approached with
caution due to the use of multiple techniques with different sen-
sitivities and LODs. In general, however, most studies in home,
work and hospitality environments report averages of <100 pug m >
PM and <10 pg m~> nicotine, although more extreme values of up
to 1000 ug m~> PM have been reported.

More recently, Health Canada (2016) reported average indoor
PM, 5 concentrations of 15 pg m~> in non-smoking homes versus
35 pg m~> in homes with smokers. At the other extreme, in a study
of 28 German hospitality venues where smoking was permitted,
Bolte et al. (2008) found median levels of nicotine of 15 pg m~> in
restaurants, 31 pg m—> in pubs, and 193 pg.m> in discotheques;
median levels of 3-EP ranging from 3 to 24 pg.m>; median levels of
benzene of 8—20 pg.m>; and median levels of the sum of 16 PAHs
(in accordance with the US EPA) of 215—375 ng m—>. Median PM, 5
mass concentration (gravimetric) ranged from 178 to 808 ug m3,
and particle number concentration from 120,000 to 210,000 par-
ticles per cm?>.

Thus, at up to 764 pg m~> (gravimetric) PM and 54 pg m—>
nicotine, the measured levels for cigarette smoke exposure in the
present IAQ study suggest exposures at the more intense end of the
spectrum.

Formaldehyde and acetaldehyde were also noted to have
slightly increased over baseline levels in this experiment, with
formaldehyde being of greater toxicological concern. It is noted that
both the baseline values and increments for formaldehyde lie
within a wide range of reported literature data for indoor and
outdoor exposure, arising from multiple sources of exposure,
particularly in the indoor environment (Salthammer, 2013;
Salthammer et al., 2010).

The real-time particle mass and number data from the mobility
spectrometer at 10 s resolution with high sensitivity offer useful
insight. The observed saw-tooth pattern of build-up and decay for
cigarette smoke (Figs. 6 and 7) was highly consistent, suggesting
both good mixing in the room and good volunteer compliance with
the required smoking patterns. The high sensitivity also demon-
strated that there was a similar aerosol production and decay
pattern for THP1.0, albeit at two orders of magnitude lower than
the cigarette smoke.

There are observed anomalies with the light-scattering data
from the TSI DustTrak instrument. In general,
PM1o = PM3 5 = PMjg, suggesting all the aerosol is sub-micron; this
is consistent with condensation aerosols and in agreement with the
mass median diameter measurements of <300 nm. However, the
light-scattering and electrical-mobility techniques differed for ab-
solute mass values at PM: the light-scattering technique yielded
values that were, on average, 2.5 times higher than those of the
electrical-mobility measurements. As noted previously, separate
gravimetric filter analyses for cigarette smoke, supported the ac-
curacy of the electrical mobility technique.

This is a recognised phenomenon of the two techniques: the
scatter intensity of an aerosol falls off rapidly at aerosol diameters
less than the wavelength of light, and, ideally, calibrations of the
light-scattering technique versus a gravimetric filter are desirable
for controlled chamber studies. This may be less effective for un-
controlled field studies in real domestic, office and hospitality en-
vironments, where multiple particle sizes might be encountered
and a calibration factor applied to correct one end of the size
spectrum could influence the recording of other sizes.

Field studies conducted by Jenkins et al. (2004) indicated that
the TSI DustTrak units might over-report actual PM concentrations
by a factor of 2.6—3.1, depending on whether the sampling is con-
ducted in the non-smoking or smoking section of the test locations.

In the present study, the particle diameters reported for ciga-
rette smoke and the THP1.0 aerosol were <300 nm mass median
diameter with geometric standard deviation in the range 2.2—2.5.
Count median diameters were approximately 110 nm and 60 nm
for the T189 cigarette and THP1.0, respectively; the cigarette smoke
data are consistent with previously reported data (e.g., Guerin et al.,
1987).

4.1.2. Air quality standards

A significant driver in the development of new categories of
nicotine delivery systems by inhalation is the potential for harm
reduction. This has been recognised in part for vapour products
(McNeill et al., 2015; RCP, 2016), although others remain more
cautious (Ferndndez et al., 2016). For cigarette smoke, environ-
mental exposure has been identified by various regulatory au-
thorities as a public health concern. For example, in 2006, the
California EPA Air Resources Board identified ETS as a toxic air
contaminant, and concluded that, owing to carcinogens being
present, there was no acceptable air quality limit (US EPA, 1992;
California Air Resources Board, 2006).

There has also been an increasing awareness of the potential
impact of air pollution on public health (WHO, 2005; WHO, 2016),
particularly from other combustion sources, and there are signifi-
cant ongoing activities to reduce emissions and improve air quality
through increasingly rigorous air quality standards.

Although humans in developed countries spend more than 90%
of their time indoors, IAQ standards are relatively sparse and
fragmented. The most comprehensive standards are those for in-
dustrial workplaces, but these are set at relatively high levels and
are not generally deemed as appropriate for environmental expo-
sures for the wider population.

For example, the UK Health & Safety Executive sets occupational
exposure limits for many relevant compounds such as propylene
glycol (474,000 pg m~3), glycerol (10,000 pg m~3), nicotine
(500 pg m3), formaldehyde (2500 pg m~3), acetaldehyde
(37,000 pg m~3), acrolein (230 pg m~3), Total VOC (300 pg m~3),
acrylamide (300 pg m~3), acrylonitrile (4400 pg m—>), benzene
(3250 pg m73), 13—butadiene (22,000 pg m3), CO,
(9,150,000 pg m~3), CO (35000 pg m~3), nitrous oxide
(183,000 pg m3), toluene (191,000 pg m~3), and PAH (200 pg m—3)
(Health & Safety Executive, 2011) but, as noted above, these are not
necessarily appropriate for the general population. In Japan, the
Japan Society for Occupational Health (2016) recommends the
Occupational Exposure Limits as reference values for preventing
adverse health effects on workers, including those caused by
occupational exposure to chemical substances. Relevant species
include acetaldehyde (90,000 pg m>) and formaldehyde
(120 pg m3).

The World Health Organization (2010) has published guidelines
for indoor air for benzene (no safe level), CO (8 h exposure,
10,000 pg m~3; 24-h exposure, 7000 pg m—>), formaldehyde
(30—min exposure, 100 ug m~>; rounded down from the no adverse
effect level of 600 ug m— divided by 5 to avoid sensory irritation),
naphthalene (10 pg m~3 annual average), NO, (1 h average,
200 pg m~>) and PAHs (no safe level).

An earlier EU Index project ascribed high priority to CO (8 h
exposure, 10,000 pg m—>), NO,, (<40 pg m~> annual average) and
naphthalene (10 pg m~3) (European Commission, 2005); however,
it questioned whether the NO; limit could be achieved due to high
outputs from gas appliances. Benzene was ascribed no safe level,
but the study measured a median concentration of 4.2 + 3.2 pg m—>
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with a 90™ percentile of 11.5 + 11.1 pg m > and believed that a limit
of 10 pg m~3 might be achievable. Similarly, concern was expressed
for formaldehyde exposures of >1 pg m—>, while recognising me-
dian and 90™ percentile exposures of 26 + 6 pg m~> and
59 + 7 pg m >, respectively. Secondary priorities were recom-
mended for acetaldehyde (200 pg m—3) and toluene (300 pug m—3).

Although designed primarily for testing VOC emissions from
indoor sources, the California Department of Public Health (2017)
produced a standard test method using environmental chambers.
This laid out guidelines for chemicals including acetaldehyde
(70 pg m~3), benzene (1-5 pg m~3), formaldehyde (9 pg m~—3),
naphthalene (4-5 pg m~>) and toluene (150 pg m~3).

Health Canada (2016) issued a series of residential IAQ guide-
lines with recommended exposure limits incorporating long-term
exposure limits for health problems that can occur from contin-
uous or repeated exposure over several months or years, and short-
term exposure limits, for health problems that can occur immedi-
ately after a brief exposure. Relevant species included benzene
(keep indoor levels of benzene as low as possible), CO (24 h
exposure, 11,500 pg m—>; 1 h exposure, 28,600 pg m>), formal-
dehyde (8 h exposure, 50 pg m~>; 1 h exposure, 123 ug m—3), PM, 5
(keep indoor levels of PM; 5 as low as possible, use a stovetop fan
[that exhausts outdoors] while cooking, and do not allow smoking
indoors), naphthalene (24 h exposure, 10 ug m3), NO, (24 h
exposure, 20 pg m~>; 1 h exposure, 170 ug m—>), O3 (8 h exposure,
40 pg m~>) and toluene (24 h exposure, 2300 pg m—>; 8 h exposure,
15,000 pg m3). It was noted for PM,s that averages were
<15 pg m~2 in homes without smokers and <35 pg m~2 in homes
with smokers (Health Canada, 2016).

Some guidance can be found from outdoor air quality standards.
The US EPA (2015) recommends an annual PM,s standard of
12 ug m~> and an annual NO, standard of 57 ug m~>. The World
Health Organization (2016) recommends an annual PM, 5 stan-
dard of 10 pg m 3, a 24 h PM, 5 standard of 25 pg m~>, an annual
NO; standard of 57 pg m— and a 1 h NO, standard of 200 ug m—>.
The European Union recommends annual outdoor air standards for
PM,s5 (25 pg m~3), NO, (40 pg m~3) and benzene (5 pg m—2)
(European Commission, 2005). The Ministry of the Environment,
Government of Japan (2014) suggests outdoor air standards for
PM_5 (15 pg m~> annual; 35 pg m~ daily), NO, (76—115 pg.m3)
and benzene (3 pg m~>). It can be observed that there is an
increasing degree of consensus across the various recommended
limits.

It is notable in the context of the present study that the short-
term concentrations of toxicants from intense cigarette smoke ex-
posures exceeded some of the long-term exposure limits, for
example, for VOCs, benzene, formaldehyde and PM, 5. By contrast,
the short-term concentrations of all measured THP1.0 emissions
were within the long-term exposure limits.

4.2. Odour

In all test substrate materials — namely fabric, hair and skin —
the residual tobacco smoke odour was found to be significantly less
for THP1.0 than for the test cigarettes. The test scores of the two
cigarettes did not differ significantly between fabric and hair, but
were significantly different for skin. It should be noted that the
nature of the exposure was different in the two sets of experiments.
For skin exposure, the smoker used the cigarette or THP1.0 in one
hand, which would thus be exposed to sidestream aerosol from the
inter-puff phase and to exhaled mainstream aerosol, albeit briefly.
Lower scores might be expected for THP1.0 because it does not
combust the tobacco (Eaton et al., 2017) and, effectively, does not
smoulder between puffs. The mainstream chemistry of THP1.0 is
also significantly less complex than that of cigarette smoke (Forster

et al., 2017); it has a significantly reduced vapour phase, which
tends to be responsible for much of the irritation attributed to
cigarette smoke sidestream emissions. Notably, there was a sig-
nificant difference in the skin test scores of the two cigarettes, and
the order of intensity was reversed from that observed when they
were pair-tested versus the THP. It is possible that the chemical
composition of the smoke from the two cigarettes differed because
T189 contained US blend-style tobacco and D976 Virginia-style
tobacco.

For the studies of residual odour on fabric and hair, the smoke
aerosol was generated by machine and the substrate samples were
exposed to the combined mainstream and sidestream aerosol; in
real life, much of the mainstream smoke is retained by the smoker,
especially the lower-molecular-weight vapour-phase compounds,
of which typically 90—95% are retained (Baker and Dixon, 2006;
Feng et al., 2007; Moldoveanu and St. Charles, 2007; St. Charles
et al., 2013). Again, the lower scores for residual odour for THP1.0
might be expected owing to the lack of combustion, inter-puff
smoulder and significantly reduced mainstream aerosol emissions
(Eaton et al., 2017; Forster et al., 2017).

Measurement of residual odour in the room used for IAQ studies
was considered, but deemed impractical on both logistic and sci-
entific grounds. Experimentally, this would have required a further
independent group of volunteers because the group within the
room might be habituated to any residual odour. On scientific
grounds, it is unlikely that the room would have reached an equi-
librium with respect to deposited smoke (Piadé et al., 1999) or
washout of second-hand smoke.

5. Conclusions

In summary, THP1.0 has a significantly lower impact on IAQ than
conventional combustible cigarettes, driven by a significantly lower
emissions profile of both aerosol particles and chemical emissions
in respect of the toxicants measured.

In the chamber study, particle and chemical emissions were
observed at low levels, with particle metrics of mass and number
>98—-99% lower than cigarette smoke. Particle diameters were
similar for THP1.0 aerosol and cigarette smoke. For THP1.0, most
test analytes were below detectable levels or did not exceed
baseline levels. For those that were measurable — namely, nicotine,
acetaldehyde and formaldehyde — the levels were typically >90%
lower than those from cigarette smoke. These data are consistent
with other THPs. Environmental emissions from THP1.0 would
conform to published IAQ guidelines, such as those from the World
Health Organization (2010) and, for particles, would conform to
target the World Health Organization (2016) outdoor air annual
mean limits of 10 ug m3 PM; 5.

In conclusion, this study found that THP1.0 had significantly less
impact on IAQ, and that the emissions from THP1.0 are significantly
less odorous than those from conventional cigarettes and their
emissions.
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