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ABSTRACT: The WHO study group on tobacco product regulation
(TobReg) advised regulating and lowering toxicant levels in cigarette
smoke. Aldehydes are one of the chemical classes on the TobReg
smoke toxicants priority list. To provide insight in factors determining
aldehyde yields, the levels of 12 aldehydes in mainstream cigarette
smoke of 11 Dutch brands were quantified. Variations in smoking
behavior and cigarette design affecting human exposure to aldehydes
were studied by using four different machine testing protocols. Machine
smoking was based on the International Standardization Organization
(ISO) and Health Canada Intense (HCI) regime, both with and without
taping the filter vents. The 11 cigarette brands differed in (i) design and
blend characteristics; (ii) tar, nicotine, and carbon monoxide (TNCO)
levels; (iii) popularity; and (iv) manufacturer. Cigarette smoke was trapped on a Cambridge filter pad and carboxen cartridge.
After being dissolved in methanol/CS2 and derivatization with DNPH, the aldehyde yields were determined using HPLC-DAD.
Using an intense smoking regime (increased puff volume, shorter puff interval) significantly increased aldehyde yields, following
the pattern: ISO < ISO-taped < HCI-untaped < HCI. For all of the regimes, acetaldehyde and acrolein yields were strongly
correlated (r = 0.804). The difference in TNCO and aldehyde levels between regular and highly ventilated low-TNCO cigarettes
(as measured using ISO) diminished when smoking intensely; this effect is stronger when combined with taping filter vents. The
highly ventilated low-TNCO brands showed six times more aldehyde production per mg nicotine for the intense smoking
regimes. In conclusion, acetaldehyde and acrolein can be used as representatives for the class of volatile aldehydes for the
different brands and smoking regimes. The aldehyde-to-nicotine ratio increased when highly ventilated cigarettes were smoked
intensely, similar to real smokers. Thus, a smoker of highly ventilated low-TNCO cigarettes has an increased potential for higher
aldehyde exposures compared to a smoker of regular cigarettes.

■ INTRODUCTION

During the Framework Convention on Tobacco Control (FCTC),
parties started to develop guidelines for the regulation of contents
and emissions of tobacco products in order to reduce tobacco-
related morbidity and mortality.1 As part of this, the WHO
study group on tobacco product regulation (TobReg) advised
regulating and lowering toxicant yields in cigarette smoke.2 Due
to the complex composition of cigarette smoke and the wide
variety of tobacco-related diseases, TobReg proposed beginning
regulation with a limited set of high-priority toxic emissions.
To this end, priority lists of smoke toxicants were compiled
based on toxicity indices in combination with other information
on products. This indicates that regulation is feasible, for exam-
ple, the considerable differences in emission levels between
brands under similar smoking conditions.2−6 One of the chemical

classes identified by TobReg, as well as others, as a priority, due
to their impact on human health, is the volatile aldehydes.1,2,4,7,8

In order to study their adverse health effects, modeled human
exposures to cigarette-derived aldehydes were compared to no
observed adverse effect levels (NOAELs) or the lowest observed
adverse effect levels (LOAELs) derived from animal experimental
data, which was translated to human risks using safety factors.
Risk assessors concluded that exposure to individual aldehydes
leads to adverse acute and chronic health effects.6,9−11 Burns
et al. showed that for all brand characteristics and human
smoking behaviors,2 the chemical class of aldehydes present in
cigarette smoke may be represented by only three compounds,
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that is, acetaldehyde, formaldehyde, and acrolein. These three
were selected because of similarities in structures, precursors,
or mechanisms of formation.2 It is suggested to express the
toxicant yields per mg of nicotine, since smokers titrate the
nicotine need.
Since smoking behavior varies between individuals, it is

important to study the influence of smoking behavior on indi-
vidual exposure to cigarette mainstream smoke (MSS) constit-
uents. Machine smoking with standardized settings for puff
volume, puff duration, and interpuff intervals can be used to
create a range of mimicked smoking intensities that cover
exposure for all human smokers. For this purpose, the Inter-
national Organization for Standardization (ISO) smoking regime
(puff volume 35 mL, puff duration 2 s, puff interval 60 s) and
Health Canada Intense (HCI) (puff volume 55 mL, puff duration
2 s, puff interval 30 s) smoking regimes are often applied.
In addition to the HCI smoking regime being more intense,
another difference with the ISO smoking regime is that the
cigarette filters are taped to block filter vents. Industry uses
cigarette filter ventilation and cigarette paper porosity as a
major design feature, resulting in reduced yields of tar, nicotine,
and carbon monoxide (CO) as measured using the ISO regime.12

This is explained by the dilution of the emissions produced in
the burning tip, with ambient air invading via filter vents before
the emissions are collected at the mouth end. The influence of
cigarette filter ventilation is determined by combining the smoking
regimes and blocking filter vents with tape.13,14 It has been shown
that machine-smoked cigarettes produce significantly lower yields
per puff and per cigarette when ISO regimes are applied rather
than HCI conditions.15 On the one hand, filter ventilation
is responsible for large differences in aldehyde yields under
machine smoking conditions,16 explained by a changed burning
process.17,18 On the other hand, due to the increased puff
parameters, additional smoke is produced. The combination
of filter ventilation and puff parameters is investigated in four
smoking conditions.
The industry aims at increasing product elasticity to facilitate

the ability of smokers to extract desirable levels of nicotine.19

A good example is the low-TNCO cigarette, which smokers
unconsciously manipulate in such a way that they extract enough
nicotine to satisfy their needs.20−22 In addition to smoking
behavior and filter ventilation, other brand characteristics also
influence smoke constituent yields, such as aldehyde yields.
A cigarette brand is unique because of agricultural practices,
plant characteristics, tobacco blending, and cigarette design.23

The curing process and the type and blend of tobacco, i.e.
Virginia/Bright, Oriental, and Burley tobacco, are important con-
tributors to the aldehyde yields in cigarette smoke.3,16 Natural
sugars in tobacco leaves are thought to be a significant source of
aldehydes.11,24 In addition, sugar is added by the manufacturer
to improve the flavor and taste of the smoke.25−27 It has already
been shown that lowering sugar content is promising for reducing
aldehydes in smoke.11,28

The objectives of the present study are:

(1) to quantify aldehyde levels in cigarette MSS for four
different smoking regimes and 11 different brands;

(2) to study whether acrolein, acetaldehyde, and form-
aldehyde levels correlate well with the other aldehyde
levels and are thus representative of the class of volatile
aldehydes;

(3) to quantify TNCO levels for quality assurance purposes
and to be able to estimate nicotine exposure;

(4) to estimate the influence of the smoking regime, espe-
cially filter ventilation, and brand characteristics on the
aldehyde yields in cigarette smoke;

(5) and to estimate the aldehyde exposure of a smoker for
different brands and smoking regimes.

■ EXPERIMENTAL PROCEDURES
Eleven cigarette brands, available on the Dutch market in 2015, were
selected based on different TNCO levels, popularity, tobacco blend,
and cigarette manufacturer (Table 1). According to the website of the
tobacco company, the selected cigarettes in the main study typically
contain the three main tobacco types in different ratios: Virginia/
Bright, Burley, and Oriental. All of the brands used were bought at a
tobacconist and have the same batch code on the package. Cigarettes
were conditioned and marked as described in ISO 3402:1999 and
ISO 4387.29,30 In addition, two reference cigarettes 3R4F and 1R5F,
with a high and low TNCO level respectively, were purchased from
the College of Agriculture Reference Cigarette Program, University of
Kentucky (Lexington, KY 40546, USA).

Study Design. Cigarettes were machine-smoked on a 20-port
linear smoking machine (Cerulean SM450, Milton Keynes, U.K.),
according to the ISO and HCI smoking regimes as described by
ISO 3308:2012 and WHO TobLabNet SOP 01.31,32 The ISO smoking
regime was based on a 35 mL puff volume, 2 s puff duration, 60 s puff
interval, and no vent blocking. The HCI smoking regime was des-
cribed as 55 mL puff volume, 2 s puff duration, and 30 s puff interval.
A 100% vent blocking was achieved by taping the vents with 19 mm
width Scotch Magic tape (cat no: 810, 3M, USA). Two extra smoking
regime variations on the conventional methods were included: the
ISO method with filter vent blocking by taping (ISO-taped) and the
HCI method without taping the filter vents (HCI-untaped).

Aldehyde Measurements. The 85.2 mmol/L 2,4-dinitrophenyl-
hydrazine hydrochloride (DNPH) reagent was composed of hydro-
chloride, phosphoric acid (85%) (Merck), and acetonitrile (>99%)
(Biosolve). Calibration standards were made for formaldehyde-DNPH
(97%) (Sigma-Aldrich), acetaldehyde-DNPH (Sigma-Aldrich), acro-
lein-DNPH (Sigma-Aldrich), including 0, 0.1, 0.2, 0.5, 1.0, and 2.0 μg/mL,
and an aldehyde/ketone-DNPH mix (ERA-020, Sigma-Aldrich), including
0, 0.15, 0.45, 0.90, 1.80, and 3.0 μg/mL.

For the aldehyde measurement, cigarette smoke was trapped on a
holder containing a Cambridge filter pad (CFP) and a CX 572 20/45
cartridge (cat no: 11072-U, Sigma) 300 mg in a 3 mL SPE tube
(cat no: 57241, Sigma). Extraction was done as described in the WHO
SOP08.33 In short, CFP and carboxen were extracted by 10 mL of
carbon disulfide/methanol (20/80), while being shaken for 10 min at
120 rpm. A half of a milliliter was taken to derivate with 0.2 mL
of DNPH solution for 10 min, followed by a dilution with 4.3 mL
of ethanol. The aldehydes were quantified by HPLC LC-10Ai
(Shimadzu), including a SIL-20AC autosampler and a SPD-M20A
photo diode array detector, quantified at wavelength 360 nm, and
verification of identity wavelength scan was done between 250 and
450 nm. As a mobile phase, a gradient of water (A) and acetonitrile
(B) was used, starting with A 55% and B 45%, after 25 min it changed
to B 100%, with a change back to A 55% and B 45% after 31 min, and
ending the run at 45 min. The individual aldehydes were measured
in five replicates per cigarette brand, using four smoking conditions.
Aldehydes of interest were acetaldehyde, acrolein, formaldehyde,
acetone, propionaldehyde, crotonaldehyde, butyraldehyde, benzalde-
hyde, isovaleraldehyde, hexaldehyde, and 2,5-dimethylbenzaldehyde,
with o-, m-, and p-tolualdehyde combined. The latter compound was
determined as a single compound since the chromatographic method
did not separate the three isomers.

TNCO Measurements. TNCO in cigarette smoke was measured
under the same conditions as the aldehyde measurements. A 44 mm
diameter CFP (product no: 9703-9654, Whatman, GE Healthcare
U.K. Limited) was used to trap the mainstream cigarette smoke
constituents and was immediately extracted with isopropanol
(>99.8%) (CAS 67-63-0, Merck), containing heptadecane (99.6%)
(CAS 629-78-7, Sigma-Aldrich) as the internal standard for nicotine

Chemical Research in Toxicology Article

DOI: 10.1021/acs.chemrestox.7b00342
Chem. Res. Toxicol. 2018, 31, 462−471

463

http://dx.doi.org/10.1021/acs.chemrestox.7b00342


T
ab
le

1.
D
ut
ch

C
ig
ar
et
te

B
ra
nd

s
an
d
R
ef
er
en
ce

C
ig
ar
et
te
s
w
it
h
M
an
uf
ac
tu
re
r,
T
N
C
O

V
al
ue
s,
an
d
T
ob

ac
co

B
le
nd

a

T
ar

(m
g/
ci
ga
re
tt
e)

N
ic
ot
in
e
(m

g/
ci
ga
re
tt
e)

C
ar
bo
n
M
on
ox
id
e
(m

g/
ci
ga
re
tt
e)

V
en
til
at
io
n

Pu
ff
N
um

be
r

B
ra
nd

M
an
uf
ac
tu
re
r

T
ob
ac
co

B
le
nd

C
la
im

IS
O

IS
O
-

ta
pe
d

H
C
I-

un
ta
pe
d

H
C
I

C
la
im

IS
O

IS
O
-

ta
pe
d

H
C
I-

un
ta
pe
d

H
C
I

C
la
im

IS
O

IS
O
-

ta
pe
d

H
C
I-

un
ta
pe
d

H
C
I

%
IS
O

IS
O
-

ta
pe
d

H
C
I-

un
ta
pe
d

H
C
I

C
am

el
fi
lte
r

JT
In
te
rn
at
io
na
l

M
ai
nl
y
V
irg
in
ia
an
d

T
ur
ki
sh

10
12
.2
4

17
.0
4

24
.0
6

29
.6
5

0.
8

1.
01

1.
06

2.
08

1.
97

10
9.
95

13
.3
4

23
.8
3

27
.5
4

32
.6
0

7.
84

6.
86

10
.1

8.
82

G
au
lo
is
es

B
lo
nd
es

bl
ue

Im
pe
ria
l
to
ba
cc
o

N
ed
er
la
nd

D
ar
k
to
ba
cc
os

fr
om

Sy
ria
/T

ur
ke
y

(s
tr
on
g
di
st
in
ct
iv
e

ar
om

a)

10
12
.0
2

14
.7
1

25
.2
8

28
.9
4

0.
8

0.
89

0.
87

2.
03

1.
89

10
9.
71

13
.7
4

20
.8
9

25
.3
2

22
.9
0

6.
52

5.
7

8.
7

7.
78

D
un
hi
ll

re
d

B
rit
is
h
A
m
er
ic
an

T
ob
ac
co

M
ai
nl
y
V
irg
in
ia

10
10
.6
4

12
.5
2

22
.2
1

28
.6
2

0.
9

0.
8

0.
79

1.
84

1.
79

10
9.
99

13
.7
8

20
.9
9

24
.7
5

18
.8
8

6.
18

5.
82

8.
12

7.
52

Lu
ck
y

St
rik
e

re
d

B
rit
is
h
A
m
er
ic
an

T
ob
ac
co

V
irg
in
ia
,B

ur
le
y,

O
rie
nt
al

10
11
.1
7

18
.9
4

24
.5
6

36
.5

0.
8

0.
9

1.
07

2.
02

2.
11

10
10
.1
1

13
.3

22
.0
4

28
.9
1

32
.9
0

8.
74

8.
16

12
.1
8

10
.4
8

Lu
ck
y

St
rik
e

ad
di
tiv
e

fr
ee

B
rit
is
h
A
m
er
ic
an

T
ob
ac
co

V
irg
in
ia
,B

ur
le
y,

O
rie
nt
al

10
10
.6
9

14
.0
1

24
.2
1

39
.3

0.
8

0.
83

0.
83

1.
85

1.
86

10
9.
59

15
.3
1

20
.7
1

23
.7
2

26
.5
4

6.
74

6.
14

9.
16

8.
68

K
en
t

su
rr
ou
nd

B
rit
is
h
A
m
er
ic
an

T
ob
ac
co

V
irg
in
ia
,B

ur
le
y,

O
rie
nt
al

4
5.
8

10
.2
8

12
.3
6

22
.8
4

0.
4

0.
54

0.
71

1.
27

1.
51

5
6.
7

12
.4
1

17
.5
9

24
.1
9

77
.3
8

6.
68

5.
66

10
.4
6

8.
16

L&
M

re
d

Ph
ili
p
M
or
ris

V
irg
in
ia
,B

ur
le
y,

O
rie
nt
al

10
8.
36

16
.2
2

23
.0
5

34
.0
1

0.
8

0.
78

0.
94

1.
88

2.
02

10
9.
17

13
.8
4

21
.8
5

28
.0
7

37
.8
0

8.
28

7.
32

11
.1
4

9.
14

M
ar
lb
or
o

re
d

Ph
ili
p
M
or
ris

V
irg
in
ia
,B

ur
le
y,

O
rie
nt
al

10
10
.3
7

15
.4

25
.0
1

34
.0
3

0.
8

0.
8

0.
9

1.
93

1.
97

10
8.
51

15
.1
2

20
.7

26
.2
7

42
.7
2

7.
92

6.
94

10
.9
2

8.
9

M
ar
lb
or
o

m
en
th
ol

Ph
ili
p
M
or
ris

V
irg
in
ia
,B

ur
le
y,

O
rie
nt
al

10
10
.9
4

17
.3
6

24
.5
3

33
.8
3

0.
8

0.
8

0.
84

1.
65

1.
72

10
9.
85

17
.6
8

21
.2
8

29
.4

32
.6
6

8.
08

7.
18

10
.3
2

8.
7

M
ar
lb
or
o

go
ld

Ph
ili
p
M
or
ris

V
irg
in
ia
,B

ur
le
y,

O
rie
nt
al

8
8.
63

12
.6
9

19
.3
7

20
.3
2

0.
6

0.
67

0.
77

1.
64

1.
67

9
8.
25

13
.9
7

19
.4
1

25
.4
5

33
.5
0

6.
76

6.
24

9.
32

8.
2

Ph
ili
p

M
or
ris

O
ne

Ph
ili
p
M
or
ris

V
irg
in
ia
,B

ur
le
y,

O
rie
nt
al

1
0.
9

9.
35

3.
36

17
.2
3

0.
1

0.
21

0.
52

0.
56

1.
17

2
1.
6

13
.2
9

7.
41

27
b

7.
8

5.
98

11
.7
4

7.
44

re
fe
re
nc
e

ci
ga
re
tt
e

3R
4F

K
en
tu
ck
y
T
ob
ac
co

R
es
ea
rc
h
&

D
ev
el
op
m
en
t

C
en
te
r

V
irg
in
ia
,B

ur
le
y,

M
ar
yl
an
d,

O
rie
nt
al

9.
4

7.
77

13
.3
5

21
.5
3

30
.8
3

0.
73

0.
71

0.
85

1.
76

1.
9

12
10
.6
4

15
.7
6

25
.4
4

27
.6
5

29
.0
0

8.
4

7.
52

11
.8
8

10
.3

re
fe
re
nc
e

ci
ga
re
tt
e

1R
5F

K
en
tu
ck
y
T
ob
ac
co

R
es
ea
rc
h
&

D
ev
el
op
m
en
t

C
en
te
r

V
irg
in
ia
,B

ur
le
y,

M
ar
yl
an
d,

O
rie
nt
al

1.
67

2.
56

8.
34

6.
98

21
.1
1

0.
16

0.
27

0.
45

0.
72

1.
01

2.
95

3.
6

17
.2
7

17
.4
5

36
.9
7

70
.0
0

7
4.
92

10
.1

6.
7

C
V
<c

0.
01
2

0.
00
6

0.
00
4

0.
00
5

0.
00
7

0.
00
1

0.
00
1

0.
00
1

0.
00
2

0.
00
3

0.
00
1

0.
00
1

0.
00
1

0.
00
3

0.
00
1

0.
00
1

a
T
ob
ac
co

bl
en
ds

ar
e
as

m
en
tio

ne
d
on

th
e
w
eb
si
te
s
of

th
e
to
ba
cc
o
co
m
pa
ny
.D

ut
ch

m
ar
ke
t
ci
ga
re
tt
e
br
an
ds

an
d
re
fe
re
nc
e
ci
ga
re
tt
es
,
1R

5F
an
d
3R

4F
,w

ith
cl
ai
m
ed

yi
el
ds

of
T
N
C
O

on
th
e
pa
ck
ag
e

(m
ea
su
re
d
w
ith

IS
O
),
an
d
th
e
m
ea
n
m
ea
su
re
d
T
N
C
O

an
d
pu
ff
nu
m
be
r
w
he
n
m
ac
hi
ne
-s
m
ok
ed

fo
llo
w
in
g
th
e
IS
O

or
H
C
I
re
gi
m
e,
bo
th

w
ith

an
d
w
ith

ou
t
ta
pe
d
fi
lte
r.
T
he

tip
ve
nt
ila
tio

n
is
sh
ow

n
as

a
pe
rc
en
ta
ge
.T

ar
an
d
ni
co
tin

e
co
nt
en
t
w
er
e
fr
om

fi
ve

re
pl
ic
at
es
,w

hi
le
fo
r
C
O
,t
hr
ee

re
pl
ic
at
es

of
th
re
e
ci
ga
re
tt
es

ar
e
sh
ow

n
(m

g/
ci
ga
re
tt
e)
.b
Fa
ile
d
m
ea
su
re
m
en
t.
c T
he

co
effi

ci
en
t
of

va
ria
nc
e
(C

V
)
fo
r
al
l

of
th
e
br
an
ds

is
sm

al
le
r
th
an

th
e
m
en
tio

ne
d
pe
rc
en
ta
ge

w
ith

in
th
e
sm

ok
in
g
co
nd
iti
on
.

Chemical Research in Toxicology Article

DOI: 10.1021/acs.chemrestox.7b00342
Chem. Res. Toxicol. 2018, 31, 462−471

464

http://dx.doi.org/10.1021/acs.chemrestox.7b00342


(Art18142, Across). Ethanol (Merck) was used as an internal standard
for water. Smoke extracts were analyzed by GC flame ionization and
thermal conductivity detectors, with the use of WCOT fused silica
coated with CP-WAX 51 for amines 25 m × 0.25 mm ID (part
CP7405, Agilent Technologies) and PoraBond Q, 25 m × 0.32 m ID,
5 μm (part CP7351I5, Agilent Technologies). Tar, nicotine, and CO
concentrations were determined as described in ISO 4387:2000,
ISO 10315:2014, and ISO 8454:2007, with a modification for the tar
and nicotine measurements of one cigarette per CFP and for the CO
measurements of three cigarettes per smoking session and five and
three replicates for four smoking conditions, respectively.30,34,35

Filter Ventilation. Filter tip ventilation is the percentage of smoke
that is diluted by air when a smoker takes a puff. The KC-3 apparatus
(Borgwaldt-KC, Richmond, Virginia, USA) was used to measure the
filter tip ventilation at a flow rate of 17.5 mL/s for five cigarettes
per brand.36

Statistical Analysis. Aldehyde yields in cigarette smoke were
calculated as μg per cigarette and TNCO as mg per cigarette. Mean
yields and standard deviations were given for all components per
cigarette brand and smoking condition. To compare the degree of
variation between samples, the coefficient of variance was calculated
for TNCO. Values for smoke components were compared using
ANOVA statistics. For comparison between brands within each single
smoking condition, one-way ANOVA was used. For comparison
between brands and smoking conditions, two-way ANOVA was used,
with brands and smoking condition as factors. Differences were
considered significantly different when p < 0.05. Correlations were
determined between the individual aldehydes as the Pearson corre-
lation coefficient.

■ RESULTS

Aldehyde Levels in Cigarette Mainstream Smoke. The
smoke emissions of several aldehydes from different cigarette
brands were measured using the machine smoking regimes ISO
and HCI, both with and without the ventilation holes taped
(Figure 1, Table S2). The different brands, the manufacturer,
the claimed and measured TNCO values, and the tobacco blend
are listed in Table 1. For both regimes, fewer puffs were taken per
cigarette when the ventilation holes were taped, but the number
of puffs per cigarette increased when ISO was compared to HCI.
Significantly different yields of individual aldehyde emissions

were produced for both different cigarette brand characteristics
and different smoking conditions (p < 1 × 10−9 in all cases)
(Table S3). Within one of the four smoking conditions, taking
the cigarette brands as the only variable into account, the individual
aldehydes show significant differences in yield when compared
to each other (p < 0.02).
Aldehyde yields significantly increased when the smoking

regime was intensified (increasing puff volume and puff interval)
(Table S3). Nearly all cigarette smoke emissions of aldehydes
showed the same pattern, as illustrated in Figure 1, ISO< ISO-
taped < HCI-untaped < HCI. Apart from the highly ventilated
cigarettes Philip Morris One and 1R5F, this pattern is not
observed for formaldehyde. While differences between ISO, on
the one hand, and ISO-taped, HCI-untaped, and HCI, on the
other, are clearly noticeable, differences between ISO-taped,

Figure 1. Radar chart shows cigarette smoke emissions of formaldehyde, acrolein, acetaldehyde, and crotonaldehyde (mean μg/cigarette) of 13
different cigarette brands when machine-smoked according to the four different smoking conditions (n = 5).
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HCI-untaped, and HCI are not so clear. To a lesser extent, this
is also the case for acetaldehyde, where differences between
HCI-untaped and HCI are absent for most brands.
The other individual aldehydes show comparable increases in

yield due to intensifying the smoking regime or taping the filter
vents (Table S2). There were exceptions for acetone when using
ISO-taped and for hexaldehyde and o-, m-, and p-tolualdehyde
when using HCI.
In summary, the individual aldehyde yields increase as a

result of the smoking regime and the filter vents being taped.
Correlation between Aldehyde Levels. Additionally, the

relation between the different aldehydes that are present in the
cigarette smoke was investigated (Table 2, Figure 2). It was
found that the different aldehydes produced in different ciga-
rette brands correlate well within a particular smoking regime
(Figure 2, Table S3). More specifically, acetaldehyde and
acrolein show a strong correlation (r = 0.804) with each other
and with the other aldehydes. The weakest correlations are seen
for formaldehyde with acetaldehyde (p = 0.614) and acrolein
(p = 0.57), and they are even lower with the other aldehydes
(Figure 2, Table S4).
TNCO Levels in Cigarette Mainstream Smoke. The

same experimental setup was used to measure TNCO yields in
the smoke of the different brands (Table 1, Table S1). The
yields of TNCO measured with ISO differed with a maximum
of 20% from the claimed TNCO levels printed on the cigarette
package. In addition to the standard ISO regime, taping the cig-
arette filter resulted in an increase in TNCO yields (ISO-taped).
The yields of tar increased between 18% and 939%, nicotine
yields between 0% and 148%, and CO between 32% and 731%
(ISO vs ISO-taped). When smoked with a higher puff volume
and more frequent puffs using HCI-untaped, the TNCO yields at
least doubled, compared to ISO. Using HCI resulted in higher tar
and CO yields, respectively; varying between 5 and 413% and 9
and 264%, compared to the HCI-untaped emissions. For nicotine,
no clear increase was detected, with some brands even showing a
decrease in nicotine values when HCI was used (HCI-untaped
vs HCI).

Influence of Smoking Protocol and Brand Character-
istics, Especially Filter Ventilation. The filter tip ventilation
differs between the brands in the range of 18.9−77.4%. Taping
the filter vents, thereby eliminating the tip filter ventilation to
0%, as well as increasing puff volume and having a smaller puff
interval both lead to an increase in aldehyde yields in cigarette
smoke. More specifically, for most aldehydes, the impact of an
intense smoking regime is at least two times larger than that
of taping filter vents, except in the low-TNCO cigarettes, as
shown in Figure 1. The low-TNCO brands Kent, Marlboro
gold, Philip Morris One, and 1R5F have a filter tip ventilation
in the range of 33.5−77.4%. It is only for these highly ventilated
low-TNCO cigarettes that closing ventilation holes for the ISO
regime (ISO-taped) leads to a more increased aldehyde yield
than using an intense smoking regime (HCI). For the most
intense smoking condition (HCI with taped ventilation holes),
the aldehyde yields even reached the levels of the other
brands. This was observed in the cases of acrolein, acetaldehyde,
acetone, crotonaldehyde, propionaldehyde, benzaldehyde, and
2,5-methylbenzaldehyde (Figure 1).

Toxicants per Nicotine Ratio per Brand. The difference
in aldehyde yields per mg of nicotine per cigarette for the
different cigarette brands under different smoking conditions is
shown in Figure 3. The acrolein and acetaldehyde per nicotine
ratio is larger in low-TNCO cigarettes. This trend observed for
acetaldehyde, acrolein, formaldehyde, crotonaldehyde, butyralde-
hyde, and acetone (Figure 3) is also seen for the other aldehydes
(not shown in Figure 3; propanal, butanal, isovaleraldehyde,
o-m-p-tolualdehyde, hexanal, and 2,5 dimethylbenzaldehyde).
When smoking intensely (HCI), regular cigarettes (0.5−1.0 mg/cig
according to the standard ISO regime) have comparable yields
of aldehyde per mg of nicotine produced. In this case, taping
has no increasing effect on the aldehyde production per mg of
nicotine. The highest yields of aldehydes produced per mg of
nicotine in smoke were measured in taped cigarettes when
smoked with the ISO regime (ISO-taped). The largest differ-
ence is seen in low-TNCO cigarettes (ISO nicotine around
0.2 mg/cig). In these low-TNCO cigarettes, up to six times
more aldehyde production per mg nicotine is measured when

Table 2. Correlation Coefficients of Individual Aldehyde Emissions Produced by 13 Cigarette Brands (Five Replicates) across
the Combined Smoking Conditions
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comparing the least intense (ISO regime) with the most intense
regime (HCI).

■ DISCUSSION

Aldehydes are an important class of toxicants in smoke,4,37 as
has been recognized by WHO TobReg in their advice for
mandating lower levels.2 While aldehyde levels in MSS have
been studied before in several brands,11,16,38,39 this is the first
study that systematically studies the influence of the smoking
protocol on these levels. By using four different smoking proto-
cols, ISO (standard without taping filter ventilation holes),
ISO-taped, HCI-untaped, and HCI (standard with taping filter
ventilation holes), and 11 brands, the effect of puff topography
and filter ventilation can be compared. Furthermore, it was
tested whether aldehyde levels correlate well with each other in
order to test the hypothesis of Burns et al. that one or two

components in a class can serve as indicator components. Finally,
based on the findings, it was estimated whether brand differ-
ences impact a smoker’s exposure to aldehydes.

Aldehyde Levels in Cigarette MSS. The method
developed by the WHO TobLabNet, which is based on the
work of Uchiyama et al.,40 was used to measure aldehydes in 11
Dutch brands and two reference cigarettes in MSS generated
using four different smoking protocols. Using the TobLabNet
method, it was possible to measure aldehyde yields (CV< 35.7%)
comparable with previous studies of Counts et al., Uchiyama
et al., Bodnar et al., Cheah et al., Reilly et al., and the CORESTA
report 70 + 74.11,16,38−40 Despite the difference in smoking
regime and cigarette brands, nearly all of the aldehyde yields
showed comparable patterns regarding their relative ratios.
Individual aldehyde levels were highly correlated with each
other, except for formaldehyde.39 More specifically, the cigarette

Figure 2. Correlation plots show the comparison of acetaldehyde vs formaldehyde (top left), acrolein vs formaldehyde (top right), acrolein vs
acetaldehyde (bottom left), and crotonaldehyde vs formaldehyde (bottom right) (mean μg/cig). The replicates (n = 5) of the 13 cigarette brands are
represented by dots in four different colors representing the four different smoking conditions. ISO regime is orange, ISO-taped is red, HCI-untaped
is green, and HCI is blue.
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smoke yields of acrolein and acetaldehyde strongly correlated
with a larger set of different aldehyde yields.41 This supports the
proposal of Burns et al. to use a few aldehydes to represent the
full class of aldehydes under different smoking conditions.2

A notable exception to this pattern is formaldehyde. Because
formaldehyde is classified as a class 1 carcinogen by the IARC,42

there is no doubt about the wish to regulate this compound.
However, the method used is not the most suitable one to
measure formaldehyde. There are several differences between
formaldehyde and the other aldehydes. Uchiyama et al. indi-
cated that formaldehyde shows a wide analytical variation and
problems with trapping.40 Our results also showed wide standard
deviations, especially when the ISO regime was used. A more
sophisticated method is therefore needed to measure form-
aldehyde. In particular, formaldehyde shows a different emis-
sion pattern under different smoking conditions and for different
brands than the other 11 aldehydes. In addition, formaldehyde

showed the poorest association with the other aldehydes39 and
therefore seems less suitable as a representative of the aldehyde
class.

Influence of Smoking Protocol. To test the effect of the
smoking regime on the aldehyde yields, in combination with
the cigarette design feature filter ventilation, both ISO and HCI
regimes were used with and without taped filter ventilation
holes.
The puff parameters of ISO and HCI differ in puff volume

and interpuff interval, leading to additional smoke being pro-
duced for HCI. In the present study, these two conditions were
tested with and without accounting for the influence of filter
ventilation. Thus, ISO can be compared with HCI-untaped, and
ISO-taped can be compared with HCI, allowing the effect of
filter ventilation to be studied separately from the smoking
topography. For both situations, the higher puff volume in
combination with a shorter puff interval in HCI leads to a

Figure 3. Toxicant-to-nicotine ratio. Acetaldehyde, acrolein, formaldehyde, crotonaldehyde, butyraldehyde, and acetone yields divided by nicotine
(mg/cig) were measured using the four smoking conditions. On the X-axis, the nicotine (mg/cig) yields measured using the ISO method are shown
to differentiate between the brands.
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higher total puff volume and more puffs taken, when compared
with ISO. Aldehyde yields in all cigarette brands increased
when smoked according to HCI. Reilly et al. investigated the
effect of puff parameters on the aldehyde yields in cigarette
smoke and concluded that increased puff volume is the primary
factor leading to higher aldehyde yields for the total volume per
cigarette.39 As they found a similar influence of interpuff inter-
val, puff flow, puff shape, and puff duration, they suggest that
temperature changes play a minor role.
Influence of Filter Ventilation. In all cigarette brands, the

highest yields of aldehydes in the cigarette smoke are measured
when the filter ventilation holes of the cigarettes are taped
during machine smoking. In addition to preventing dilution
by sidestream air via filter vents, closing filter vents causes an
increased burn rate of the cigarette, leading to more of the
tobacco rod being consumed with every puff, thereby reducing
the total burn time of the cigarette, as well as the number of
puffs needed to completely smoke the cigarette.15 Aldehyde
yields are increased during harsh burning conditions, which are
gained by increasing puff volume or blocking ventilation. This
explains why the effect of blocking ventilation holes is more
pronounced for the ISO regime than the HCI regime. For
the HCI regime, the harsh burning conditions due to intense
smoking already led to an increase in aldehyde yields. The
addition of blocking ventilation for the HCI regime leads to a
less distinct increase in aldehyde yields, compared with the
ISO regime. This also explains why the impact of ventilation
blocking on aldehyde yields was the largest for those cigarettes
with the highest initial ventilation (1R5F and Phillip Morris
One), which was also found by Counts et al.16

Aldehyde-to-Nicotine Ratio per Brand. Brands show
different aldehyde yields for the different smoking regimes
when calculated as ratio to nicotine. In regular cigarettes, taping
filter vents in ISO conditions (ISO-taped) led to the highest
aldehyde-to-nicotine ratio. The increase in aldehyde-to-nicotine
ratio is less distinct for the HCI regime when taping regular
cigarettes. Thus, intensifying the smoking protocol by taking
a puff more often and with a larger volume influences the
aldehyde-to-nicotine ratio more than taping the filter vents.
For the low-TNCO brands, the differences are even more prom-
inent; these brands have a six times higher aldehyde production
per mg nicotine for the intense smoking regimes, when compared
to ISO. The fact that the aldehyde-to-nicotine ratio increased
when low-TNCO cigarettes were smoked more intensely, similar
to real smokers, implies that a smoker of low-TNCO cigarettes
has an increased potential for higher aldehyde exposures as
compared to a smoker of regular cigarettes.
Brand Differences and Filter Ventilation. Intensifying

the smoking regime in combination with blocked filter ventila-
tion substantially influences the aldehyde and TNCO yields in
smoke. The filter tip ventilation is a design feature differing
between brands. The filter tip ventilation for the 11 Dutch
brands varied between 18% and 77%. There is a trend that
increasing filter ventilation leads to lower aldehyde yields,
which is also found in literature.43 Filter tip ventilation higher
than 60% significantly lowers the yields of nicotine, tar, and the
aldehydes, as seen for the low-TNCO cigarettes.12

Aldehyde Exposure Estimation and Risk Assessment.
On the basis of the aldehyde-to-nicotine ratios and a smoker’s
nicotine need, an estimation of aldehyde exposure when
smoking according to different regimes can be made. Afternoon
blood or plasma nicotine levels in smokers range from 10 to
50 ng/mL.44 To maintain this level, a smoker needs 1 mg of

nicotine every 2 h (taking a half-life of 1.5 h into account) and
thus a total amount of 12 mg per day.45 For example, based on
the ISO regime, a Marlboro red (0.8 mg nic/cig) smoker would
need 15 cigarettes per day, compared to six cigarettes when
smoking according to HCI (2 mg nic/cig). This means a daily
exposure to acetaldehyde of, respectively, 5.4 mg/day (ISO
359.1 μg/cig) or 5.6 mg/day (HCI933.4 μg/cig). For the Philip
Morris One, this means the smoker might need to smoke 60
cigarettes based on ISO (0.2 mg nic/cig) and ten cigarettes
for HCI (1.2 mg nic/cig). The daily exposure to acetaldehyde
is then 2.2 mg/day (ISO 36.7 μg/cig) and 10.6 mg/day
(HCI1055.6 μg/cig), a much larger difference between the two
regimes than calculated for the Marlboro red.
Recent risk assessment studies show large adverse effects of

aldehydes on human health. These methods combine machine-
generated yields with known chemical and toxicological prop-
erties. Risk assessment studies using inhalatory exposure risk
factors were performed for the individual aldehydes.4,6,9 These
computer models show a different order of chemical hazard
ranking: acrolein > formaldehyde > acetaldehyde9 compared
to acrolein > acetaldehyde > formaldehyde.6 The ideal risk
assessment methods in the case of cigarette smoke exposure use
a mixture of aldehydes or assess a cumulative risk. The nonex-
istence of well-functioning mixture toxicity models is partly due
to lack of inhalatory exposure assessments. The accurate smoke
analysis data of the present study can advance inhalatory exposure
assessments and the precision of mixture toxicity models.
The changing levels in aldehydes due to choosing a different
smoking regime may improve the accuracy of the models as
designed, for example, by Corley et al., and other future compre-
hensive and specific risk assessments.9

Regulatory Implications. The ISO smoking regime is
prescribed in the European Union Directive 2014/40/EU and
used by manufacturers to declare TNCO yields.46 However, the
standard ISO regime produced substantially lower aldehyde
yields than the HCI regime, thus resulting in an underesti-
mation of smokers exposure. Specifically, when regular and low-
ISO-TNCO-level cigarettes were smoked with the HCI regime
or when filter ventilation holes were blocked (ISO-taped),
overall aldehyde levels increased, as compared to the ISO regime.
Since real smokers smoke more intensely than the ISO regime,
the increased aldehyde levels when smoking more intensely or
blocking filter vents can lead to higher aldehyde exposure. Thus,
the present study results underline the need for a smoking regime
that is more representative of actual human smoking behavior,
like HCI, as also proposed in literature.
It has been proposed in the literature that toxicant levels

should be regulated relative to mg of nicotine in MSS.2 The
rationale for using exposures per mg of nicotine is that smokers
need a certain amount of nicotine to sustain their addiction,
and therefore adapt their smoking behavior in response to the
cigarette design. The validity of this approach is demonstrated
again by the present study results: for instance, the aldehyde
levels increased at least 50% more than the nicotine levels when
a low-ISO-TNCO cigarette is smoked with the HCI regime,
compared to a regular cigarette. Presuming that smokers smoke
more intensely than the ISO regime, highly filter-ventilated
cigarettes, often marketed as less harmful with a potentially
reduced exposure claim, actually led to a higher exposure to
toxic aldehydes. An alternative to regulation with respect to mg
of nicotine is to regulate cigarette design characteristics. For
instance, regulating cigarette design characteristics is a straight-
forward measure to prevent the high aldehyde-to-nicotine ratios
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that occur in cigarette smoke of low-ISO-TNCO cigarettes.
A more specific regulatory approach involves setting maximum
allowed aldehyde levels in cigarette smoke or a maximum
exposure concentration range based on scientific arguments
which are in line with previous proposals.2,47 As stated previ-
ously, the ISO regime underestimates the smokers’ exposure
to cigarette smoke toxicants, including aldehydes. The HCI
regime is a better representative of human smoking and the
associated aldehyde yields in the cigarette smoke of an actual
smoker. To adapt smoking machine protocols so that they
better represent typical exposure levels, human studies mea-
suring natural smoking behavior are needed. Smokers have
varying puff volumes and durations, and because each puff has
its own characteristic chemical composition, this can lead to a
complex smoke composition.17 The measured human smoking
profile can be mimicked on the smoking machine to determine
the exact associated aldehyde exposure.48 Specifically, a relevant
set of aldehyde biomarkers can be measured in human fluids to
link inhalatory exposure to internal dose. In the future, such
data will show whether the reductions in machine-measured
yields of specific constituents result in a reduction of exposure
in smokers.
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