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ABSTRACT

Aims Tomeasure carbonyl emissions from a heated tobacco product (IQOS) in comparison with an e-cigarette (Nautilus
Mini) and a commercial tobacco cigarette (Marlboro Red). Design Regular and menthol variants of the heated tobacco
product were tested. A tank-type atomizer was tested with a tobacco-flavoured liquid at 10 and 14W. Aerosol and smoke
were collected in impingers containing 2,4-dinitrophenylhydrazine. Health Canada Intense and two more intense puffing
regimens were used. Setting Analytical laboratory in Greece. Measurements Carbonyl levels in the aerosol and
smoke. Findings At the Health Canada Intense regimen, heated tobacco products emitted 5.0–6.4 μg/stick formalde-
hyde, 144.1–176.7 μg/stick acetaldehyde, 10.4–10.8 μg/stick acrolein, 11.0–12.8 μg/stick propionaldehyde and
1.9–2.0 μg/stick crotonaldehyde. Compared with the tobacco cigarette, levels were on average 91.6% lower for formalde-
hyde, 84.9% lower for acetaldehyde, 90.6% lower for acrolein, 89.0% lower for propionaldehyde and 95.3% lower for
crotonaldehyde. The e-cigarette emitted 0.5–1.0 μg/12 puffs formaldehyde, 0.8–1.5 μg/12 puffs acetaldehyde and
0.3–0.4 μg/12 puffs acrolein, but no propionaldehyde and crotonaldehyde. At more intense puffing regimens, formalde-
hyde was increased in heated tobacco products, but levels were three–fourfold lower compared with the tobacco cigarette.
Based on the findings fromHealth Canada Intense puffing regimen, use of 20 heated tobacco sticks would result in approx-
imately 85% to 95% reduced carbonyl exposure comparedwith smoking 20 tobacco cigarettes; the respective reduction in
exposure fromuse of 5 g e-cigarette liquid would be 97% to> 99%.Conclusions The IQOS heated tobacco product emits
substantially lower levels of carbonyls than a commercial tobacco cigarette (Marlboro Red) but higher levels than a Nau-
tilus Mini e-cigarette.
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INTRODUCTION

Heated tobacco products (also referred to as heat-not-burn
products) have been developed recently and released to the
market, after unsuccessful past attempts in the late 1980s
[1,2]. Currently, the most widely available product is IQOS
(Philip Morris International, Neuchâtel, Switzerland),
which was launched in 2014 in Italy and Japan. It is
currently available in approximately 30 countries, mainly
in Europe, while in May 2017 the manufacturer filed a
modified risk tobacco product application to the US Food
and Drug Administration for marketing approval in the

US [3]. Heated tobacco products function by heating rather
than combusting tobacco, using a battery device and con-
trolled heat delivery to the tobacco. Although technically
they could be called ‘electronic cigarettes’, this term has
long been used for personal vaporizers that generate aero-
sol by heating nicotine-containing liquid. The temperature
generated by IQOS is reported to be 350°C, lower com-
pared to the combustion temperatures reaching 900°C in
the cigarette tip [4]. This is expected to result in lower levels
of toxic emissions and, as a result, they are marketed as
reduced-risk products. Several studies have assessed the
chemistry and toxicology of this and other similar products
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from other manufacturers [5–8]. However, with few excep-
tions [9–11], all studies have been performed by the man-
ufacturers of the products. Considering the past history of
the tobacco industry, it is reasonable to be cautious and it
is necessary for independent studies to assess the accuracy
of the reported findings and the potential of these products
to reduce risk to smokers.

Carbonyls such as formaldehyde, acetaldehyde and
acrolein are among the most toxic compounds emitted in
tobacco cigarette smoke [12]. They have been linked to re-
spiratory disease, cardiovascular disease and carcinogene-
sis [12–15]. The main source of carbonyls in tobacco
cigarette smoke are carbohydrates present naturally in
the tobacco plant and added by the manufacturers as
flavourings [16]. Carbohydrates undergo thermal degrada-
tion due to the high temperatures in the tip of the tobacco
cigarette, resulting in carbonyl emissions [17]. Carbonyls
are also emitted from e-cigarettes, another smoking alter-
native. Several studies have identified carbonyls in the
e-cigarette aerosol of both unflavoured [18,19] and
flavoured liquids [20,21]. The main source of carbonyls is
thermal degradation of propylene glycol and glycerol
[22], while one study suggested that flavourings could be
a significant source of carbonyls [23]. In general,
e-cigarettes emit far lower carbonyl emissions compared to
tobacco cigarettes, with some reports of very high emissions
being challenged through replication studies [24–27].

Because heated tobacco products aremarketed and can
be used as alternatives to smoking, it is essential to examine
their safety profile compared to tobacco cigarettes. Addi-
tionally, it is important for smokers to make informed deci-
sions by knowing the relative risk of heated tobacco
products compared to other alternative to smoking
products. In that respect, the purpose of this study was to
compare carbonyl emissions from a heated tobacco prod-
uct (IQOS) in comparison with a popular commercial
e-cigarette and a tobacco cigarette.

METHODS

Equipment

IQOS equipment (power bank, battery and tobacco sticks,
both regular and menthol) were purchased from a tobacco
store in Greece. The e-cigarette equipment used for this
study was Evic VTC Mini variable wattage battery
(Joyetech, Shenzhen, China) and Nautilus Mini atomizer
with 1.6 Ohm cotton wick replacement atomizer heads
Aspire, Shenzhen, China). The liquid used was Halo Long-
horn (Nicopure Labs, Gainesville, FL, USA), a tobacco-
flavoured liquid, with 18 mg/ml nicotine concentration.
All e-cigarette equipment was purchased from a vapeshop
in Greece. A commercially available tobacco cigarette
(Marlboro Red; Papastratos-Philip Morris International,

Athens, Greece) was obtained from a tobacco shop in
Greece.

Aerosol collection and measurements

Products were tested using the Health Canada Intense
puffing regimen (PR1: 55-ml puff volume, 2-s puff dura-
tion, 3-s interpuff interval) and two more intense regimens
(PR2: 80-ml puff volume, 3-s puff duration, 30-s interpuff
interval; and PR3: 90-ml puff volume, 3-s puff duration,
25-s interpuff interval). The battery of IQOS lasts for ap-
proximately 6 minutes or 14 puffs (whichever comes first),
so 12 puffs can be generated with PR1 and PR2 and 14
puffs with PR3. The purpose of the latter puffing regimen
was to obtain the maximum number of puffs per tobacco
stick from IQOS. The e-cigarette was tested at two power
settings, 10 and 14 W. Two experienced daily e-cigarette
users (members of the research team) tested the e-cigarette
for the generation of dry puffs using the puff duration and
the power settings as tested in the laboratory. They verified
that both power settings were associated with realistic use
conditions.

For aerosol collection, a custom-made, programmable
for puff number, duration and volume smoking machine
was used. For the e-cigarette, an automatic push mecha-
nism was integrated to the controller in order to push the
activation button of the battery device at puff initiation.

For carbonyl emissions, the devices and the tobacco
cigarette were attached to a set of two impingers
connected in series that contained 35 ml acidified 2,4-
dinitrophenylhydrazine (2,4-DNPH) solution. The aerosol
from two tobacco cigarettes, two IQOS tobacco sticks and
50 e-cigarette puffs passed through the impingers to trap
carbonyls. The number of e-cigarette puffs was chosen to
make the method more sensitive to carbonyl detection,
and was used in previous studies [18,26,27]. For each
product, five aerosol collections per puffing regimen were
analysed to improve the level of precision inmeasurements
and reported mean values. For the e-cigarette, one atom-
izer head was used for every five aerosol collections. The
IQOS device was allowed to warm up for 20 s before taking
the first puff. The DNPH derivatives of formaldehyde, acet-
aldehyde, acrolein, propionaldehyde and crotonaldehyde
were measured by high performance liquid chromatogra-
phy, using a previously validated protocol [28]. The limits
of detection (LODs) for the method were 0.254 μg/collec-
tion for formaldehyde, 0.290 μg/collection for acetalde-
hyde, 0.395 μg/collection for acrolein, 0.440 μg/
collection for propionaldehyde and 0.403 μg/collection
for crotonaldehyde.

For nicotine measurements, the devices and the to-
bacco cigarette were attached to a filter holder containing
a 44mmCambridge filter for aerosol and smoke collection.
The tobacco cigarette was smoked until 35 mm butt
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length, with the ventilation holes covered. Two tobacco
cigarettes were used per collection. The IQOS device was
allowed to warm up for 20 s before taking the first puff.
After the end of the warm-up period, puffs were obtained
until the battery was deactivated (12 puffs for PR1 and
PR2 and 14 puffs with PR3). Two IQOS sticks were used
per collection, similarly to the number of tobacco cigarettes
used. The e-cigarette was attached to the same equipment
and 24 puffs were obtained per collection (similar to the
puff number of IQOS). For every product, three collections
per puffing regimen were analysed in order to obtain a
mean value. For the e-cigarette, one atomizer head was
used for each triplicate. The samples were analysed for nic-
otine levels with GC-NPD, using a method validated and
described previously [9]. The values were expressed as
mg/12 puffs (mg/14 puffs for PR3) for IQOS and e-cigarette
and as mg/cigarette for the tobacco cigarette. The mean
value of each puffing regimen was used to report carbonyl
emissions as amount per mg nicotine yield.

RESULTS

Table 1 presents the levels of carbonyl emissions per unit of
tobacco cigarette and IQOS and per 12 (for PR1 and PR2)
and 14 (for PR3) e-cigarette puffs. Propionaldehyde and
crotonaldehyde were not detected in any of the e-cigarette
aerosol samples. All carbonyls were detected > LOQ in all
samples of IQOS and tobacco cigarette. At PR1, IQOS

products emitted 91.6% [95% confidence interval
(CI) = 77.7–105.4%] less formaldehyde, 84.9% (95%
CI = 74.5–95.3%) less acetaldehyde, 90.6% (95%
CI = 82.0–99.3%) less acrolein, 89.0% (95% CI = 77.9–
100.2%) less propionaldehyde and 95.3% (95%CI = 71.9–
118.6%) less crotonaldehyde compared to the tobacco cig-
arette. The e-cigarette emitted 98.9% (95% CI = 85.2–
112.5%) less formaldehyde, 99.9% (95% CI = 89.9–
109.9%) less acetaldehyde and 99.7% (95% CI = 91.4–
108.0%) less acrolein compared to the tobacco cigarette.
In comparison with the IQOS products, the e-cigarette
tested herein emitted 86.7% (95% CI = 66.5–107.0%) less
formaldehyde, 99.3% (95%CI = 86.1–112.4%) less acetal-
dehyde and 96.7% (95% CI = 78.1–115.2%) less acrolein.

At more intense puffing regimens, minimal differences
in carbonyl emissions were observed for IQOS products,
with the exception of formaldehyde levels that were in-
creased by three–fourfold at PR3 compared to PR1. The
e-cigarette showed four to sevenfold higher carbonyl emis-
sions at PR3 compared to PR1. A 50% increase in acrolein
levels was observed at PR3 compared to PR1 for the to-
bacco cigarette. At PR3, the IQOS products emitted
72.2% (95% CI = 56.7–87.7%) less formaldehyde, 85.5%
(95% CI = 77.6–93.4%) less acetaldehyde, 92.7% (95%
CI = 84.7–100.7%) less acrolein, 89.2% (95% CI = 80.4–
97.9%) less propionaldehyde and 92.2% (95% CI = 78.2–
106.2%) less crotonaldehyde than the tobacco cigarette.
The e-cigarette emitted 94.9% (95% CI = 80.6–109.1%)

Table 1 Carbonyl emissions per one IQOS stick, 12 e-cigarette puffs (14 puffs at PR3) and one tobacco cigarette. Data presented as mean
(standard deviation) from five repetitions.

Formaldehyde Acetaldehyde Acrolein Propionaldehyde Crotonaldehyde

μg/stick or μg/12 puffs or μg/cigarette

PR1
IQOS regular 6.4 (1.8) 144.1 (23.3) 10.8 (4.0) 12.8 (3.7) 2.0 (0.4)
IQOS menthol 5.0 (1.4) 176.7 (32.6) 10.4 (1.9) 11.0 (2.4) 1.9 (0.2)
E-cigarette 10 W 0.5 (0.2) 0.8 (0.3) 0.3 (0.1) < LOD < LOD
E-cigarette 14 W 1.0 (0.2) 1.5 (0.3) 0.4 (0.1) < LOD < LOD
Tobacco cigarette 67.2 (14.0) 1062.2 (161.4) 112.7 (14.2) 108.6 (17.9) 41.1 (14.6)

PR2
IQOS regular 9.1 (3.7) 146.8 (22.3) 8.1 (2.0) 8.8 (4.6) 1.4 (0.5)
IQOS menthol 13.6 (5.3) 187.8 (61.8) 10.6 (6.1) 13.2 (4.0) 2.4 (0.9)
E-cigarette 10 W 2.8 (0.9) 1.9 (0.6) 0.5 (0.3) < LOD < LOD
E-cigarette 14 W 3.1 (0.4) 1.9 (03.3) 1.0 (0.1) < LOD < LOD
Tobacco cigarette 74.4 (24.2) 1372.9 (191.2) 156.8 (32.1) 113.7 (14.1) 65.7 (9.5)

PR3
IQOS regular 17.1 (2.4) 165.1 (10.5) 10.4 (1.8) 11.8 (1.5) 3.0 (0.7)
IQOS menthol 22.6 (4.8) 187.1 (13.4) 13.1 (1.2) 13.5 (1.3) 3.3 (0.6)
E-cigarette 10 Wa 3.6 (1.7) 1.7 (0.4) 0.9 (0.1) < LOD < LOD
E-cigarette 14 Wa 3.7 (6.6) 2.9 (0.6) 1.1 (0.1) < LOD < LOD
Tobacco cigarette 71.4 (15.4) 1212.6 (144.2) 160.9 (19.3) 117.1 (15.4) 40.5 (8.6)

IQOS = heated tobacco product; PR = puffing regimen; LOD = limit of detection. aμg/14 puffs. PR1: 2-s puff duration, 55-ml puff volume, 30-s interpuff
interval; PR2: 3-s puff duration, 80-ml puff volume, 30-s interpuff interval; PR3: 3-s puff duration, 90-ml puff volume, 25-s interpuff interval.
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less formaldehyde, 99.8% (95% CI = 92.0–107.6%) less
acetaldehyde and 99.4% (95% CI = 91.5–107.3%) less
acrolein than the tobacco cigarette. In comparison
with the IQOS products, the e-cigarette emitted 81.5%
(95% CI = 65.6–97.4%) less formaldehyde levels
98.7% (95% CI = 92.6–104.8%) less acetaldehyde and
91.5% (95% CI = 80.2–102.7%) less acrolein.

The average nicotine yield for IQOS regular and men-
thol was 1.2 mg at PR1, 1.3 mg at PR2 and 1.6 and
1.7 mg, respectively, at PR3. For the e-cigarette at 10 and
14 W, nicotine yield was 1.1 and 1.6 mg at PR1, 1.7 mg
and 2.3 mg at PR2 and 2.2 and 3.1 mg at PR3, respec-
tively. The nicotine yield from the tobacco cigarette was
1.8 mg at PR1, 2.1 mg at PR2 and 2.4 mg at PR3.
Table 2 presents the levels of carbonyl emissions per mg
of nicotine emission to the aerosol (nicotine yield). At
PR1, IQOS products emitted 87.1% (95% CI = 73.0–
101.3%) less formaldehyde, 77.0% (95% CI = 66.0–
87.9%) less acetaldehyde, 85.7% (95% CI = 76.5–94.9%)
less acrolein, 83.3% (95% CI = 71.6–94.9%) less
propionaldehyde and 92.8% (95% CI = 69.4–116.1%)
less crotonaldehyde per mg nicotine yield than the
tobacco cigarette. The e-cigarette emitted 98.5% (95%
CI = 84.9–112.2%) less formaldehyde, 99.9% (95%
CI = 89.9–109.8%) less acetaldehyde and 99.6%
(95% CI = 91.3–107.9%) less acrolein per mg nicotine
yield than the tobacco cigarettes. In comparison with
the IQOS products, 88.6% (95% CI = 68.6–108.5%) less

formaldehyde, 99.4% (95%CI = 86.2–112.5%) less acetal-
dehyde and 97.0% (95% CI = 78.5–115.6%) less acrolein
per mg nicotine yield was emitted from the e-cigarette. At
PR3, IQOS products emitted approximately 59.2% (95%
CI = 42.7–75.7%) less formaldehyde, 78.6% (95%
CI = 70.7–86.6%) less acetaldehyde, 89.3% (95%
CI = 81.2–97.3%) less acrolein, 84.1% (95% CI = 75.3–
92.9%) less propionaldehyde and 88.5% (95% CI = 74.4–
102.5%) less crotonaldehyde than the tobacco cigarette.
The e-cigarette emitted approximately 95.1% (95%
CI: 80.8–109.4%) less formaldehyde, 99.8% (95% CI:
92.0–107.6%) less acetaldehyde and 99.4% (95%
CI = 91.5–107.3%) less acrolein than the tobacco
cigarette. In comparison with the IQOS products,
88.0% (95% CI = 73.7–102.4%) less formaldehyde,
99.2% (95% CI = 94.4–104.0%) less acetaldehyde
and 94.6% (95% CI = 84.6–104.5%) less acrolein were
emitted from the e-cigarette.

Figure 1 presents the percentage reduction in carbonyl
exposure from an assumed daily consumption of 20 IQOS
sticks and 5 g e-cigarette liquid compared with 20 tobacco
cigarettes according to carbonyl emissions at PR1.While it
would be reasonable to compare puffs or number of tobacco
sticks between IQOS and tobacco cigarettes, the pattern of
consumption for e-cigarettes is different. Consumers report
e-cigarette consumption as amount of liquid consumed
daily [29,30]. The e-cigarette daily consumption assumed
herein was similar to a large survey where former smoking

Table 2 Carbonyl emissions per mg nicotine yield for the products tested. Data presented as mean (standard deviation) from five
repetitions.

Formaldehyde Acetaldehyde Acrolein Propionaldehyde Crotonaldehyde

μg/mg nicotine yield

PR1
IQOS regular 5.3 (1.5) 120.1 (19.4) 9.0 (3.3) 10.7 (3.1) 1.6 (0.4)
IQOS menthol 4.1 (1.2) 147.3 (27.2) 8.6 (1.6) 9.2 (2.0) 1.6 (0.2)
E-cigarette 10 W 0.5 (0.2) 0.8 (0.3) 0.3 (0.1) < LOD < LOD
E-cigarette 14 W 0.6 (0.2) 0.9 (0.2) 0.3 (0.1) < LOD < LOD
Tobacco cigarette 36.7 (7.6) 580.4 (88.3) 61.6 (7.8) 59.4 (9.8) 22.5 (8.0)

PR2
IQOS regular 7.0 (2.8) 112.9 (17.1) 6.3 (1.5) 6.8 (3.6) 1.1 (0.4)
IQOS menthol 10.4 (4.1) 144.5 (47.5) 8.2 (4.7) 10.2 (3.1) 1.9 (0.7)
E-cigarette 10 W 1.6 (0.5) 1.1 (0.3) 0.3 (0.2) < LOD < LOD
E-cigarette 14 W 1.3 (0.2) 0.8 (0.1) 0.4 (0.1) < LOD < LOD
Tobacco cigarette 35.9 (11.7) 663.2 (92.4) 75.7 (15.5) 54.9 (6.8) 31.7 (4.6)

PR3
IQOS regular 10.7 (1.5) 103.2 (6.6) 6.5 (1.1) 7.4 (0.9) 1.9 (0.4)
IQOS menthol 13.3 (2.8) 110.0 (7.9) 7.7 (0.7) 8.0 (0.8) 1.9 (0.4)
E-cigarette 10 W 1.7 (0.8) 0.8 (0.2) 0.4 (0.1) < LOD < LOD
E-cigarette 14 W 1.2 (1.2) 0.9 (0.2) 0.4 (0.1) < LOD < LOD
Tobacco cigarette 29.4 (6.3) 499.0 (59.3) 66.2 (8.0) 48.2 (6.3) 16.7 (3.5)

IQOS = heated tobacco product; PR = puffing regime; LOD = limit of detection PR1: 2-s puff duration, 55-ml puff volume, 30-s interpuff interval. PR2: 3-s puff
duration, 80-ml puff volume, 30-s interpuff interval. PR3: 3-s puff duration, 90-ml puff volume, 25-s interpuff interval.
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vapers reported past consumption of 20 tobacco cigarettes
per day [30]. Formaldehyde exposure would be reduced by
approximately 90%, acetaldehyde by 85%, acrolein by
90%, propionaldehyde by 90% and crotonaldehyde by
95% from using 20 IQOS compared to smoking 20 tobacco
cigarettes. The respective reduction from using 5 g
e-cigarette liquid was from 97 to > 99% for all carbonyls.
Supporting information, Fig. S1 shows exposure reductions
according to the findings at PR2 and PR3. Smaller reduc-
tions were observed for formaldehyde exposure from IQOS
use at PR3 (76.0 and 68.4% for IQOS regular andmenthol,
respectively) while for all other carbonyls reductions were
consistently ≥ 85% compared to smoking 20 tobacco
cigarettes. For e-cigarettes, reductions were from 92 to
> 99% at both more intense puffing regimens.

DISCUSSION

To the best of our knowledge, this is the first independent
(not funded by any commercial entity) study evaluating
carbonyl emissions from a heated tobacco product that is
currently marketed in many countries in Europe and
Asia. The main findings of the study are that IQOS heated
tobacco products emit substantially lower carbonyl levels
compared to a commercial tobacco cigarette at the 3 tested
puffing regimens. The study also evaluated another popu-
lar tobacco harm reduction product, a commercial e-
cigarette, and found that it emitted lower carbonyl levels
than IQOS heated tobacco products.

The safety/risk profile of products that can be used for
harm reduction is an essential factor in estimating the pub-
lic health effects of these products [31]. For smokers, it is
particularly important to assess the relative risk of these
products compared to tobacco cigarettes, while for non-
smokers defining the absolute risk is essential. The study

herein showed that both heated tobacco products and
e-cigarettes emit carbonyls, but the levels are lower by far
compared to tobacco cigarette smoke. Carbonyl levels were
higher in the heated tobacco products than the e-cigarette.

Similar levels of carbonyl emissions were reported by
the manufacturer of the product [8], and our findings are
in agreement with a study findings substantial reduction
in biomarkers of acrolein and crotonaldehyde exposure
after 5 days of switching from smoking to IQOS use [32].
One study found that the reduction in carbonyl emissions
from IQOS compared to tobacco cigarettes was much lower
than reported previously by the manufacturer [11]. While
that study found lower carbonyl emissions from IQOS com-
pared to the study herein, it reported unusually low emis-
sions from the tobacco cigarette. The present findings on
tobacco cigarettes are consistent with the literature
data [33], supporting the reliability of the laboratory
methods used. Thus, although not harmless, the findings
suggest that IQOS products can have a role as harm reduc-
tion products if smokers switch to them and stop using
combustible cigarettes—although far more testing is re-
quired. It is also evident that there is a risk continuum be-
tween different product types, with e-cigarettes emitting
approximately 10-fold lower carbonyls compared to the
heated tobacco products tested, while crotonaldehyde and
propionaldehyde were not detected in the e-cigarette aero-
sol. This is important information for smokers who should
have the opportunity to make informed decisions based on
the safety profile of each product. It should be noted that
the absolute difference in carbonyl emissions between the
heated tobacco products and the e-cigarette is low when
compared to the difference between these products and to-
bacco cigarette smoke.

The first priority should be to quit smoking; thus, for
smokers unwilling or unable to quit with currently

Figure 1 Percentage reduction in exposure to carbonyls from using 20 IQOS (heated tobacco product); sticks and five g e-cigarette liquid com-
pared to 20 tobacco cigarettes at Health Canada Intense puffing regime (PR1, 2-s puff duration, 50-ml puff volume, 30-s interpuff interval). Bars rep-
resent mean difference, lines represent lower 95% confidence interval of the difference
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approved methods, it would be reasonable to first try an e-
cigarette, and if this is also unsuccessful, to proceed with
the use of heated tobacco products in an effort to quit by
switching to harm reduction products. However, it should
be emphasized that the risk profile of the products in terms
of chemical composition does not depend solely upon car-
bonyl emissions, but on a large array of different com-
pounds that are emitted in tobacco cigarettes and how
such levels are compared to the respective levels of the
harm reduction products. Thus, more studies are needed,
evaluating several other compounds such as aromatic
amines, polycyclic aromatic hydrocarbons, heavy metals,
tobacco-specific nitrosamines and phenols. The manufac-
turer of the product has already presented the emission
profile for these compounds [8], while limited data exist
from independent studies on some toxic compounds [10].
Considering the past experience of tobacco industry science
[34,35], it is reasonable to be cautious and emphasize the
importance to have independent studies replicating re-
search published by the industry. Until now, this and other
independent studies have, for the most part, verified the
manufacturer reports [9–11].

This study assessed carbonyl emissions at three differ-
ent puffing regimens. Although the Health Canada Intense
puffing regimen is considered the standard in tobacco cig-
arette chemistry research, it is currently unknown if it is
applicable to heated tobacco product use. It is expected that
smokers would want to obtain a similar amount of nicotine
from these products as from smoking tobacco cigarettes.
Three studies have shown that IQOS delivers approxi-
mately 30% lower levels of nicotine to the aerosol com-
pared to a commercial or standardized tobacco cigarette
[8–10]. Therefore, it is possible that smokers who switch
to IQOS might use more intense puffing patterns. A nico-
tine pharmacokinetic study showed that peak plasma nic-
otine levels after single use of IQOS was approximately
30% lower compared to a tobacco cigarette, but similar re-
ductions in urge to smoke were observed with the two
products [36]. Another study found similar 24-hour phar-
macokinetic profiles for IQOS and tobacco cigarette among
Japanese smokers [37]. A randomized, controlled trial of
switching from tobacco cigarette to IQOS found that IQOS
users took more frequent puffs and had shorter interpuff
intervals. To address uncertainty in the puffing regimen
representative of IQOS use, two intense puffing patterns
were tested herein. No clear pattern of increase in carbonyl
emissions at more intense puffing regimens was observed,
with the exception of formaldehyde. Additionally, the levels
of carbonyl emissions were reported per nicotine yield. This
comparison again showed substantial reduction in car-
bonyl emissions compared to tobacco cigarette, although
the reductions observed in IQOS were somewhat lower
compared to reporting carbonyl levels per cigarette or IQOS
stick. On the contrary, larger reductions were observed for

the e-cigarette, especially at 14 W, due to higher nicotine
yield. It remains to be seen whether emissions from heated
tobacco products should be reported per stick or nicotine
yield. For e-cigarettes, however, it is more relevant to report
emissions per liquid consumption [27].

There are several limitations to this study. First, it in-
cluded a very small sample size. Secondly, the study in-
cluded the assessment of just a few of the harmful and
potentially harmful compounds that are found in tobacco
cigarette smoke. However, studies on other potential toxins
have shown reduced emissions from IQOS compared to to-
bacco cigarettes, although no comparisonwith e-cigarettes
was performed [8,10]. Thirdly, only one e-cigarette device
was tested. While the findings herein are consistent with
previous reports using the same new-generation atomizer
[19,27,38], studies have shown some variability in car-
bonyl emissions depending upon the e-cigarette design
and product type [19,26]. For example, old-generation at-
omizers, using silicawicks and coils on the top of the atom-
izer, emit substantially higher levels of carbonyls compared
with new-generation cotton wick atomizers [19]. Few
studies reported that carbonyl emissions from e-cigarettes
exceeded the levels in tobacco cigarette smoke [23–25].
However, these findings have been questioned with replica-
tion studies showing either lower carbonyl emissions or
unrealistic testing conditions that created overheating
and dry puffs [26,27,38]. A recent systematic review of
carbonyl emissions from e-cigarettes identified several
methodological issues which could result in reporting find-
ings with questionable clinical context [39].

In conclusion, this small, independently funded study
found that IQOS emitted far lower levels of potentially
harmful carbonyl emissions than a combustible cigarette,
but higher levels than an e-cigarette. Nicotine yield from
the heated tobacco products tended to be lower than
combustible cigarette and the e-cigarette. Our results are
consistent with studies conducted by the manufacturer of
the tested products when they compared their products
with combustible cigarettes. While the chemicals assessed
in this study do not represent all potential harmful
constituents, our results suggest that the continuumof risk
is highest for combustible cigarette, considerably less
for IQOS heat-not-burn product, and even less for the
e-cigarette.
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Supporting Information

Additional supporting information may be found online in
the Supporting Information section at the end of the
article.

Figure S1 Percent reduction in exposure to carbonyls from
using 20 IQOS sticks and 5 g e-cigarette liquid compared to
20 tobacco cigarettes at PR2 (A, 3 s puff duration, 80 mL
puff volume, 30 s interpuff interval) and PR3 (B, 3 s puff
duration, 90 mL puff volume, 25 s interpuff interval). Bars
represent mean difference, lines represent lower 95% con-
fidence interval of the difference.
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