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SUMMARY

Heated tobacco products (HTPs) typically expose consum-
ers to significantly reduced toxicant emissions relative to
conventional cigarettes, when measured under machine-
generated conditions. As HTPs evolve in design and new
consumables are introduced, it is essential to assess
whether these changes affect how consumers use HTPs
and thus their potential exposure to toxicants in the
aerosol. The objective of this study was to assess whether
changes in tobacco flavour or nicotine content of HTP
consumables influenced consumers’ use behaviour and
exposure. Here, puffing topography, average daily con-
sumption (ADC) and mouth-level exposure (MLE) to
nicotine and nicotine-free dry particulate matter (NFDPM)
were measured among 72 healthy adult cigarette smokers
in the UK. Participants used a Type 1 HTP device (glo™)
with three consumables: a base consumable (Bright
Tobacco flavour, 0.85% nicotine) previously indicated
with the glo™ device to support a reduced risk profile
relative to conventional cigarettes; Variant 1 (Rich
Tobacco flavour, 0.85% nicotine); and Variant 2 (Rich
Tobacco flavour, 1.5% nicotine). The respective machine-
generated aerosols were also analysed for nine toxicants.
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In a two-week randomised crossover study, participants
used each study product for five days at home, while
recording daily product use. Their puffing topography and
MLE were then measured using a desktop-based puffing
analyser device (SA7) at a central location testing facility.
Differences in puffing behaviour and ADC for both variant
consumables were either smaller than predefined analyti-
cal thresholds, or were within predefined equivalence
margins (0.80—1.25 and 90% confidence intervals of mean
ratio), with the exception of effort for Variant 2, and
therefore puffing behaviour and ADC were considered
equivalent to the base consumable. Differences in MLE for
Variant 1 were either smaller than the predefined analyti-
cal thresholds, or within the predefined equivalence
margins. For Variant 2, differences in MLE to NFDPM
were smaller than the predefined analytical thresholds,
however MLE to nicotine was higher relative to the base
consumable (0.40 vs. 0.29 mg/stick), and did not fall
within the equivalence margins, consistent with the higher
nicotine content in this variant. Under the conditions of
this study, variations in flavour and nicotine concentration
did not lead to significant changes in measures of user
behaviour or NFDPM exposure. [Contrib. Tob. Nicotine
Res. 35 (2026) 77-89]
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ZUSAMMENFASSUNG

Erhitzte Tabakprodukte (HTPs) setzen Verbraucher im
Vergleich zu herkdmmlichen Zigaretten in der Regel
deutlich geringeren Schadstoffemissionen aus, wenn diese
unter maschinell erzeugten Bedingungen gemessen
werden. Da sich das Design von HTPs weiterentwickelt
und neue Verbrauchsmaterialien eingefithrt werden, ist es
unerlédsslich zu untersuchen, ob diese Verdnderungen
Einfluss darauf haben, wie Verbraucher HTPs nutzen, und
damit auch auf ihre potenzielle Exposition gegeniiber
Schadstoffen im Aerosol. Ziel dieser Studie war es, zu
untersuchen, ob Verdnderungen des Tabakgeschmacks
oder des Nikotingehalts der HTP-Verbrauchsmaterialien
das Nutzungsverhalten und die Exposition der Verbraucher
beeinflussen. Dazu wurden bei 72 gesunden erwachsenen
Zigarettenrauchern im Vereinigten Konigreich die
Zugtopographie, der durchschnittliche Tageskonsum
(ADC) sowie die Exposition im Mundraum (MLE) gegen-
iiber Nikotin und dem nikotinfreien Trockenkondensat
(NFDPM) gemessen. Die Teilnehmer verwendeten ein
HTP-Gerdat vom Typ 1 (glo™) mit drei Verbrauchs-
materialien: ein Basis-Verbrauchsmaterial (Bright
Tobacco-Geschmack, 0,85% Nikotin), das zuvor mit dem
glo™-Gerit als Unterstiitzung flir ein im Vergleich zu
herkdmmlichen Zigaretten reduziertes Risikoprofil ausge-
wiesen wurde; Variante 1 (Rich Tobacco-Geschmack,
0,85% Nikotin); und Variante 2 (Rich Tobacco-
Geschmack, 1,5% Nikotin). Die jeweiligen maschinenge-
nerierten Aerosole wurden zudem auf neun toxische
Substanzen untersucht. In einer zweiwdchigen randomi-
sierten Crossover-Studie verwendeten die Teilnehmer jedes
Studienprodukt fiinf Tage lang zu Hause und protokollier-
ten dabei den tédglichen Produktkonsum. Anschlieend
wurden ihre Zug-Topographie und die MLE mithilfe eines
stationdren Zug-Analysegerdts (SA7) in einer zentralen
Testanlage gemessen. Die Unterschiede im Zugverhalten
und im ADC fiir beide Varianten der Verbrauchsmateria-
lien lagen entweder unter den vordefinierten analytischen
Schwellenwerten oder innerhalb der vordefinierten Aquiva-
lenzmargen (0,80-1,25 und 90%-Konfidenzintervalle des
mittleren Verhiltnisses), mit Ausnahme des Kraftaufwands
fiir Variante 2; daher wurden das Zugverhalten und der
ADC als gleichwertig mit dem Basis-Verbrauchsmaterial
angesehen. Die Unterschiede im MLE fiir Variante 1 lagen
entweder unter den vordefinierten analytischen Schwellen-
werten oder innerhalb der vordefinierten Aquivalenz-
grenzen. Bei Variante 2 waren die Unterschiede im MLE
fir NFDPM kleiner als die vordefinierten analytischen
Schwellenwerte, jedoch war die MLE fiir Nikotin im
Vergleich zum Basisprodukt hoher (0,40 gegeniiber
0,29 mg/Stick) und lag nicht innerhalb der Aquivalenz-
grenzen, was mit dem hdheren Nikotingehalt dieser
Variante iibereinstimmt. Unter den Bedingungen dieser
Studie fiihrten Schwankungen in Geschmack und Nikotin-

konzentration nicht zu signifikanten Verédnderungen bei den
Messwerten des Nutzerverhaltens oder der NFDPM-
Exposition. [Contrib. Tob. Nicotine Res. 35 (2026) 77-89]

RESUME

Les produits du tabac chauffés (HTPs) exposent générale-
ment les consommateurs a des émissions de substances
toxiques nettement réduites par rapport aux cigarettes
classiques, lorsque ces mesures sont effectuées dans des
conditions de test en laboratoire. A mesure que la concep-
tiondes HTP évolue et que de nouveaux consommables sont
mis sur le marché, il est essentiel d’évaluer si ces change-
ments ont une incidence sur la maniére dont les consomma-
teurs utilisent ces produits et, par conséquent, sur leur
exposition potentielle aux substances toxiques présentes
dans I’aérosol. Les objectifs de cette étude étaient d’évaluer
si les changements dans 1’aréme de tabac ou la teneur en
nicotine des consommables HTP influengaient le comporte-
ment d’utilisation et I’exposition des consommateurs. Ici, la
topographie des bouffées, la consommation quotidienne
moyenne (ADC) et ’exposition au niveau de la bouche
(MLE) a la nicotine et aux particules séches sans nicotine
(NFDPM) ont été¢ mesurées chez 72 fumeurs de cigarettes
adultes en bonne santé au Royaume-Uni. Les participants
ont utilisé un dispositif HTP de type 1 (glo™) avec trois
consommables: un consommable de base (arome Bright
Tobacco, 0,85 % de nicotine) précédemment indiqué avec
le dispositif glo™ pour favoriser un profil de risque réduit
par rapport aux cigarettes conventionnelles; la variante 1
(ar6me Rich Tobacco, 0,85 % de nicotine); et la variante 2
(arébme Rich Tobacco, 1,5 % de nicotine). Les aérosols
générés par les appareils ont également été analysés pour
détecter la présence de neuf substances toxiques. Dans le
cadre d’une étude croisée randomisée de deux semaines, les
participants ont utilisé chaque produit de 1’étude pendant
cing jours a domicile, tout en consignant leur consommation
quotidienne. Leur topographie de bouffée et leur MLE ont
ensuite été mesurées a 1’aide d’un analyseur de bouffées de
table (SA7) dans un centre d’essai centralis€. Les différen-
ces de comportement de bouffée et d’ADC pour les deux
variantes de consommables étaient soit inférieures aux seuils
analytiques prédéfinis, soit comprises dans les marges
d’équivalence prédéfinies (0,80-1,25 et intervalles de
confiance a 90 % du rapport moyen), a I’exception de
I’effort pour la variante 2; par conséquent, le comportement
de bouffée et ’ADC ont été considérés comme équivalents
auconsommable de référence. Les différences de MLE pour
la variante 1 étaient soit inférieures aux seuils analytiques
prédeéfinis, soit comprises dans les marges d’équivalence
prédéfinies. Pour la variante 2, les différences de MLE par
rapport au NFDPM étaient inférieures aux seuils analytiques
prédéfinis; cependant, la MLE par rapport a la nicotine était
plus élevée que celle du produit de base (0,40 contre
0,29 mg/cigarette), et ne se situait pas dans les marges
d’équivalence, ce qui correspond a la teneur en nicotine plus
¢élevée de cette variante. Dans les conditions de cette étude,
les variations de saveur et de concentration en nicotine n’ont
pas entrainé de changements significatifs dans les mesures
du comportement des utilisateurs ou de 1’exposition au
NFDPM. [Contrib. Tob. Nicotine Res. 35 (2026) 77-89]
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1. INTRODUCTION

With approximately one billion smokers and a high burden
of morbidity and premature mortality associated with
smoking worldwide, the use of combustible tobacco
products is a leading preventable cause of human diseases
(1, 2). Most smoking-related diseases, including lung
cancer, cardiovascular and respiratory diseases, are due to
the inhalation of toxicants such as tobacco-specific nitros-
amines and polyaromatic hydrocarbons that are present in
cigarette smoke as a result of a tobacco combustion process
(3, 4). Consequently, the past two decades have seen the
development and marketing of alternative tobacco and
nicotine products, such as electronic cigarettes, heated
tobacco products (HTPs) and oral nicotine pouches. These
products have the potential to offer reduced risk alternati-
ves as compared with cigarette smoking because the
tobacco is either not burnt or has been removed altogether,
and therefore under machine puffing conditions many of
the harmful components of cigarette smoke are either
absent or present at much lower concentrations (5-8).
HTPs generally consist of a rechargeable battery-operated
heating device and a tobacco rod consumable that is
inserted into the device. The studied Type 1 HTP device
(otherwise known as glo™) contains a mechanism which
heats the tobacco rod to temperatures typically lower than
250 °C to produce an aerosol that is inhaled by the consu-
mer (6, 9). By comparison, the temperature of a burning
cigarette exceeds 800 °C (10). The glo™ HTP aerosol
contains nicotine from the tobacco but, owing to the lack
of combustion, has significantly lower levels of harmful
and potentially harmful constituents than cigarette smoke,
leading to reduced cytotoxicity under in-vitro assays (6, 8,
11-13). Extensive studies have demonstrated the potential
of HTPs for reduced exposure to toxicants and reduced risk
relative to conventional cigarettes (6—17). Consistent with
this, the U.S. Food and Drug Administration recently
granted modified exposure status to one HTP (iQOS 3;
Philip Morris, 2022) through the Modified Risk Tobacco
Product application framework (18, 19). Based on an
independent review, the UK Committees on Toxicology,
Carcinogenicity and Mutagenicity has also concluded that
switching completely from smoking combustible cigarettes
to using HTPs is likely to reduce an individual’s overall
risk as compared with continued cigarette smoking (20).
Substantiating the reduced risk potential of new tobacco
and nicotine products, including HTPs, requires vast
datasets generated through pre-clinical, clinical and
population studies (7, 21). For comprehensive evaluation
of new products, MURPHY et al. (22) proposed a multi-
disciplinary framework divided into the categories of
product emissions (e.g., toxicant content and toxicology),
individual exposure (e.g., nicotine pharmacokinetics and
use-behaviour) and population risk (e.g., individual and
population effects) to determine the risk profile of new
products. This framework formed the basis of extensive
evaluation of the first commercially available Type 1 HTP
from British American Tobacco (BAT) (marketed as glo™
and previously referred to as THP1.0T) with a tobacco rod
consumable (marketed as Kent Neostik™) in a series of
studies demonstrating reduced emissions, exposure and
risk potential from using this HTP relative to smoking a

cigarette (6, 9).

Consumer exposure to aerosol constituents is influenced by
both product emissions and the way in which consumers
use the product, such as the size (volume), duration,
number and frequency of puffs taken (23-25). Consumer
use behaviour studies of puffing topography (i.e., puff
volume, puff duration, inter-puff interval and number of
puffs), estimated mouth level exposure (MLE) to nicotine
and nicotine-free dry particulate matter (NFDPM), and
average daily consumption (ADC) enable evaluation of
whether HTP consumables of varying design result in
comparable consumer behaviour and aerosol exposures.
Such studies also provide data to help evaluate the extent to
which standardised machine puffing regimes used to
generate emissions data (e.g., [ISO20778:2018) are reflec-
tive of actual consumer use (26, 27).

In this study, we have measured the puffing topography,
MLE to nicotine and NFDPM, ADC and machine emis-
sions of two HTP consumables that vary in tobacco flavour
(Rich Tobacco, 0.85% nicotine), or both tobacco flavour
and nicotine (Rich Tobacco, 1.5% nicotine) relative to a
base glo™ HTP consumable (Bright Tobacco, 0.85%
nicotine) that has previously undergone substantial emis-
sions, exposure and risk potential testing in support of
reduced risk relative to conventional cigarettes (6).

2. MATERIALS AND METHODS
2.1  Study products

Three king size super slim (KSSS) HTP consumables (Kent
Neostiks™; BAT, London, UK) were used with the same
glo™ HTP device (Nicoventures, London, UK). The glo™
device (8) is a battery-powered electronic heating device
that uses a resistive heating mechanism to produce an
inhalable aerosol by heating the tobacco consumable, a
paper rod containing reconstituted blended tobacco, to a
maximum temperature of approximately 240 + 5 °C
(Figure 1). The device provides the consumer with a fixed
3.5-min heating session. The glo™ device, when used with
the Bright Tobacco consumable containing 0.85% nicotine
on a dry-weight basis (dwb) (base HTP), has reduced
emissions, toxicological effects and toxicant exposure
relative to a conventional cigarette (6).

Here, the base HTP consumable was re-evaluated alongside
two variant consumables that differed either in tobacco
flavour (Rich Tobacco, 0.85% nicotine dwb; Variant 1) or
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Figure 1. Diagram of glo™ HTP with a tobacco consumable.
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in tobacco flavour and nicotine strength (Rich Tobacco,
1.5% nicotine dwb; Variant 2). The base consumable and
Variant 2 were commercially available in Japan and
European markets at the time of the study; Variant 1 was
not commercially available at the time of the study. None
of the study products were commercially available in the
UK at the time of the study. All devices and consumables
used by study participants were stored at ambient indoor
room conditions in a locked location for the duration of the
study when not in use. Temperature and relative humidity
were not actively measured or controlled, as this was
intended to reflect the uncontrolled environmental condi-
tions typical of actual human use.

2.2 Topography study
2.2.1 Study population

The study aimed to enrol 72 participants who were regular
cigarette smokers, with an equal split between men and
women. No formal sample size or power calculation was
conducted. The target sample size was selected to ensure
adequate representation while remaining feasible within the
study logistics and central-location testing requirements.
Participants were recruited via a screening questionnaire by
an independent market research agency (Kantar, UK) in
accordance with the International Code on Market Opinion
and Social Research and Data Analytics (28). The inclu-
sion criteria for enrolment were aged 21-64 years inclu-
sive, and smoking a minimum of eight 7-mg ISO “tar”
cigarettes per day for the past six months or longer.
Females who were pregnant or breastfeeding, and indivi-
duals with a pacemaker or other embedded electronic
medical device were excluded. Age, baseline cigarettes per
day and years of smoking were collected during screening
for eligibility purposes only and were not included in the
anonymised dataset used for analysis. Prior experience
with heated tobacco products was not collected.

All participants read and signed an informed consent form
prior to enrolment. A unique volunteer ID code was used
to identify participants throughout the study. Participants
were free to withdraw from the study at any time and
received remuneration for taking part. The study protocol
and informed consent form were approved by BAT’s
Human Research Committee (HRC; approval number
HRC RRS 18 091), and the study was conducted in
accordance with the ethical principles outlined in the
Declaration of Helsinki, Good Research Practice, the
ICC/ESOMAR International Code on Market, Opinion and
Social Research and Data Analytics, and applicable data-
protection regulations.

2.2.2 Study design

In a two-week randomised crossover study conducted in
London (UK) in 2018, puffing topography, MLE and ADC
of the three study products were measured while each
participant used a single, individually assigned glo™
device throughout the study duration. No washout period
was included between product periods, as participants
would have likely continued to use their usual nicotine
product during any imposed abstinence. Omitting a

washout therefore more closely reflected real-world
transitions between products and avoided any behaviour
changes associated with forced abstinence.

On the first visit to a central location facility (day 1),
participants were given a glo™ device, a one-week supply
of the first randomly allocated consumable (equivalent to
their self-declared cigarette consumption at screening plus
20-25%) and a daily consumption diary. Participants were
shown how to operate the glo™ device by study staff, and
they were provided with written user instructions. The
order of product use was determined by a computer-
generated randomisation schedule, following a 3 x 3
Williams design. Participants were asked to use the allo-
cated study product at home in place of their normal
cigarette product for 5 days, and to record the number of
study products used, as well as any non-study tobac-
co/nicotine products, in the daily consumption diary
provided. No minimum level of product use was mandated.
Compliance was assessed via the daily consumption diaries
and product accountability checks at the end of each home
use period, where participants returned the glo™ device
along with all used and unused consumables for recording.
On day 5, participants reattended the central location
facility for puffing topography measurements on the home
placement product. In two sessions separated by a 20-min
interval, puffing topography was measured using a desktop-
based puffing analyser (SA7, developed at BAT and
manufactured by C-Matic Systems Ltd., Telford, UK, now
Scheider Electric). Participants used the study product
through the SA7 holder with a disposable plastic mouth-
piece. Between the two sessions, participants completed a
sensory questionnaire including questions regarding draw
effort, intensity, aerosol delivery, amount of aerosol filling
the mouth, irritation and taste on a magnitude scale ranging
from 1 (low) to 5 (high).

On completion of the two puffing topography sessions,
participants were given the next study product as per the
randomisation procedure to use at home for five days
before returning for further puffing topography measure-
ments. This process was repeated until all participants had
used all three products (Table 1).

2.2.3  Puffing topography measurements

Puffing topography measurements (number of puffs taken,
puff volume, puff duration, inter-puff interval, session
duration, pressure drop, effort and optical obscuration of
acrosol) were recorded using the SA7 desktop-based
puffing analyser device (Figure 2). The SA7 was originally
developed to measure smoking topography, and was
subsequently modified for use with products containing
higher levels of humectants, such as e-cigarettes and HTPs
(23, 24, 29, 30). It comprises a product holder attached to
a data acquisition transmission unit. Two tubes on either
side of a 2-mm diameter orifice within the product holder
detect the change in pressure during puffing, which is
proportional to the flow rate squared (29).

2.2.4 Mouth level exposure

We estimated MLE to nicotine and NFDPM from real-time
light obscuration in each puff measured by an LED in the
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Table 1. Study design.

Study stage

Study day
4 5 6 7 8 9 10 11 12 13

Visit 1: product/consumption diary allocation
Home placement 1

Visit 2: puffing topography & product allocation
Home placement 2

Visit 3: puffing topography & product allocation
Home placement 3

Visit 4: puffing topography measurements

.-ﬂ

SA7 instrument, as described previously (23, 24, 29). In
brief, calibration plots of light obscuration vs. NFDPM
were established by measuring the NFDPM contained in
total particulate matter (TPM) collected on a Cambridge
filter pad after machine-puffing the HTPs under various
puffing regimes as previously described (23, 24). The
amounts of water and nicotine in the collected TPM were
determined by gas chromatography and used to determine
the weight of nicotine-free dry particulate matter (NFDPM)
(NFDPM =TPM - nicotine - water). The NFDPM values
were then used to determine the most appropriate calcula-
tion factors to estimate ‘optical NFDPM’ per stick when
used by participants (29). MLE to nicotine was estimated
using the relationship between NFDPM and nicotine,
generated from calibration graphs, using ‘optical NFDPM’
in place of actual NFDPM. The mean MLE per stick and
ADC (based on the participant’s diary) were subsequently
used to calculate the mean MLE per day.

Figure 2. Image of glo™ attached to the SA7 topography
device.

2.3 Machine emissions analysis

Machine emissions analysis was conducted by Labstat
(Kitchener, ON, Canada) to determine the quantity of key
analytes in the aerosol of the three study products and the
percentage reduction of nine toxicants (TobReg9) identi-
fied by public health authorities for potential reduction in
cigarette smoke, relative to smoke from a certified 3R4F
reference cigarette (Center for Tobacco Reference Pro-

ducts, University of Kentucky, Lexington, KY, USA).
Before testing, all study HTP consumables and reference
cigarettes were environmentally conditioned as specified in
ISO 3402 (31).

HTP aerosol was generated using the ISO 20778:2018
machine-puffing regime of puff volume 55 + 0.5 mL, puff
duration 2.0 £+ 0.1 s, puff frequency 30 + 1 s, bell-shaped
profile and 0% blocking of the perforations (26, 27). Five
replicate consumables were tested per study product, with
eight puffs taken per consumable (determined by the fixed
3.5-min heating session of the glo™ device, and the 30-s
frequency specified in the machine-puffing regime).

The 3R4F reference cigarette was machine-smoked using
the Health Canada Intense (HCI) regime without modifica-
tion. glo™ aerosol and cigarette smoke were collected by
certified and established methods set out in accordance
with the International Organization for Standardization ISO
3308:12 (32).

2.4 Study objectives

The primary objective was to demonstrate statistical
equivalence within predefined margins, between the base
consumable (Bright Tobacco, 0.85% nicotine) and
Variant 1 (Rich Tobacco, 0.85% nicotine) or Variant 2
(Rich Tobacco, 1.5% nicotine), by comparing MLE to
NFDPM and nicotine (per stick and per day), and ADC
among the three consumables. The secondary objective was
to compare puffing topography, including puff volume,
puff duration, inter-puff interval and puff number between
the three consumables.

2.5  Data analysis

Analyses were carried out using SAS v. 9.4 (SAS Institute,
Cary, NC, USA). All 72 participants completed the study
and were included in the analysis. Two participants had
equipment errors during topography sessions, therefore
topography and MLE data are reported for n = 70 partici-
pants, and ADC data are reported for n = 72 participants.
Puffing topography, ADC and MLE are reported as mean
+ standard deviation (SD) per product. Puffing topography
and MLE data were first averaged per participant across the
two repeats. ADC was derived from the self-reported daily
consumption diaries, and was calculated in two ways (i)
ADC of the study product alone, and (ii) the total ADC,
which was calculated as the sum of study product consump-
tion plus non-study tobacco product consumption. Partici-
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Table 2. Comparison of puffing topography data among the three consumable variants. ®

Variant 1 comparison

Variant 2 comparison

Parameter . Difference Statistical ) Difference Statistical
Base Variant ; . b Base Variant ; . b
(variant-base) equivalence (variant-base) equivalence
Equivalent
Puff number 159+84 164185 0.53 - 159+84 148+83 -1.05 (90% CI:
0.86, 0.98)
Equivalent
Puff volume (mL) 589+31.7 634+319 445 (90% ClI: 589 +31.7 58.8 +229 -0.15 -
1.01,1.12)
Equivalent
Puff duration (s) 2009 2.0+0.9 0.08 - 20+0.9 1.8+0.7 -0.21 (90% ClI:
0.86, 0.93)
Puff interval (s) 10.0+4.8 9.7+5.0 -0.37 - 10.0+48 10.0+5.6 -0.03 -
Equivalent e u’i\\l/c;tlent
Effort (mm WGs) 500+329 526 +314 26.2 (90% ClI: 500 +329 437 +279 -63.4 (%0"/ Cl:
0 .
0.99,1.15) 0.80, 0.94)

Data are mean + SD of n = 70 participants.

Equivalence between the variant and base consumable was evaluated using a ratio-based paired, two-one-sided t-test (TOST) with a

predefined equivalence margin of 0.80-1.25 and 90% confidence intervals for the mean ratio presented.
— Indicates that the difference between the variant and base consumable was smaller than the predefined analytical threshold (see
Supplementary Figure S1); such differences were classified as not measurable, and equivalence testing was not applied.

pants who self-reported zero study product or non-study
tobacco product use contributed valid zero values and were
therefore included in the calculations of ADC. Per day
consumption was first averaged per participant from days
2—4 of the home use period. Days 1 and 5 did not represent
full stable use days (device initiation and return days,
respectively) and therefore were excluded from ADC
calculations. Prior to statistical analysis, analytical thres-
holds were defined for each attribute based on the limita-
tions of the methodology (Supplementary Figure S1).
These thresholds reflect the performance characteristics of
the puffing topography equipment, including measurement
resolution, repeatability, calibration uncertainty and in-
herent variability observed during method validation.
Differences smaller than these thresholds therefore cannot
be reliably distinguished from measurement variability. For
a given attribute, if a difference between two product
measurements was less than the defined threshold, it was
deemed “unmeasurable” within the limits of the analytical
method, and therefore any statistical differences were
deemed insignificant. Where the difference between
measurements was greater than the defined analytical
threshold, a paired two-one-sided t-test (TOST) procedure
on the ratio of means, with lower and upper acceptance
limits of 0.80 and 1.25 and 90% confidence intervals (CI),
was used to assess equivalence to the base product. To our
knowledge, no other published studies have applied
equivalence margins or TOST to puffing topography
endpoints. We therefore adopted the European Medicines
Agency guidelines of 0.80—1.25 with 90% CI, which is the
regulatory standard for pharmacokinetics (PK) based
equivalence in orally inhaled products (33). Since puffing
behaviour and MLE contribute directly to aerosol delivery
and exposure, we considered this equivalence margin
appropriate for this study. In addition to the primary TOST
analysis, a sensitivity analysis was conducted using a linear
mixed-effects model with fixed effects for product, period
and sequence, and a random effect for subject. This model

was used solely to assess whether period or sequence
effects influenced the product comparisons. The TOST
remained the basis for equivalence decisions.

Machine emissions data are reported as a percentage
reduction relative to 3R4F reference cigarette smoke. For
each TobReg9 toxicant, the percentage reduction was cal-
culated per replicate as follows:

% Reduction = 100 - (HTP / 3R4F) x 100

The mean of the replicates was then determined. Where
toxicants were reported as below detection level, the value
was reported as half of the level of detection (LOD). Where
analytes were reported as not quantifiable, the value was
reported as the midpoint between the LOD and level of
quantification.

3. RESULTS AND DISCUSSION
3.1  Study participants

In total, 72 smokers were recruited to participate in the
study, all of whom completed the home use and central
location tests for all three study products. Puffing topogra-
phy and MLE data are reported for n = 70 participants due
to equipment error for two participants, and ADC data are
reported for n="72 participants. Among the participants, 36
(50%) were male, 36 (50%) were female, and the age range
was 21-64 years. Participant flow is shown in Supplemen-

tary Figure S2.
3.2 Puffing topography

The puffing topography attributes (number of puffs, puff
volume, puff duration, inter-puff interval and effort ex-
pended) of the three products are summarised in Table 2.
For Variant 1, which differed from the base consumable
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only in tobacco flavour, differences in puff number (16.4
vs. 15.9), puff duration (2.0 vs. 2.0 s) and puffinterval (9.7
vs. 10.0 s) were smaller than the predefined analytical
thresholds (Supplementary Figure S1). These differences
were therefore considered not measurable, and equivalence
testing was not applied. Differences in puff volume (63.4
vs. 58.9 mL; mean ratio 90% CI: 1.01, 1.12) and effort
(526 vs. 500 mm WGs (millimetre water gauge seconds);
mean ratio 90% CI: 0.99, 1.15) were within the predefined
equivalence margin of 0.80-1.25 and were considered
equivalent. For Variant 2 which differed from the base
consumable in tobacco flavour and higher nicotine
strength, differences in puff volume (58.8 vs. 58.9 mL) and
puff interval (10.0 vs. 10.0) were smaller than the prede-
fined analytical thresholds (Supplementary Figure S1), and
therefore equivalence testing was not applied. Differences
in puff number (14.8 vs. 15.9; mean ratio 90% CI: 0.86,
0.98), puff duration (1.8 vs. 2.0 s; mean ratio 90% CI: 0.86,
0.93) were within the predefined equivalence margin and
were therefore considered equivalent, while the difference
in effort (437 vs. 500 mmWGs; mean ratio 90% CI: 0.80,
0.94) fell outside the equivalence margin. Mixed effects
modelling showed no significant period or sequence effects
across all endpoints, indicating that consumer behaviour
was not influenced by product order or study week.

The mean puff volumes and durations for all products were
consistent with the 55-mL puff volume and 2-s puff
duration of the ISO 20778:2018 machine puffing regime
used to generate emissions data (26, 27). The mean inter-
puffintervals (9.7—-10.0 s) were less than the 30-s frequen-
cy specified in ISO 20778:2018, indicating that participants
took puffs more frequently than the machine puffing
regime. Within the fixed 3.5-min heating session of the
device, these shorter puff intervals allowed participants to
take more puffs per session (14.8—16.4) compared with the
eight puffs obtained during machine emissions testing.
Consequently, emissions generated using ISO 20778:2018
may underestimate actual consumer exposure. The inter-
puff intervals here were consistent with those of previous
studies using the same glo™ device (7.4—11.1 s) (23-25),
supporting that participant puffing behaviour was re-
presentative of typical glo™ use.

Our observations showed that the puffing measures were
very similar across the study products despite the differ-
ences in tobacco flavour (Variant 1), and tobacco flavour
and nicotine content (Variant 2) as compared with the base
consumable. This finding implies that any nicotine-induced
sensations initiated during the inhalation phase did not
have a controlling influence on participant puffing behav-
iour. This is consistent with the results of Buzzi et al. (34)
and DIXON et al. (35), who reported that the nicotine yield
of a cigarette did not influence puff-by-puff changes in
volume and duration. Additionally, DIXON et al. (35)
demonstrated that puff volume and duration were influen-
ced by sensory responses occurring during puffing process
(e.g., mouthful), but not by inhalation sensations (35).
Two previous studies have measured puffing topography
attributes of the glo™ HTP and base consumable via a
similar approach (23, 24). The current puff duration (2.0 s)
was similar to previous values (1.6—1.8 s); puff volume
(58.9 mL) and puff interval (10.0 s) fell within the pre-
viously reported ranges (46.6—66.7 mL and 7.4-11.1 s,

respectively); and puff number was slightly higher in the
present study (15.9 vs. 10.9-15.4) (23, 24). These differ-
ences may be due to variations in the study populations: the
study of GEE et al. (23) was conducted in Japan among
both smokers and regular HTP users, that of JONES et al.
(24) was conducted among smokers in Italy, while the
present study was conducted among smokers in the UK.
More broadly, studies of HTPs by PRASAD et al. (25) and
Liet al. (36) reported higher puff numbers of 17-21 puffs
and 22 puffs, respectively, while puff volumes, durations
and intervals were generally within previously observed
ranges [57-81 mL volume, 1.6-1.9 s duration and 9 s in-
terval (25); and 59—66 mL volume, 1.9-2.0 s duration and
10 s interval (36)]. These cross-study comparisons are
descriptive only; formal statistical testing between studies
was not conducted due to differences in study populations
(smoker/HTP-user mix), geographical locations (Japan,
Italy, UK) and study design.

The consumables used in the present study were KSSS
sticks (diameter ~5.0 mm; tobacco weight ~260 mg).
PRASAD ef al. (25) reported that a larger-diameter demi-
slim (DS) consumable (diameter ~6.8 mm; tobacco weight
~340 mg) produced notably lower open pressure drop
(~45 mmWG vs. ~70 mmWG for KSSS) and correspond-
ingly larger puff volumes (69-81 mL vs. 57 mL for KSSS)
compared with a KSSS consumable, illustrating that airflow
resistance driven by consumable geometry directly influen-
ces puff volume. In the same study, MLE to NFDPM was
also higher for the DS consumable (18.8—19.9 mg/stick vs.
12.5 mg/stick for KSSS), likely reflecting a combination of
the larger puff volumes and greater tobacco weight,
although it is worth noting that the device paired with the
KSSS consumable employed resistive heating, whereas the
device paired with the DS consumable employed induction
heating. Consumable flavour and nicotine content were
chosen as variables of interest in this study since they
represent common sources of product variation that may
influence sensory perception characteristics (e.g., taste,
impact) and nicotine delivery, which in turn could affect
puffing behaviour and exposure. Evaluating these attributes
can help determine whether such product variations remain
behaviourally comparable to the established base consum-
able.

The puffing behaviour observed in the current study falls
within the established range for KSSS-format glo™
consumables and is consistent with values reported for
similar products. This supports the interpretation that
participants’ puffing behaviour in this study reflects typical
use of glo™ consumables.

3.3 Average daily consumption and mouth level
exposure

The self-reported study product ADC, total ADC (sum of
study product ADC plus cigarette ADC), and MLE to
NFDPM and nicotine (per stick and per day) of the three
products are summarised in Table 3.

The number of participants reporting continued use of their
usual brand cigarettes was 70 for the base consumable, 68
for Variant 1 and 69 for Variant 2. For Variant 1, differen-
ces in study product ADC (4.6 vs. 4.5 sticks/day), total
ADC (12.7 vs. 12.6 sticks/day), MLE per stick (NFDPM:
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Table 3. Comparison of ADC and MLE among the three consumable variants. ?

Variant 1 comparison Variant 2 comparison

Parameter . Difference Statistical . Difference Statistical
Base Variant : . b Base Variant ; . b
(variant-base) equivalence (variant-base) equivalence
ADC study
product 45+3.8 46 +3.8 0.10 - 45+38 46 +4.0 0.07 -
(sticks/day) ©
Total ADC 126+60 127 +6.0 0.03 - 126+60 12055 -0.69 -
(sticks/day)
MLE to NFDPM 4 71 1+ 186 5.30 +2.52 0.59 - 471+186 459314  -0.12 -
(mgl/stick)
Not

MLE to nicotine equivalent
(mglstick) 0.30 £0.12 0.30 £0.14 0.007 - 0.30 £0.12 0.41+0.28 0.112 (90% ClI-

1.05, 1.34)

Equivalent
?frl;E/dtg ';IFDPM 222 +215 27.2 +£33.1 5.00 (90% ClI: 222 +215 224 +28.7 0.21 -
giday 0.93, 1.23)
Not

MLE to nicotine equivalent
(mglday) 1.40 £+1.36 1.56 +1.91 0,159 - 140 +1.36 200 +257 0.597 (90% Cl:

1.03, 1.48)

ADC average daily consumption; MLE: mouth level exposure; NFDPM: nicotine-free dry particulate matter.

b

Data are mean + SD of n = 72 participants for ADC and n = 70 participants for MLE.

Equivalence between the variant consumable and base consumable was evaluated using a ratio-based, paired two-one-sided test (TOST)
with a predefined equivalence margin of 0.80—1.25 and 90% confidence intervals for the mean ratio presented.

Indicates that the difference between the variant and the base consumable was smaller than the predefined analytical threshold (see
Supplementary Figure S1); such differences were classified as not measurable and equivalence testing was not applied. For ADC and
parameters derived from ADC (MLE per day), equivalence testing was carried out only for participants that used the study product during
home placement (Variant 1: n = 68, Variant 2: n = 66).

ADC of study product.

Total ADC of study and non-study products, calculated using the sum of the number of study products plus the number of any non-study
products consumed per day (n = 70 participants reported using their own cigarette brand during home placement of the base product;
n = 68 participants reported using their own cigarette brand during home placement of Variant 1, and n = 69 participants reported using

their own cigarette brand during home placement of Variant 2).

5.3 vs. 4.7 mg; nicotine: 0.30 vs. 0.30 mg) and MLE to
nicotine per day (1.56 vs. 1.40 mg) were smaller than the
predefined analytical thresholds (Supplementary Figure
S1), and therefore equivalence testing was not applied.
Differences in MLE to NFDPM per day (27.2 vs. 22.2 mg;
mean ratio 90% CI: 0.93, 1.23) fell within the equivalence
margin.

For Variant 2, differences in study product ADC (4.6 vs.
4.5 sticks/day), total ADC (12.0 vs. 12.6 sticks/day), and
MLE to NFDPM (per stick: 4.6 vs. 4.7 mg; per day: 22.4
vs. 22.2 mg) were smaller than the predefined analytical
thresholds and therefore equivalence testing was not
applied. MLE to nicotine was higher for Variant 2 than for
the base consumable (MLE per stick: 0.41 vs. 0.30 mg;
mean ratio 90% CI: 1.05, 1.34; MLE per day: 2.00 vs.
1.40 mg; mean ratio 90% CI: 1.03, 1.48), and did not meet
the equivalence margin, and therefore equivalence could
not be confirmed. This is consistent with the higher amount
of nicotine in the tobacco blend for Variant 2 (1.50% vs.
0.85%). The MLE estimates reported within this study are
consistent with previous topography studies conducted in
Japan and Italy (23, 24) using the base product (Table 4),
which is again consistent with similar overall puffing
behaviour (Table 2).

The ADC reported for the base product among the UK
smokers in the present study (4.5 + 3.8 sticks/day) was
much smaller than previously reported in Japan and Italy
(23, 24). After home placement, the ADC of the base

product in Japan was 10.3 + 5.5 sticks/day among 52
smokers and 8.6 +4.6 sticks/day among 52 HTP users (23),
and in Italy it was 7.0 £ 5.5 sticks/day among 52 smokers
(24). As well as differences in the study populations, these
variations may be due to the prevalence of HTP use, which
is generally lower in the UK than in Japan and Italy (37,
38). Furthermore, unlike in Japan and Italy, glo™ HTPs
were not commercially available in the UK at the time of
the study. Taken together, this may explain why 70 of the
72 UK smokers in the current study continued to use their
usual brand cigarette in addition to the study product at
home. In support of this, the total ADC of the tobacco and
nicotine products (Table 3) is fairly consistent across the
three studies: 12.6 + 6.0 sticks/day in the present study;
12.1 £ 5.5 sticks/day among smokers and 11.2 + 6.2
sticks/day among HTP users in Japan (23); and 11.6 £5.7
sticks/day in Italy (24) (Table 4).

In summary, most observed differences between the base
consumable and the variant consumables in puffing topo-
graphy, MLE and ADC were either (i) not measurable
according to the predefined analytical thresholds (Supple-
mentary Table S1), or (ii) were within the predefined
equivalence margins according to a paired TOST (90% CI
of mean ratio). The only exceptions were MLE to nicotine
(per stick and per day) for Variant 2, which was higher than
the base consumable and consistent with higher nicotine
content, and effort for Variant 2, indicating that differences
in tobacco flavour and nicotine strength among the study
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Table 4. Comparison of ADC and MLE for the base product among three different studies.?

Count MLE to NFDPM MLE to nicotine ADC study product Total ADC Reference
ry (mg/stick) (mg/stick) (sticks/day)® (sticks/day) °

Japan

Smokers (n = 52) 52+34 0.3+0.2 10355 12155 (23)

HTP users (n = 52) 5.0+3.1 0.3+0.1 8.6+4.6 11.2+6.2

Italy (24)

Smokers (n = 52) 47+29 0.3+0.2 7055 11657

UK .

Smokers (n = 70) 4719 0.3+0.1 45+38 12.6 + 6.0 This study

ADC: average daily consumption; MLE: mouth level exposure.
@ Data are mean * SD.
® ADC of study product.

¢ Sum of number of study products and number of non-study products consumed per day during home use placement.

products had no significant effects on user behaviour or
product consumption.

3.4  Machine emissions data

The nine TobReg9 toxicants identified by public health
authorities for potential reduction in cigarette smoke were
significantly reduced in machine-generated emissions from
all three study products relative to the 3R4F reference
cigarette (90.61-99.99% reduction), with no differences
observed in overall percentage reductions across the three
products (97.02-97.93% reduction) (Table 5). Some small
differences were observed in the percentage reduction of
formaldehyde and N-nitrosonornicotine (NNN), where the
percent reduction was greater for Variant 1 and Variant 2
than for the base product (95.60-96.32% vs. 93.92% reduc-
tion for formaldehyde and 93.72-93.74% vs. 90.61%
reduction for NNN). No formal between-variant significance
testing was performed for machine emissions data since the
primary comparisons were to 3R4F cigarette smoke and the
study was not powered for small between-variant emissions
differences. Small differences between consumables are
expected due to variations within batches of tobacco. We
also compared machine emissions of nicotine, NFDPM,
water and glycerol among the study products (Table 6).

The nicotine delivery for Variant 2 was higher than that of
the base consumable and Variant 1 (0.55 vs. 0.38-
0.46 mg/stick), consistent with the higher nicotine content
in the blend. Although aerosol NFDPM was slightly higher
for the base product relative to variants 1 and 2 (base
product: 13.5 mg/stick; Variant 1: 11.0 mg/stick; Variant 2:
11.1 mg/stick), there were no differences between the
variant consumables.

Despite participants puffing more frequently than the 30-s
puff duration of the ISO 20778:2018 machine puffing
regime, the mean of the estimated MLE to NFDPM and
nicotine per stick (Table 3) remained lower than the
corresponding machine-generated emissions (Table 6). This
indicates that machine emissions represent the maximum
potential aerosol yields under standardised conditions,
whereas actual consumer exposure may be further influen-
ced by other factors.

4. CONCLUSIONS

The present study has compared user behaviour, ADC and
MLE to nicotine and NFDPM among 72 healthy adult
smokers in the UK when using a single individually
assigned HTP device with three different consumable

Table 5. Percentage reduction in nine toxicants relative to cigarette smoke. ?

TobReg toxicant Base product Variant 1 Variant 2
CcO 99.76 99.55 99.90
Formaldehyde 93.92 95.60 96.32
Acetaldehyde 94.96 94.16 96.37
Acrolein 98.59 98.92 98.66
1,3-Butadiene 99.99 99.99 99.99
Benzene 99.95 99.90 99.95
Benzo[a]pyrene 97.72 98.00 98.92
NNN 90.61 93.74 93.72
NNK 97.65 98.17 98.24
Overall reduction 97.02 97.56 97.93

CO: carbon monoxide; NNN: N-nitrosonornicotine; NNK: 4-[methyl(nitroso)amino]-1-(3-pyridinyl)-1-butanone.
? Percent reduction (%) relative to 3R4F reference cigarette. Machine-smoked using a modified Health Canada Intense puffing regime
(volume, 55 £ 0.5 mL; duration, 2.0 £ 0.1 s; interval, 30 * 1 s; bell-shaped profile; and 0% blocking of perforations). Eight puffs taken per

consumable.
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Table 6. Comparison of other aerosol constituents among the study products. ?

Smoke constituent Base product Variant 1 Variant 2

Nicotine (mg/stick) 0.46 £ 0.04 0.38 £0.03 0.55+0.03
NFDPM (mg/stick) 13.50 £ 1.20 11.00 £ 0.50 11.10 £ 0.40
Water (mg/stick) 12.10 £1.00 15.74 £ 0.44 12.80 £ 0.40
Glycerol (mg/stick) 3.02+0.25 1.94 +0.35 2.74 £0.19

NFDPM: nicotine-free dry particulate matter.

@ Machine-smoked using a modified Health Canada Intense puffing regime (volume, 55 + 0.5 mL; duration, 2.0 + 0.1 s; interval, 30 + 1 s;
bell-shaped profile; and 0% blocking of perforations). Eight puffs taken per consumable.

variants: an extensively tested base consumable with a large
foundational dataset; and two variant consumables with
different tobacco flavour and nicotine content. Differences
in puffing behaviour attributes for both variant consumables
were either smaller than the predefined analytical thresholds
of the methodology and not measurable, or were within the
predefined equivalence margins, with the exception of effort
for Variant 2. The variant consumables were therefore
considered equivalent to the base consumable in puffing
behaviour. Differences in ADC and MLE for Variant 1 were
not measurable, except for NFDPM per day, which was
considered equivalent based on predefined margins. For
Variant 2, differences in ADC and MLE to NFDPM were
not measurable. As might be expected, however, the MLE to
nicotine (per stick and per day) for this variant was higher
than the base consumable, and did not meet the predefined
equivalence margins. This was consistent with greater
nicotine content in this variant. Consistent with observations
in previous studies, the measured puff volumes (59—-63 mL)
and puff durations (1.8-2.0 s) were similar to the 55-mL
volume and 2.0-s duration of the ISO 20778:2018 machine
puffing regime used to generate emissions data, although
puff intervals (9.7-10.0 s) were lower than the 30-s of ISO
20778:2018. These observations suggest that the machine-
puffing regimes currently used to generate emissions data for
HTPs are consistent for puff volume and duration, but not for
puffinterval. Despite higher puffing frequency compared to
the 30-s of ISO 20778:2018, the estimated MLE to NFDPM
and nicotine remained lower than the corresponding
machine-generated emissions. The lack of differences in
puffing topography, ADC or MLE to NFDPM suggests that,
although the variant consumables differed from the exten-
sively tested base consumable in flavour (Variant 1) and in
both flavour and nicotine (Variant 2), participants’ user
behaviour and exposure to constituents other than nicotine
remained consistent. Higher MLE to nicotine was observed
for Variant 2 due to its higher nicotine content. However,
these findings should be interpreted in light of two limita-
tions: each consumable was evaluated only over a short-term
use period among smokers who may have been unfamiliar
with heated products, and only three variant consumables
were tested. As such, the results may not extrapolate to
longer-term use or to other flavours or nicotine strengths.
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