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Abstract: Smoking cessation is difficult but maintaining smoke-free without nicotine replacement
therapy is even harder. During the last few years, several different alternative products, including
heated tobacco products (HTP), have been introduced to the market. In this study, we investigated
the acute effects of IQOS™ and gloTM (two HTP) consumption on small airway function and
arterial stiffness in a head-to-head design, comparing them to combustible cigarettes, nicotine-free
e-cigarettes and a sham smoking group. Seventeen healthy occasional smokers were included in a
single-center, five-arm, crossover study. The parameters of small airway function and hemodynamics
were collected at several time points before and after consumption using Mobil-O-Graph™ (L.E.M.,
Stolberg, Germany) and TremoFlo® ¢-100 (THORASYS Thoracic Medical Systems Inc., Montreal,
QC, Canada). Small airway obstruction and resistance were both significantly increased after the
consumption of cigarettes and substitute products. All products containing nicotine led to similar
significant increases in blood pressure and arterial stiffness. Hemodynamic parameters were also
increased after the consumption of e-cigarettes without nicotine, but compared to nicotine-containing
products, the increase was shorter and weaker. We conclude that, although it has yet to be determined
why, HTP have acute harmful effects on small airway function, possibly even exceeding the effects
of combustible cigarettes. Like other nicotine-containing products, HTP leads to a nicotine-related
acute increase in arterial stiffness and cardiovascular stress, similar to combustible cigarettes, which
associates these products with an increased cardiovascular risk.

Keywords: heated tobacco products; IQOS; GLO; e-cigarette; occasional smoking; small airway
function; arterial stiffness; central blood pressure; smoking cessation; nicotine replacement therapy

1. Introduction

Smoking is the most important avoidable health risk in Germany. Every year more
than 127,000 deaths can be attributed to smoking-related diseases [1]. While until 2020, the
percentage of active smokers in Germany decreased steadily, since 2021, the numbers have
increased again, with them at 35.5% in December 2022 [2].

In total, 39% of German active smokers would like to stop smoking [3]. Unfortunately,
long-term smoking cessation without substitution is effective only in 3-5% [4]. With
nicotine-replacement therapy (NRT, products giving small steady doses of nicotine to stop
nicotine cravings, easing the transition to complete nicotine abstinence), quitting rates
can be raised by 50-70% [5]. Recently, e-cigarettes, which do not count as NRT, were
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shown to reduce recidivism rates better than smoking cessation without substitution [6,7].
However, various studies suggest that the consumption of e-cigarettes is a health risk
itself [8-10], emphasizing the need for alternative products that are both satisfying and
cause as little harm as possible. In addition, e-cigarettes are intensively discussed for
smoking cessation, because a lot of medical societies do not recommend them for smoking
cessation. In recent years, several cigarette alternatives, among them heated tobacco
products (HTP), have been introduced to the market. In 2017 sales of IQOS™ from Philipp
Morris International (PMI) were launched in Germany, and GLO™ from British American
Tobacco followed in 2020. These relatively new devices promise to be less harmful to
both consumers and bystanders [11,12]. Instead of burning tobacco to inhale the nicotine,
the electric heating systems aerosolize nicotine from tobacco without any combustion
taking place. The combustion in conventional cigarettes happens at around 600 °C and
above, producing smoke that contains nicotine but also an abundance of hazardous and
carcinogenic substances [13,14]

In HTP, temperatures vary between different products but generally are below 350 °C [15].
In IQOS™ tobacco is heated at an average of 201 °C, the GLO™ uses even lower temperatures
around 170 °C [16]. Hence, these aerosols supposedly contain fewer unwanted substances [17].
Nevertheless, sufficient evidence that HTP are less harmful than conventional cigarettes is still
missing [18]. Furthermore, studies indicate that HTP might not be as low risk as promoted
by manufacturers [16,17,19]. In animal models, evidence could be found that HTP lead to an
inflammatory response in the lung, causing lung emphysema, which is the remodeling of
small and large airways, and activating pathways that are also involved in tobacco smoke-
induced carcinogenesis [20-22]. Arterial stiffness parameters were also shown to be increased
after HTP consumption [23,24], underlining that further research on the impact of these
devices is needed.

Therefore, in this study, we investigated the acute effects on arterial stiffness and small
airway function in two heated tobacco products (IQOS™ and GLO™) and compared
them to combustible cigarettes, e-cigarettes without nicotine, and sham smoking in a
head-to-head design.

2. Materials and Methods
2.1. Study Cohort and Design

In this single-center, five-arm cross-over study, 17 healthy occasional smokers were
included. The participants were recruited from students at the University of Liibeck.
Before inclusion, the participants were screened for exclusion criteria: (i) non-smokers;
(ii) obesity; (iii) pregnancy; (iv) mental disorders; (v) cardiovascular disease; (vi) pulmonary
disease; (vii) age < 18 years; and (viii) abnormal physical examination. In alliance with the
guidelines for the measurement of arterial stiffness [25], the participants were instructed to
neither drink alcohol nor to consume any products containing nicotine 48 h prior to every
measurement. Test days were scheduled at least 48 h apart to provide a washout period.
After at least 24 h of consideration time, a consent form was signed by both participant and
examiner. The local ethics committee included the study on DRKS (DRKS00020446).

The five study arms are composed of (a) combustible cigarette (Cig) (Marlboro Gold
0.5 mg/cigarette), (b) e-cigarette without nicotine (E-Cig (-)) (DIPSE-eGo-cigarette; 0 mg/mL,
tobacco flavor), (c) heated tobacco product “IQOS”, (d) heated tobacco product “GLO”, and
(e) sham smoking, vaping with an e-cigarette without liquid (DIPSE-eGo-cigarette; 0 mg/mL).
Nicotine-free e-cigarettes have been used in previous studies as a control group [24]. Since
they still contain various inhalable substances that could affect lung function and arterial
stiffness, we also included the sham smoking group, in which an empty e-cigarette was used
to mimic smoking, but nothing is inhaled. Figure 1 displays the flowchart of the study.



LUAILS &VULD, 11, A TTUN 1 LEIN NLVILYVY

control group [24]. Since they still contain various inhalable substances that could affect
lung functlon and arterial stlffness we also 1ncluded the sham smokmg group, in vgh%cll&

Toxics 2023, 11, 758

the ﬂowchart of the study

248h intervall >48h intervall 248h intervall ‘ >48h intervall
224h intervall ‘ Cig Cig I‘ J Cig
for consideration ‘f‘ |
— { E-Cig (-) ecig) || /| Ecig0)
check-up randomi- 4 \
screening [ and . <ation 4 1Q0S 1Q0S I—H 1Q0S
inclusion AN 1
V[ a0 ago [\ eo /|| 6o | 6o |
‘\‘ [ 1“ ““ | | ““ |
“" . | . 1 | | . .
‘ E-Cig (sham) I l E-Cig (sham) l ] E-Cig (sham) ’ | E-Cig (sham) y ‘ E-Cig (sham) |
/ / J J o J
day 1 (n=17) day 2 (n=17) day 3 (n=17) day 4 (n=17) day 5 (n=17)

Figure 1. Hioveblaat andbtutdyl yledigipfofeadadhstaserserscrtudtdipigediomessh ¢ashpersiope R
RendsationdoRSspEedmBdaR badeicupiamathserHe el thoteat drsdcer-hresy dedigedsratad
& once.

The order of the tesh drxitesswassddaavirblsyldbtE Fvprdeticacvas enbnlisedehesnby
bgcbatdstrgstrpens andaimdolsl or de b eotbeera ket ianalyisishadisf il féaimictsvivestrhase heea
besesseddssid, HoIE, (B-dQQ9, GDO3, Ihho)sishking makiastadadn & stetiofrtle ddtpaf ik
Paptatidigantssaatbovindisded dinded doraizd bonzdens Meaventineiers vpen! prarfednaédlae
Haersatimtimt thietHe vlaty toikelewwystetenticiemas saussddilyyciineet fam ninytfhm. To grant
standandiized coret itomss téeb pprasnnsverermbtstiteteih mmsansrkolg sghraherfar foreey etgvite.
MieateH ¢ateat dolparochupiod QMBS OGN G NG torbrectmbenvehsis et rasrieed et
inéhd edsimuttéoimsharctialn 26 20fal {26 2T fe Cigene tieb evermiul dielycanplkd y Ewighedt tés
vighraitesivdtine drdcenipdiandigaetyes- tog shetessimostinghware Kinbenweneed tenviiped femn
BirhesvioitBaFestpthiiadest Poridal loft30eein[B8Eween [28].

Baselliime card ibivasaclalameasaaamentsiwereveesfoperédrmicd Mot -QAchapO Gaapivey
&@Mgﬂ&ﬂb@eg;}@mlﬁmyw) ifeFvialinstaring i) snirtipriB0tarthe priervention imeéivethaon
posiliBeiEnpost Fiesrediieios: IPRMABIQRASYH TTeroRAYYEic Swterd ddich MSisstsed
fior pulmenetyforqasrRMERTTREG HRIRSHE oW btiine d i DrE0ting idnel-PerdHoharid 5and,
68 rBin akteBYards-afterwards.

3.3 Mensurement of Resishpnce g Reaciice i €onth vt Shth Agys
Fung fanction aaa%.a% Wag B%%f%%%ﬁ Heing TremoBe® «100 &H%M%Pé% Thgragic

1ca rea na a T a1rwav 0SCi T
eglca slt% rea ana 5 881%3// Alrwav & 0% ]l]I gt % 83 tth
osc1 a ion e ue cres e ween %% as use ince 1s re uenc 1s 1
c1 a on re uen 1es e wee an % Wad Use nce 1s re uen
reat encg quency wave was sup erim os o e r%a
}/ ue c wave peri ose h
wave or a ow Se to stanc reaf
g V orm, Gvicet o ki cu S ere s Yeact
w T eosc waves o 1rec e rac ea erson
a ow the osci a aves o ass 1r e rac e erso
nee tobeina sea e u ositl ea s exten e nee
nee to em r1 0S1 n w1 e ea s x en on )
anose Cl osea nasa sa e, wit t euil nﬁl SHE 1 elr eek
o sea e w1t elr han u‘;pep tm their ¢ o&t o
osm consecu asuremen s dur.
e1r V\PS en o 1n 1ece ree con Cutw easu emeB S
ere erfor ¢ was used e obtain

i f e LT s i
m%) S the ‘i% l%nu%r& Petrerreraeto as %e earsa Fné" 351‘11%? wa% use -Yasslsa ReRSrIRLe £
SRUSKE BESR 9 JOs e v Usarsienre VAR ) BE %ebeﬂ%a%%Olﬁasar@éﬁr%
or QA SRR tPl ISR e RS S RSk A HATRBE T Aebl i ke dowat e e
xlfays [30]. It is determined at 5 and 19 Hz, representing the total (R5) and central (R19)
airway obstruction. R5-R19 is the calculated difference of the total airway resistance (R5)
and central airway resistance (R19), representing the peripheral airway obstruction. Reac-
tance is a complex term representing the energy determined by flow airflow dynamics in
the airways, influenced by the elasticity of tissue and the interstitial forces [30]. AX is de-
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fined as the reactance area. The increased values are correlated with distal obstruction [30].
The tidal volume (VT) represents the ventilated air volume during physiological in- and
expiration [31].

2.3. Measurement of Peripheral and Central Blood Pressure and Arterial Stiffness

In this study, Mobil-O-Graph™ (software version HMS CS 4.2, LE.M. GmbH, Stolberg,
Germany) was used to measure hemodynamic parameters. This device performs pulse
wave analysis, using an oscillometric measuring technique. With a common cuff peripheral
blood pressure and heart rate were detected. Subsequently, waveforms of the brachial artery
were recorded at diastolic blood pressure level. The ARCSolver algorithm then estimated
the central systolic blood pressure and central waveforms, allowing pulse waveform
analysis and the calculation of arterial stiffness parameters to occur, such as pulse pressure,
augmentation index, and total peripheral resistance [32,33].

Measurements were performed while the test persons subjects were seated. A standard
blood pressure cuff was placed on the upper arm at the right atrial level. The measurement
prior to the intervention, referred to as baseline value, was used as a reference.

2.4. Statistical Analysis

SPSS statistical software (SPSS 23 Inc., Chicago, IL, USA) was used for statistical
analyses and Graph Pad Prism (Graph Pad Prism 6.01 for Windows, Graph Pad Software,
San Diego, CA, USA) was used for graph editing. For the statistical references of blood
pressure, heart rate, arterial stiffness parameters, lung resistance, and reactance, the baseline
mean values were applied. The measurement prior to the intervention was referred to as
the baseline value. All the above-mentioned processes were tested for normal distribution
by Kolmogorov-Smirnov tests. The crossover design was used as the basis for the decision
to calculate a two-way repeated measures ANOVA to estimate an interaction between the
type of device used and time. If an interaction was found, a post hoc test (Bonferroni) was
applied. Student’s t-test was used to evaluate differences between continuous baseline
characteristics between groups. To individually analyze differences at various time points
between the four devices, ANOVA was used. Where appropriate, a multivariate analysis of
variance (MANOVA) was applied to level age, mean arterial pressure (MAP), heart rate
(HR), and sex. All data are expressed as mean =+ standard deviation (SD) unless otherwise
specified. An alpha error below 5% was considered statistically significant.

3. Results

All parameters were taken prior to the intervention as well as up to 60 min after
the intervention while test persons were resting. Hemodynamic parameters were hereby
taken in 5 min intervals, starting 10 min before the intervention. Lung function parame-
ters were taken 20 and 10 min before the intervention and 5, 15, 30, and 60 min after the
intervention. Peak nicotine levels of inhalative nicotine consumption can be found after
5-10 min and decline rapidly for 20 min after consumption due to tissue distribution [34].
Therefore, we paid special attention to the first 20 min when analyzing hemodynamic
parameters. For clarity, the following abbreviations were used when describing the groups:
IQOS™—IQOS, glo™—GLO; cigarette—Cig; e-cigarette without nicotine—E-Cig (-); and
sham smoking—Sham. The measurement prior to the intervention (—1 min in hemody-
namic parameters and —10 min in respiratory parameters) is used as a baseline value
that the post-intervention measurements are compared to. In the following, p < 0.05 (*) is
considered significant, p < 0.01 (#) is considered highly significant.

3.1. Baseline Characteristics

In this study, we included 17 healthy participants with a mean age of 24.2 & 1.1 years.
Test persons were healthy and normal weight. Test persons started to smoke occasionally.
On average they smoked 1.12 £ 0.8 cigarettes per day; however, all participants scored 0
on the Fagerstrom Test for nicotine dependence. Gender-specific baseline characteristics
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E-cig (-) increase was similar to IQOS. 5 min and 15 min after the intervention, IQOS and
GLO differed significantly from Sham. GLO was also significantly different to Cig after
5 min. Sham smoking showed a highly significant increase at only 15 min post intervention,
remaining significant until 60 min post intervention.
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Both peripheral and central systolic blood pressure (Figure 6) were highly significantly

increased after consumption of nicotine-containing devices (Cig, I1QOS, and GLO). In
peripheral systolic blood pressure, the increase stayed highly significant for 20 min in
Cig and GLO and for 15 min in IQOS (significant after 20 min). An increase was also
detected in E-Cig (-), which was highly significant for 5 min and significant for 15 min.
In sham smoking a significant elevation occurred only 20 min after the intervention. In
central systolic blood pressure, all groups but sham smoking were highly significantly
increased for 15 min (E-cig (-)) and 20 min (Cig, IQOS, and GLO), respectively. Compared
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Total peripheral resistance (Figure 9B) is highly significantly increased after con-
sumption of nicotine-containing devices (Cig, IQOS, and GLO) for 20 min (Cig and IQOS)
and 15 min (GLO), respectively. After consumption of E-cig (-) total peripheral resistance
is also highly significantly increased after 5 min and significantly increased after 10 min.
After 20 min another highly significant increase was detected. Sham was increased signif-

icanthronbyafter 15 min
reanty y-arter o -
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lower concentrations of toxicants in HTP fumes, the majority of studies [19], including
ours, found similar impairment of small airway function after heated tobacco products
and cigarette consumption. These findings raise concerns about long-term lung damage of
these products. In our study, not only did nicotine-containing devices show an increase
in resistance and reactance but the nicotine-free e-cigarette also did. There is evidence
that propylene glycol (PG) and vegetable glycerin in e-cigarettes lead to lung remodeling
and impaired lung function [43,44]. Short-term effects on lung function were described
after the consumption of nicotine-containing e-cigarettes [45]. However, other studies
did not report any alterations [46], or only small alterations, in lung function after e-
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cigarette consumption [47]. A study investigating nicotine-free e-cigarettes found small but
significant decreases in FEV1 and FEF25 [48]. Our study suggests the short-term effects
of nicotine-free e-cigarettes on small airways, but quite possibly, this effect is smaller than
after cigarette consumption. Since AOS provides more sensitive results concerning small
airway function than spirometry, further studies on this matter using AOS could generate
more insight on this topic.

As expected, hemodynamic parameters were increased after the consumption of the
nicotine-containing devices cigarettes, IQOS™ and GLO™. Central and peripheral blood
pressure as well as heart rate, augmentation index, and total peripheral resistance were
significantly elevated for the nicotine half-life of 20 min. Since nicotine is known to in-
crease blood pressure and heart rate [49,50], as well as arterial stiffness parameters [51-53],
nicotine-related effects could explain the findings in this respect. In our study, hemody-
namic parameters were equally increased after the consumption of HTP and cigarettes.
This aligns with [54], whereas Yaman et al. and a previous study of our group with a
similar crossover design found a less distinct increase in blood pressure after HTP con-
sumption [23,55]. Hypertension is associated with an abundance of morbidities, such as
myocardial infarction, stroke, heart failure, renal disease and even dementia [56]. Increased
arterial stiffness is considered an independent risk factor for cardiovascular mortality [57].
The augmentation index can hereby serve as an early warning sign of increased vascular
stiffness in younger people [58]. Our study showed similar behavior in blood pressure
and arterial stiffness shortly after HIP and cigarette consumption, indicating a similar
cardiovascular hazard potential of both products.

Interestingly, elevated hemodynamic parameters also followed the consumption of
nicotine-free e-cigarettes but not sham smoking. These effects were shorter and less pro-
nounced than after consumption of cigarettes or HTP but suggest additional nicotine-
independent alterations in hemodynamics. Similar findings were also reported in a study
by Antoniewicz et al. [59] but not in the study of Gonzalez et al. [60]. Additionally, we
found significantly elevated diastolic blood pressure levels not only during nicotine half-life
but for at least 50 min after cigarette and HTP consumption. Possible explanations could
be prolonged nicotine effects or effects of other ingredients contained in both products.
Since elevated diastolic blood pressure levels are considered a separate cardiovascular risk
factor [61], it might be interesting to check for repeatability in future studies.

The transferability of this study is clearly limited by the rather small sample size of
17 test subjects. However, with our crossover design and randomized testing order of the
devices, we could strongly reduce selection bias. Also, as a control group we used both
nicotine-free e-cigarettes and sham smoking. Since we could detect the effects of nicotine-
free e-cigarettes on respiratory and hemodynamic parameters, we considered the sham
smoking group the more suitable control group and recommended it for future studies.
Still, single outliers influenced our results, especially in the sham smoking group, which
consisted of only seven participants. Finally, our study was designed to only investigate
the acute effects of heated tobacco products and does not provide evidence of the long-term
consequences of HTP.

When speaking of the risks of heated tobacco product use, it is also relevant to consider
its range of applications. It has become consensual, that HTP consumption is harmful and
addictive [12]. Knowing the individual and societal consequences of cigarette smoking,
HTP consumption can clearly not be recommended to a “nicotine naive” population.
Tobacco harm reduction includes alternatives to cigarette smoking that need to be satisfying
enough for their users to permanently switch to a health risk as low as possible. Nicotine
replacement therapy is important in assisting smoking cessation. It provides users with
consistent nicotine doses to relieve cravings [5]. These products do not have any adverse
health effects except for the nicotine-caused effect and provide low addictive potential
but raise long-term smoking cessation rates only by 50-60% [13]. Handling and nicotine
kinetics in e-cigarettes and heated tobacco products are similar to cigarettes. This could
explain why these products are considered more satisfying by their users [62]. However,
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e-cigarettes are addictive, and consumption is considered a health risk itself [62-64]. The
consequences of heated tobacco products seem to be similar and have been discussed in
detail above. Still, more evidence concerning short- and long-term health consequences
is required. A recommendation for heated tobacco products as a substitute product for
cigarette smoking should only follow a critical benefit-risk consideration. However, our
study suggests that the risks may outweigh the benefits.

5. Conclusions

Satisfying substitute devices could be a useful tool in smoking cessation. However,
it is important that these devices cause as little harm as possible. Seemingly containing a
lot fewer harmful substances than cigarettes, heated tobacco products (HTP) have been
promoted as a promising device in this field. Investigating their acute impact on small
airway function and arterial stiffness, in our study, we could not find any evidence for
a harm reduction in HTP compared to cigarettes and nicotine-free e-cigarettes. Hemo-
dynamic parameters were elevated in a nicotine-related manner that was equivalent to
cigarettes, leading to the conclusion that HTP cause short-term elevated arterial stiffness
and acute cardiovascular stress, associating these products with increased cardiovascular
risk. Furthermore, when investigating small airway function, we even detected an increase
in resistance and reactance in IQOS™ and GLO™ exceeding the acute effects of cigarettes
and nicotine-free e-cigarettes, which, although not significant, could be an interesting
subject for further investigations. To conclude, our findings support that consumption
of heated tobacco products is associated with acute worsening of arterial stiffness and
increased stiffness of small airways. Whether these findings also apply to regular smokers
needs to be determined, as detected changes might be different in a possibly pre-damaged
respiratory and cardiovascular system. Still, to further understand the health impact of
these products, more independent studies that investigate short- and long-term effects
are needed.
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