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SUMMARY

This paper presents the findings on a quantitative
evaluation of carbonyl levels in exhaled cigarette smoke
from human subjects. The cigarettes evaluated include
productswith 5.0 mg ‘tar’, 10.6 mg ‘tar’ and 16.2 mg ‘tar’,
where ‘tar’ is defined asthe weight of total wet particulate
matter (TPM) minus the weight of nicotine and water, and
the cigarettes are smoked following U.S. Federal Trade
Commission (FTC) recommendations. Themeasured levels
of carbonyls in the exhaled smoke were compared with
calculated yields of carbonylsin the inhaled smoke and a
retention efficiency was obtained. The number of human
subjects included a total of ten smokers for the 10.6 mg
‘tar’, fivefor the 16.2 mg ‘tar’, and fivefor the 5.0 mg ‘ tar’
product, each subject smoking three cigarettes. The
analyzed carbonyl compounds included several aldehydes
(formaldehyde, acetaldehyde, acrolein, propionadehyde,
crotonaldehyde and n-butyraldehyde), and two ketones
(acetone and 2-butanone). The smoke collection from the
human subjects was vacuum assisted. Exhaled smoke was
collected on Cambridge pads pretreated with a solution of
dinitrophenylhydrazine (DNPH) followed by high perfor-
mance liquid chromatography (HPLC) analysis of the
dinitrophenylhydrazones of the carbonyl compounds. The
cigarette butts from the smokers were collected and
analyzed for nicotine. The nicotine levels for the cigarette
butts from the smokers were used to calculate the level of
carbonyls in the inhaled smoke, based on calibration
curves. These were generated separately by analyzing the
carbonyls in smoke and the nicotine in the cigarette butts
obtained by machine smoking under different puffing
regimes. The comparison of the level of carbonyl
compounds in exhaled smoke with that from the inhaled
smoke showed high retention of al the carbonyls. The
retention of aldehydeswasabove 95%for al threedifferent
tar levels cigarettes. The ketones were retained with a
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slightly lower efficiency. Acetonewasretained intherange
of 90% to 95%. The retention for 2-butanone showed a
larger scatter compared to other resultsbut it also appeared
to be dightly less absorbed than the aldehydes, with an
average retention around 95%. The retention of acet-
aldehyde and acetone by human smokers was previously
reported in literature and the findings from this study arein
very good agreement with theseresult. [ Beitr. Tabakforsch.
Int. 22 (2007) 346-357]

ZUSAMMENFASSUNG

In dieser Arbeit werden die Ergebnisse einer Bestimmung
der Carbonylkonzentrationen im exhalierten Zigaretten-
rauch prasentiert. Die untersuchten Zigaretten umfassen
Produkte mit 5,0 mg, 10,6 mg und 16,2 mg Konden-
sat/Zigarette, wobei Kondensat als Gesamtpartikel masse
(TPM) abzlglich des Nikotins und des Wassers definiert
wird und die Zigaretten nach den Normen der U.S. Federa
Trade Commission (FTC) abgeraucht wurden. Die gemes-
senen Carbonylkonzentrationen im exhalierten Rauch
wurden mit der berechneten Carbonylaufnahme aus dem
inhalierten Rauch verglichen und die Retentionseffizienz
wurde ermittelt. Zehn Raucher rauchten Produkte mit
einem Kondensatgehalt von 10,6 mg, funf Raucher rauch-
ten Zigaretten mit 16,2 mg Kondensat und finf Raucher
rauchten Zigaretten mit 5,0 mg Kondensat, wobel jeder
Raucher drei Zigaretten rauchte. Unter den untersuchten
Carbonylverbindungen befanden sich mehrere Aldehyde
(Formaldehyd, Acetaldehyd, Acrolein, Propionaldehyd,
Crotonaldehyd, und n-Butyraldehyd) und zwei Ketone
(Aceton und 2-Butanon). Die Sammlung der Rauchproben
erfolgte Vakuum-unterstiitzt. Der exhalierte Rauch wurde
auf Cambridgefiltern gesammelt, die mit einer L 6sung aus
Dinitrophenylhydrazin (DNPH) vorbehandelt waren. Nach-
folgend wurden die Dinitrophenylhydrazone der Carbonyl-
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verbindungen mittel sHochdruck-H tissigkeitschromatogra-
phie (HPLC) analysiert. Die Zigarettenstummel der Rau-
cher wurden gesammelt und auf ihren Nikotingehalt
untersucht. Anhand des Nikotingehalts der Zigaretten-
stummel wurden die Carbonylkonzentrationen desinhalier-
ten Rauchesauf der Basisvon Eichkurven berechnet. Diese
wurden unabhéngig ermittelt, indem die Carbonylverbin-
dungen im Rauch und das Nikotin in den Zigaretten-
stummel n durch maschinelles Abrauchen unter verschiede-
nen Abrauchbedingungen bestimmt wurden. Der Vergleich
der Konzentration der Carbonylverbindungen im exhalier-
ten Rauch mit derjenigen im inhalierten Rauch wies auf
eine hohe Retention aller Carbonylverbindungen hin. Die
Retention der Aldehyde lag bel den Zigaretten aller drei
Kondensatlevel Uber 95%. Die Ketone wurden zu einem
etwas geringeren Prozentsatz reteniert. Bei Aceton lag die
Retention zwischen 90% und 95%. Die Retention von 2-
Butanon zeigte eine gréfere Streuung im Vergleich zu den
anderen Ergebnissen, 2-Butanon schien aber ebenfalls mit
einer durchschnittlichen Retention von ungefahr 95% etwas
weniger absorbiert zu werden as die Aldehyde. Die
Retention der A cetal dehyde und des A cetonsbeim Raucher
sind in guter Ubereingtimmung mit friher in der Literatur
angegebenen Werten. [Beitr. Tabakforsch. Int. 22 (2007)
346-357]

RESUME

Dans cette étude les teneurs en composés carbonyles dans
lafumée exhalée par les fumeurs sont éval uées quantitati-
vement. Les cigarettes étudiées ont un rendement respecti-
vement de 5,0 ; 10,6 et 16,2 mg de goudron ; le goudron
étant définit comme matiére particulaire totale (TPM)
exempte de nicotine et I’ eau. Les cigarettes ont été fumées
selon les conditions normalisées de la Federal Trade
Commission (FTC). Les teneurs en composés carbonyles
dans la fumée exhalée ont été comparées avec les rende-
ments calculés en carbonyles dans la fumée inhal ée, pour
obtenir I'efficacité de rétention. Dans cette étude, dix
fumeurs ont fuméles cigarettesa 10,6 mg de goudron, cing
ont fumé les cigarettes a 16,2 mg de goudron et également
cing les cigarettes & 5,0 mg de goudron, tous les fumeurs
fumant trois cigarettes. L es composés carbonyles analyses
comportent plusieurs aldéhydes (formal déhyde, acétaldé-
hyde, acroléine, propionaldéhyde, crotonaldéhyde et n-
butyraldéhyde), et deux cétones (acétoneet 2-butanone). La
collecte de la fumée exhal ée par les fumeurs a partielle-
ment été réalisée sous vide. La fumée exhalée a été
collectée sur des filtres Cambridge, qui ont été prétraités
avec une solution de dinitrophenylhydrazine (DNPH),
suivi d'une chromatographie haute performance en phase
liquide (HPLC) des dinitrophénylhydazones dans les
composés carbones. Les mégots de cigarettes ont été
collectés et analysés pour la nicotine. Lateneur en carbo-
nyles dans lafumée inhal ée a été cal culée en fonction des
teneurs en nicotine dans les mégots de cigarettes, basé sur
des courbes d'étalonnage. Celles-ci ont été générées
séparément en anal ysant |lesteneurs en composés carbony-
les dans lafumée et la nicotine dans les mégots, obtenues
par fumage sur machine selon des conditions normalisées
différentes. La comparaison des teneurs en composés

carbonyles de la fumée exhalée avec la fumée inhalée
montre une rétention importante des carbonyles. La
rétention des aldéhydes est supérieure a 95% pour toutes
les cigarettes aux taux différents de goudron. Les cétones
sont retenues d’' une efficacité |égeérement réduite. L’ acé-
tone est retenue de 90% a95%. L arétention du 2-butanone
démontre une plus grande variation par rapport aLx autres
substances, mais semble étre retenue plus faiblement que
les aldéhydes, ayant une rétention moyenne autour de
95%. Larétention de I’ acétaldéhyde et de I’ acétone chez
les fumeurs a été rapportée dans la littérature et les don-
nées obtenues dans cette étude sont en bon accord avec les
résultats rapportés. [Beitr. Tabakforsch. Int. 22 (2007)
346-357]

INTRODUCTION

The presence of adehydes and ketones in mainstream
cigarette smoke has been reported more than 40 years ago
[seeeg. (1, 2)]. Thereisinterest in the level of carbonyl
compounds in cigarette smoke since formaldehyde, acet-
aldehyde, acrolein, and crotonaldehyde are biologically
active agents (3). For this reason, many studies have
reported the level of carbonyl compounds in mainstream
(4-7) and in sidestream (8) cigarette smoke. Nevertheless,
amore accurate and complete evaluation of the effects of
cigarette smoke requires, besides the knowledge of the
level of specific compoundsin smoke, an understanding of
the retention of these components by smokers. For nearly
100 years scientists have shown interest in the chemistry
and composition of exhaled tobacco smoke (9). However,
only three reports published in the literature (10-12)
discusstheretention of carbonyl compoundsfrom cigarette
smoke. In two of these reports (10, 11), acetaldehyde was
retained at 99% (with avariability of 1%) and acetone was
retained at 86% (with a variability of 5.5%). The studies
were preformed on 16 subjects with non-filter cigarettes
having 30 mg of total particulate matter (TPM). The third
study (12) indicates the global retention of aldehydes and
ketones as 99%. The only other information on the reten-
tion of carbonyl compounds in smoke comes from an
internal British American Tobacco (BAT) report referenced
in peer reviewed literature (13), which describes a study
doneon 4 subjectswith 4—6 replicateseach, withinhalation
and exhaation patterns not controlled. The BAT study
reported retention efficiencies for acetaldehyde of 97%
(with a variability of 1.5%), 92% (with a variability of
5.4%) for acetone, and 70% for acrolein (with only one
value). Since avery limited number of recent publications
describe the retention of carbonyl compounds from ciga
rette smoke, a more systematic evaluation was considered
necessary. The cigarettes selected for the present study
were three common commercially available cigarettes of
different ‘tar’ levels, including a 5.0 mg ‘tar’, a 10.6 mg
‘tar’,and a16.2 mg ‘tar’ products[where‘tar’ isdefined as
the TPM minus the weight of nicotine and water, and the
cigarettes are smoked following U.S. Federal Trade
Commission (FTC) recommendations (14)]. Given that
smoking behavior (i.e. puff volume, puff frequency, puff
duration, potential vent-blocking, and other variousinhala-
tion behaviors) is known to vary from one subject to
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Table 1. Description of tested cigarettes

Descriptor 16.2 mg ‘tar’ 10.6 mg ‘tar’ 5.0 mg ‘tar’
FTC ‘tar’ (mg/cig) 16.2 10.6 5.0
Cigarette length (mm) 83 83 83
Filter length (mm) 21 27 27
Filter ventilation (%) 23 32 54
Blend type American American American
Nicotine (mg/cig) 1.31 0.92 0.5
CO (mglcig) 13.9 10.7 7.4

another, and at different times even for the same smoker,
this study provides only alimited ‘ snapshot’ on the reten-
tion efficiency of carbonyl compounds from mainstream
cigarette smoke. Also, a larger variety of cigarette styles,
would be desirable for a more in-depth evaluation of the
quantitation of carbonyls in exhaled cigarette smoke. In
addition to that, in the measurement of the retention
efficiency, it isassumed that aldehydes and ketones are not
exhaled as different compounds resulting from immediate
reactions.

EXPERIMENTAL

The present study has been performed on three cigarettes
withdifferent ‘tar’ levels(cigarettesbeing smoked following
FTC recommendations (14)]. The description of the ciga
rettes tested is given in Table 1. The analysis of carbonyl
compoundsin the cigarette smoke employed an high perfor-
mance liquid chromatography (HPLC) procedure using
derivatization of the carbonyl compounds with 2,4-dinitro-
phenylhydrazine (DNPH). This procedure has been com-
monly practiced for carbonyl compounds analysis and is
frequently reportedintheliterature (6, 8, 15-17). The experi-
mental procedure of this study consists of several steps.
Theseinclude: 1) collection of carbonyl compoundsfromthe
mainstream cigarette smoke obtained with a smoking
machineusing avariety of smoking conditions, 2) collection
of carbonyl compoundsfrom the exhaled cigarette smoke, 3)
measurement of collected carbonyl compounds using an
HPLC method in the mainstream smoke obtained from the
smoking machine, and from the smoke exhaled by the human
subjects, 4) analysisof nicotineinthecigarette buttsfromthe
smoking machine and from smokers, and 5) calculation of
the results. Each of these steps will be discussed in detail in
sections that follow.

Collection of samples from smoking machine

The carbonyl compounds in mainstream cigarette smoke
are present in both vapor phase and particul ate phase (18).
For this reason, the carbonyls from the whole mainstream
smoke was collected via a derivatization protocol, which
retains both the vapor- and particul ate-phase carbonyls on
a Cambridge pad. For cigarettes with the TPM level up to
about 15 mg/cig, the smoke from five cigarettes was
collected on one 92 mm Cambridge pad pretreated with a
DNPH solution in aceto nitrile (DNPH from Aldrich/Sig-
ma, Saint Louis, MO 63178-9916). For cigarettes generat-
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ing ahigher TPM level (e.g., due to more intense smoking
conditions), the smoke must be collected on two pads, in
order to avoid any breakthrough of the analytes. The pads
were prepared by the following procedure: 3 g of recry-
stallized DNPH are dissolved in acetonitrile in a 200 mL
volumetric flask, to which 600 uL of 70% perchloric acid
is also added. Then, the volumetric flask was brought to
200 mL with acetonitrile. Twelve 92 mm Cambridge pads
were saturated with this solution by dispensing 100 mL
solution over the pads which were kept in a Petri dish.
More or less pads can be prepared as needed, using propor-
tional volumes of solution. The pads, which practically
absorb all the solution, are partially dried at room tempera-
ture under vacuum, until they reach aweight between 4 and
59. A larger weight due to higher acetonitrile content may
give problems with solution coming out from the pad
during smoking. Pads with less acetonitrile have areduced
reactivity to carbonyl compounds and the recovery of the
compounds of interest from smoke may not be complete.
After preparation, the pads which were not used immedi-
ately were kept in aconfined space (such an empty dessica-
tor) saturated with acetonitrile vapors.

Machine smoking has been donein various conditions such
as those using the same puff volume and frequency as
recommended by the FTC (14), or in specific intensive
smoking conditions (19). A Borgwadt RM 20/CSR
smoking machine was used to perform smoking and the
sample collection. After smoking, the pads were put in an
extraction via (of about 100 mL) and allowed to stand for
about 10 min such that any further reaction between DNPH
and the carbonyl compoundswas compl eted. During smoke
collection, the carbonyl compounds react with the DNPH
reagent forming the corresponding substituted hydrazones.
Since the reactivity increases for a protonated substituted
hydrazine, the addition of a small quantity of perchloric
acid was necessary during the pad preparation. Collection
efficiency by this procedure was previoudly verified to be
very good (6). However, the presence of a strong acid is
undesirable for the chromatographic separation. For this
reason, the extraction solution, which consisted of 25 mL
of acetonitrile, contained 2% pyridine. The same extraction
solution also contained 4 pg/mL 1,5-dinitronaphthalene
(from Aldrich/Sigma), which was used to verify the
stability of the chromatography. The pyridine wasadded to
neutralize the acid and also to stabilize the DNPH deriva-
tives. The pads were extracted on a mechanical shaker for
30 min. A small volume of the extract of each pad were
transferred into an HPLC vial and analyzed.

Exhaled smoke collection

The collection of the exhaled smoke has been done using a
simple device schematically shownin Figure 1. Thedevice
consisted of a 92 mm Cambridge holder and a pad pre-
treated with DNPH having at one opening a replaceable
mouth piece, and at the other opening being connected to a
diaphragm vacuum pump, which can aspirate 2.2 m¥h
(Vacuumbrand GMBH, Wertheim, Germany). Throughthe
treated pad and the connecting tubing, the pump achieves
about 250 mL/sec flow. Thetube connecting the pad holder
to the pump had two large holes to the exterior, which can
be covered with two fingers. When no smoke is exhaled,
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Figure 1. Device for the collection of exhaled cigarette smoke

the holes in the tube to the vacuum pump were kept open
such that surrounding air is aspirated by the pump without
passing the Cambridge filter. During smoke exhaling, the
smoker blows the smoke through the replaceable mouth
piece. At the same time the two holesin the tube should be
covered with two fingers, such that the exhaled smoke is
aspirated through the Cambridge pad pretreated with the
DNPH solution in acetonitrile (the pads used for collecting
carbonyl compounds from the smokers were prepared
identically as those used for the smoking machine). This
allowsthe carbonyl compounds from the exhaled smoketo
be collected on the pad, without additional strain on the
smoker. Considerable strain would be necessary otherwise
to overcometheflow resistance of the Cambridge pad. The
device shown in Figure 1 has been used by ten human
subjects for testing the 10.6 mg ‘tar’ cigarette, by five
human subjects for the 16.2 mg ‘tar’ cigarette and other
fivefor the 5.0 mg ‘tar’ cigarette. Each human subject was
a smoker of the particular brand tested. Three cigarettes
weresmoked for each trial within one hour, and the exhaled
smoke was collected on one pad.

Oneconcernregarding the collection of exhaled smokewas
the modification of the collection efficiency dueto ahigher
flow rate through the pad compared to that from asmoking
machine (with a flow rate between 17.5 mL/sec and 30
mL/sec through the pad). To prove the efficiency for the
retention of carbonyls with the collection device for
exhaled smoke, asecondfilter holder withaCambridge pad
treated with DNPH was connected in series to the vacuum
pump. Also acigarette holder was connected to the mouth
piece end of the first filter holder. Using this setup, three
10.6 mg ‘tar’ cigarettes were smoked each for three inter-
valsof 1 secwith 30 sec smolderinginterval. The carbonyls
on the two treated Cambridge pads were collected and
analyzed separately.

The attention in this study was not focused on the influence
of different parameters from the smoking behavior (20) on
theretention of carbonyls. The smoking was performedinan
environment familiar to the smoker (office) with as little
change as possible from typical conditions and with no
control on the inhalation or exhalation patterns. The ciga-
retteswere previoudly conditioned under FTC recommenda-
tions. Thecigarette buttsfrom the smokerswere collected for
further nicotine analysis. In addition to exhaled smoke, the
breath without smoking was collected from two smokers as
abackground check. The measurement was done by collect-
ing on a treated Cambridge pad the exhaled air from 24
breaths (mimicking the number of puffs from three ciga-
rettes) after one hour of smoking the last cigarette.

Table 2. HPLC gradient conditions

Time (min) Solvent A% SolventB%  Flow mL/min
0.0 100 0 15
15.0 70 30 15
25 43 57 15
30 15 85 15
37 15 85 15
40 100 0 15
43 100 0 15

The pads from each source were further extracted with
25 mL of acetonitrile containing 2% pyridine and 4 pg/mL
1,5-dinitronaphthalene, in asimilar manner to the machine
smoked pads. A few milliliter of solution from each pad
were transferred into an HPLC vial for analysis.

HPLC analysis

The analysis of pad extracts was done using an HPLC
instrument (Agilent 1050 with a diode array UV detector,
Agilent, Wilmington, Delaware 19808). The HPLC instru-
ment was equipped with aL una C18 column 250 x 4.6 mm
packed with 5 micron packing material (Phenomenex, Tor-
rance, CA 90501-1430). Theinjection volumewas5 pL for
machine smoked pads and a 10 pL injection volume was
used for the human smoked pads (the chromatographic
peak areas were proven proportional to the injection
volume). The chromatographic column was maintained at
40 °C. The elution was done using a gradient of two
solvents indicated as A and B. Solvent A was prepared
from59% water, 30% acetonitrile, 10%tetrahydrofuranand
1% isopropanol. Solvent B was prepared from 33% water,
65% acetonitrile, 1% tetrahydrofuran and 1% isopropanol
(5). The parameters for the HPLC gradient (linear) are
given in Table 2. Using the conditions from Table 2, and
the measurement of UV absorption at 360 nm, the chroma-
togram generated by the 10.6 mg ‘tar’ cigarette machine-
smoked in FTC type conditions is shown in Figure 2. As
seen from Figure 2, acetal dehyde generates two chromato-
graphic peaks, corresponding to the syn and anti forms of
the substituted hydrazone. The peak areas from the
chromatograms (the sum of thetwo peaksfor acetaldehyde)
were used for the quantitation, based on calibration curves
for each analyte.

Analysis of nicotine in the cigarette butts

Based on previously reported results (21, 22), the nicotine
in the cigarette butt (1 cm from the mouth end) hasalinear
dependence on the amount of nicotine collected on the
Cambridge pad. In this study, correlation curves between
thelevel of carbonyl compoundsin smoke and the nicotine
level in the cigarette butts were obtained such that the
calculation of thelevel of carbonylsin the smoke delivered
to the smoker was possiblewhen thelevel of nicotineinthe
cigarette butt was known. For the analysis of nicotine buit,
the smoked butts were collected and cut at lengths of 1 cm.
The 1 cm mouth end portions were put together from each
smoker, or from the smoking machine, and were extracted
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Figure 2. Chromatogram generated from the smoke of a 10.6 mg ‘tar’ cigarette (5 cigarettes) under FTC smoking conditions

Table 3. Concentrations in yg/mL of calibration solutions needed to cover the range of concentrations typically found in ciga-

rette smoke and in the exhaled smoke

Compound Level 1 Level 2 Level 3 Level 4 Level 5 Level 6
Formaldehyde 0.198 0.396 1.500 3.000 6.000 12.000
Acetaldehyde 0.495 0.990 3.750 7.500 15.000 30.000
Acetone 0.825 1.650 6.250 12.500 25.000 50.000
Acrolein 0.198 0.396 1.500 3.000 6.000 12.000
Propionaldehyde 0.198 0.396 1.500 3.000 6.000 12.000
Crotonaldehyde 0.198 0.396 1.500 3.000 6.000 12.000
2-Butanone 0.198 0.396 1.500 3.000 6.000 12.000
n-Butyraldehyde 0.132 0.264 1.000 2.000 4.000 8.000

Table 4. The equations for linear calibration curves for car-
bonyl quantitations, and the corresponding R? values.

solutionsin acetonitrile were prepared to cover therange of

concentrations typically found in cigarette smoke and the

low levels found in exhaled smoke are given in Table 3.
Using these standard solutions, linear calibration curves

Compound Equation R?

Formaldehyde y = 0.0034 x + 0.0053 0.9993
Acetaldehyde y = 0.0049 x + 0.0655 0.9982
Acetone y =0.0061 x + 0.1372 0.9981
Acrolein y =0.0058 x - 0.0456 0.9980
Propionaldehyde y = 0.0065 x + 0.0527 0.9970
Crotonaldehyde y = 0.0062 x + 0.0692 0.9964
2-Butanone y =0.0094 x + 0.1369 0.9934
n-Butyraldehyde y =0.0074 x + 0.0669 0.9953

were generated for all analytes. The equations for these
curves (wherey = concentration., X = peak areq), aswell as
the R valuesfor thetrendline are given in Table 4 (using 5
pL injections). Table 4 shows that the R? coefficients for
theregressionlinesarevery closeto 1, indicating excellent
linearity of the procedure. The change of the injection
volumeinthe HPLC system from 5 puL to 10 pL and to 20

with 20 mL methanol containing an internal standard
(dodecanal). The level of nicotine was measured using a
standard GC procedure (21).

Calculation of the levels of carbonyl compounds

For the quantitation of carbonyl compounds in cigarette
smoke, calibration curves were generated for all eight
carbonyl compounds. Pure DNPH derivatives of the eight
carbonyl compoundsarecommercially availableasanalyti-
cal standard solutions in acetonitrile (Supel co, Bellefonte,
PA, 16823). The concentrations in pg/mL of six standard
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pL showed perfect linearity for all analytes. For thisreason,
the samples generated by the smoking machine were
analyzed with 5 pL injection, while the samples generated
by the human subjectswere analyzed with 10 uL injection.
Appropriate volume correction factors were applied in
determining the carbonyl levels.

An additional factor that must be considered for the quanti-
tation is that during storage the pads treated with DNPH
may collect traces of carbonyl compounds from the envi-
ronment. Also, the DNPH used to prepare the pads (al-
though recrystallized) may contain trace impurities of
analytes. Occasionally, during the analysis of mainstream
smoke formaldehyde and acetone, control DNPH-treated
pads that were never intentionally exposed to smoke
generated sometimes non-zero values for these analyses. It
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Figure 3. Example of aregression line between the levels of
acrolein in the smoke of a 10.6 mg ‘tar’ cigarette and the level
of nicotine in the smoked cigarette butts

istherefore recommended to obtain abaseline valuefor the
carbonyl compounds from one treated pad within a batch,
prior to smoking. For this purpose, one treated pad which
was not used for smoke collection was extracted and
analyzed similar to the pads used for smoke collection. The
values obtained for this pad for the carbonyl compounds
were subtracted from the values of the samples.

RESULTS AND DISCUSSION

Theanalysis of carbonyl compoundswas doneinitialy for
machine smoked cigarettes using different puffing condi-
tions. At the same time with the analysis of carbonyl
compounds from the smoke, nicotine was analyzed in the
cigarette butts. Correlation charts between the level of
carbonyl compoundsin smoke as afunction of the nicotine
level in the cigarette butts were obtained. Using these
charts the calculation of the level of carbonylsin cigarette
smoke was possible when the level of nicotine in the
cigarette butt was known. After this part of the study had
been completed, the exhaled smoke from cigarettes was
analyzed for the carbonyl compounds. The level of carbo-
nyls in exhaled smoke was then compared to that in the
inhaled smoke and specific carbony! retention efficiencies
were calculated for each smoker.

Generation of the correlation charts between the level of
carbonyl compounds for machine smoked cigarettes and
cigarette butt nicotine

In order to determine the amount of carbonyl compoundsin
the inhaled smoke, the regression lines between the level of
carbonyl compounds in smoke as a function of the nicotine
level inthecigarette buttswere generated. The study wasini-
tially done for the 10.6 mg ‘tar’ cigarettes, which were
smoked in different puffing conditions. These conditionsin-
cluded FTC type smoking (35 mL puff, 2 sec puff, 60 sec
puff interval), 45/60 smoking (45 mL puff, 2 sec puff, 60 sec
puff interval), 45/30 smoking (45 mL puff, 2 sec puff, 30 sec
puff interval), 60/60 smoking (60 mL puff, 2 sec puff, 60 sec
puff interval), and 60/30 smoking (60 mL puff, 2 sec puff, 30

Table 5. The equations of the trendline describing the depen-
dence for the eight carbonyl compounds on the nicotine butt
level for the 10.6 mg ‘tar’ cigarettes, and the corresponding R?
values

Compound Equation R?

Formaldehyde y =347.32 x - 40.463 0.9934
Acetaldehyde y =3202.7 x - 41.096 0.9786
Acetone y=1275.8 x - 19.934 0.9884
Acrolein y =419.57 x - 17.409 0.9860
Propionaldehyde y =230.99 x + 5.1103 0.9089
Crotonaldehyde y =151.56 x - 10.01 0.9342
2-Butanone y = 247.52 x + 4.9747 0.9734
n-Butyraldehyde y =201.9 x - 11.476 0.9886

Table 6. The equations of the trendline describing the depen-
dence for the eight carbonyl compounds on the butt nicotine
level for the 16.2 mg ‘tar’ cigarette, and the corresponding R?
values

Compound Equation R?

Formaldehyde y=196.1x +5.27 0.8610
Acetaldehyde y =2918.3 x - 84.50 0.9039
Acetone y =1280.5 x - 24.08 0.9722
Acrolein y =366.0 x - 8.60 0.9814
Propionaldehyde y=279.2 x - 15.33 0.9422
Crotonaldehyde y =100.2 x - 7.32 0.9419
2-Butanone y =298.7 x - 30.24 0.9437
n-Butyraldehyde y =166.8 x - 6.82 0.9456

sec puff interval). For the 16.2 mg ‘tar’ and for the 5.0 mg
‘tar’ cigarettes, only three different smoking conditionswere
used, these included the FTC type smoking (35 mL puff, 2
sec puff, 60 sec puff interval), 45/30 smoking (45 mL puff,
2 sec puff, 30 sec puff interval), and 60/30 smoking (60 mL
puff, 2 sec puff, 30 sec puff interval). No vent blocking was
performed on cigarettes. The measurementsfor the levels of
carbonyls were done using the collection and HPLC proce-
dure previously described in the experimental section. Atthe
same time when the carbonyl measurement was performed,
the nicotine level in the butts of the machine smoked ciga-
retteswasmeasured. An exampleof aregression lineobtained
in this part of the study for acroleinisgiven in Figure 3. The
equations for the trendline describing the dependence for all
eight carbonyl compounds on the nicotine butt level, and the
corresponding R values are given in Table 5 for the 10.6 mg
‘tar’ product. The linearity between the carbony! levels and
the nicotine butt was verified only for therange 1.7 mgto 4.2
mg nicotine. Thisrangewaslater proven to bracket theresults
for human smoking of that particular cigarette.

Similar dependences were generated for the 16.2 mg ‘tar’
cigarette (given in Table 6) and for the 5.0 mg ‘tar’ ciga-
rette (givenin Table 7). Thelinearity between the carbony!|
levels and the nicotine butt was verified for the 16.2 mg
‘tar’ cigarette only for the range 2.3 mg to 4.4 mg nicotine.
Thisrangewaslater proven to bracket theresultsfor human
smoking of the 16.2 mg ‘tar’ cigarette. For the 5.0 mg ‘tar’
cigarette the linearity between the carbonyl levels and the
nicotine butt was verified only for the range 1.5 mg to 3.4
mg nicotine. Thisrange also waslater proven to bracket the
results for human smoking of that particular cigarette.
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Table 7. The equations of the trendline describing the depen-
dence for the eight carbonyl compounds on the butt nicotine
level for the 5.0 mg ‘tar’ cigarette, and the corresponding R?
values

Compound Equation R?

Formaldehyde y =167.7 x - 15.28 0.9580
Acetaldehyde y =3525.9 x - 178.67 0.9793
Acetone y = 1516.2 x - 64.58 0.9673
Acrolein y=412.4x - 21.69 0.9741
Propionaldehyde y =260.3 x + 8.90 0.9842
Crotonaldehyde y =114.25x - 9.23 0.9158
2-Butanone y =338.3x - 18.82 0.9766
n-Butyraldehyde y=178.8x - 7.56 0.9732

Table 8. Verification of carbonyl retention on a series of two
pads using the exhaled smoke collection device when
smoking three cigarettes, each for three 1 sec puffing inter-
vals, and 30 sec smoldering intervals (average results from
duplicate measurements)

Compound First pad, ug Second pad, ug
Formaldehyde 10.50 0.50
Acetaldehyde 412.40 4.40
Acetone 160.71 2.72
Acrolein 42.00 ND?
Propionaldehyde 37.82 0.82
Crotonaldehyde 11.45 ND
2-Butanone 30.07 ND
n-Butyraldehyde 17.11 ND

ND = Not detected.

In Tables 5to 7 the R? values for all dependences are high
indicating good linearity betweenthecarbonyl level andthe
nicotine in the cigarette butt. However, the dependence
lines do not have a zero intercept (for the best R? values),
and are not identical for the three different cigarettes eva-
luated in this study. This indicated that outside the cali-
brated range, the dependence between the level of nicotine
in the cigarette butt and the individua carbony! level in
smoke is not necessarily linear. The dependence equations
should be considered only empirical relationsthat allow the
calculation of the inhaled amount of carbonyl compounds
only in the specified range of butt nicotine levels.

Analysis of the carbonyl compounds in exhaled smoke
and the calculation of inhaled carbonyl levels

The verification of the efficiency of carbonyl retention
using the device for exhaled smoke collection lead to the
conclusion that one pad is sufficient for carbonyl collection
from the exhaled breath, although the flow through the pad
is considerably higher than that for machine smoked
cigarettes. The results for the carbonyl levels measured
using two pads in series when lit cigarettes were attached
to the exhaled smoke collection device, as described in the
experimental part, are given in Table 8. Only negligible
carbonyl levels were detected on the second treated Cam-
bridge pad.

The next step in the analysis of exhaled smoke evaluation
was the measurement of the background level of carbonyl
compoundsin the breath of two smokerswhen no cigarette
was smoked within one hour. Except for acetone, carbonyl
compound levels were below detection limit in the breath
(at the sensitivity of the current method). For eight breaths,
the acetone level was below 2 ug, a value accounting for
less than 1% of the acetone level for one cigarette smoked
under FTC conditions. For this reason, the background of
carbonyl compounds, including acetone, was further
neglectedin the study. Thelevel of carbonyl compoundsin
the exhaled smoke was further analyzed for ten smokers of
the 10.6 mg ‘tar’ cigarette and the results are reported in
Table 9. The table also indicates the amount of nicotine
measured in the collected cigarette buttsfrom each smoker.
From the levels of nicotine in the cigarette butt, the cal cu-
lated inhaled levels of carbonyl compounds are given in
Table 10. Using the values from Table 9 and Table 10, a
retention efficiency (%) wascal culated for each smoker and
for each carbonyl compound, by the following formula:

Retention (%) = 100 — (Exhaled level)/(Inhaled level) x 100

Theretentionvaluesareplottedin Figure4, whichindicates
that the retention of aldehydes from the smoke of the 10.6
mg ‘tar’ cigarettes approached 100%, while acetone and 2-
butanone appeared to be slightly less absorbed showing an
average retention around 95%. The spread of theresultsis
not very large. Some differences in retention efficiency
were noticed from smoker to smoker. For the exhaled
smoke some variation may originate in the differences

Table 9. The levels in pg/cig of carbonyl compounds in the exhaled smoke and the level of nicotine in the cigarette butt in mg/cig
for each of the human subjects that smoked a 10.6 mg ‘tar’ cigarette *

Compound Exhaled 1 Exhaled 2 Exhaled 3 Exhaled 4 Exhaled 5 Exhaled 6 Exhaled 7 Exhaled 8 Exhaled 9 Exhaled
Formaldehyde ND°® 1.26 0.51 0.48 0.47 0.51 0.53 ND 0.80 121
Acetaldehyde 36.52 33.22 30.32 23.92 36.91 26.24 58.43 15.85 35.99 30.28
Acetone 24.68 20.94 18.53 12.84 25.96 13.27 33.19 22.34 24.40 18.50
Acrolein 0.71 ND ND ND ND 0.35 ND 0.72 ND 0.05
Propionaldehyde 3.94 0.01 0.94 0.75 1.86 1.59 2.74 0.97 2.46 1.13
Crotonaldehyde 1.25 0.12 0.12 0.12 1.03 0.06 0.86 0.59 1.23 0.15
2-Butanone 5.67 ND 1.64 2.63 4.74 3.08 6.66 2.05 4.34 1.48
n-Butyraldehyde 2.46 ND ND ND ND 0.32 0.42 0.56 1.21 ND
Nicotine in cig butt 0.241 0.241 0.290 0.207 0.383 0.180 0.318 0.373 0.228 0.277

#Human subjects 6 and 7 were the same as 4 and 5, respectively, smoking in a different day.

®ND = not detected
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Table 10. Calculated levels in yg/cig of carbonyl compounds in the inhaled smoke for ten human subjects that smoked a 10.6 mg

‘tar’ cigarette

Compound Inhaled 1  Inhaled 2 Inhaled 3 Inhaled 4 Inhaled5 Inhaled6 Inhaled?7 Inhaled8 Inhaled 9 Inhaled 10
Formaldehyde 34.02 34.02 51.04 22.21 83.34 12.83 60.76 79.73 29.78 46.52
Acetaldehyde 730.75 730.75 887.69 621.86 1185.54 535.39 977.36  1152.25 691.64 846.01
Acetone 287.53 287.53 350.05 244.16 468.70 209.71 385.77 455.44 271.95 333.45
Acrolein 84.49 84.49 105.16 70.15 144.40 58.76 116.98 138.93 78.58 98.81
Propionaldehyde 60.78 60.78 72.10 52.93 93.58 46.69 78.57 91.18 57.96 69.09
Crotonaldehyde 26.52 26.52 33.94 21.36 48.04 17.27 38.19 46.46 24.66 31.97
2-Butanone 54.68 54.68 66.81 46.26 89.83 39.58 73.74 87.25 51.65 63.59
n-Butyraldehyde 37.18 37.18 47.08 30.32 65.85 24.87 52.73 63.75 34.72 44.45
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Figure 4. Results regarding the retention % for eight carbonyl compounds obtained for ten human subjects smoking a 10.6 mg ‘tar’

cigarette

between the smoking characteristicsof eachindividual, but
also may be due to variability in cigarettes, the smoke
collection procedure, as well as in the analytical measure-
ments. However, the levels of al carbonyl compounds are
very low in the exhaled smoke compared to the levelsfrom
the mainstream smoke of the cigarette. Therefore these
variations have a small impact on the final retention (%)
values. For the exhaled smoke, the values were calculated
based on the nicotine levels in the cigarette butts, and the
errorsin this measurement were propagated to the carbonyl
levelsof theinhaled smoke. These measurementsare, how-
ever, affected only by the error of the analytical methods,
and therefore expected to be much lower than those
generated in the measurements on the human subjects.

The study was further continued for the 16.2 mg ‘tar’ and
for the5.0mg ‘tar’ cigarettes. The procedurefor collecting
the smoke, analyzing it and performing the calculations
were the same as for the 10.6 mg ‘tar’ cigarette. The only
difference wasthe number of smokerswhichwasonly five

for each of thetwo cigarette styles. Theresultsfor thelevel
of carbonyl compounds in the exhaled smoke for the 16.2
mg ‘tar’ product in ug/cig aswell asthe amount of nicotine
in mg/cig measured in the collected cigarette butts from
each smoker are shown in Table 11. From the levels of
nicotine in the cigarette butt, the calculated inhaled levels
of carbonyl compounds for the 16.2 mg ‘tar’ cigarette are
given in Table 12. Using the values from Table 11 and
Table 12, theretention (%) was cal cul ated for each smoker,
the results being plotted in Figure 5.

The results for the level of carbonyl compoundsin pg/cig
inthe exhaled smokefor the5.0 mg ‘tar’ product aswell as
the amount of nicotinein mg/cig measured in the collected
cigarette butts from each smoker are shown in Table 13.
From the levels of nicotine in the cigarette butt, the calcu-
lated inhaled levels of carbonyl compounds for the 5.0 mg
‘tar’ cigarette are givenin Table 14. Using the values from
Table 13 and Table 14, theretention (%) was cal cul ated for
each smoker, the results being plotted in Figure 6.
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Table 11. The levels in pyg/cig of carbonyl compounds in the exhaled smoke and the level of nicotine in the cigarette butt (mg/cig)
for each of the five human subjects smoking a 16.2 mg ‘tar’ cigarette

Compound Exhaled 1 Exhaled 2 Exhaled 3 Exhaled 4 Exhaled 5
Formaldehyde 2.53 2.50 1.41 0.79 0.91
Acetaldehyde 26.77 31.93 37.95 12.14 38.93
Acetone 61.38 74.10 58.22 56.65 43.41
Acrolein 0.76 ND? 0.89 1.92 2.46
Propionaldehyde 1.68 ND 4.58 2.95 3.21
Crotonaldehyde 0.12 0.23 ND 0.66 0.87
2-Butanone 1.83 1.09 6.42 5.20 331
n-Butyraldehyde 2.47 ND 2.47 2.50 1.12
Nicotine in cig butt 0.260 0.311 0.273 0.286 0.280

ND = not detected

Table 12. Calculated levels in pg/cig of carbonyl compounds in the inhaled smoke for each of the five human subjects smoking a
16.2 mg ‘tar’ cigarette

Compound Inhaled 1 Inhaled 2 Inhaled 3 Inhaled 4 Inhaled 5
Formaldehyde 56.26 66.26 58.81 61.35 60.18
Acetaldehyde 674.26 823.09 712.20 750.13 732.63
Acetone 308.85 374.16 325.50 342.14 334.46
Acrolein 86.54 105.20 91.30 96.05 93.86
Propionaldehyde 57.26 71.50 60.89 64.52 62.84
Crotonaldehyde 18.73 23.84 20.03 21.34 20.74
2-Butanone 47.43 62.66 51.31 55.19 53.40
n-Butyraldehyde 36.55 45.05 38.71 40.88 39.88
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Figure 5. Results regarding the retention % for eight carbonyl compounds obtained for five human subjects smoking a 16.2 mg ‘tar’
cigarette

The pattern for the retention of carbonyl compounds for mg ‘tar’ product for which the retentions seem to be
the 16.2 mg ‘tar’ and for the 5.0 mg ‘tar’ cigarette is dightly lower. The retention for aldehydes is high in all
basicaly the same as the one observed for the 10.6 mg cases, while the ketones seem to be retained dlightly less

‘tar’ cigarette. Some differences were noticed for the 16.2 than the aldehydes.
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Table 13. The levels in pyg/cig of carbonyl compounds in the exhaled smoke for each of the five human subjects smoking a 5.0 mg
‘tar’ cigarette

Compound Exhaled 1 Exhaled 2 Exhaled 3 Exhaled 4 Exhaled 5
Formaldehyde 0.69 0.47 1.46 0.58 0.54
Acetaldehyde 19.10 13.07 15.20 17.78 17.54
Acetone 27.18 20.15 23.50 29.04 15.97
Acrolein ND* ND ND 1.11 0.55
Propionaldehyde 0.09 0.27 0.35 0.65 0.83
Crotonaldehyde ND ND ND 0.98 0.19
2-Butanone 2.89 4.05 1.79 1.52 0.52
n-Butyraldehyde 1.87 ND ND ND ND
Nicotine in cig butt 0.216 0.245 0.300 0.159 0.22

#ND = not detected

Table 14. Calculated levels in pg/cig of carbonyl compounds in the inhaled smoke for each of the five human subjects smoking a
5.0 mg ‘tar’ cigarette

Compound Inhaled 1 Inhaled 2 Inhaled 3 Inhaled 4 Inhaled 5
Formaldehyde 20.95 25.82 35.05 11.39 21.63
Acetaldehyde 582.92 685.18 879.10 381.95 597.03
Acetone 262.92 306.89 390.28 176.50 268.98
Acrolein 69.33 81.55 104.72 45.31 71.01
Propionaldehyde 47.42 54.96 69.28 32.58 48.46
Crotonaldehyde 15.45 18.76 25.04 8.93 15.90
2-Butanone 54.24 64.05 82.66 34.96 55.60
n-Butyraldehyde 31.07 36.26 46.09 20.88 31.79
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Figure 6. Results regarding the retention % for eight carbonyl compounds obtained for five human subjects smoking a 5.0 mg
‘tar’ cigarette

The findings from this study are in very good agreement more than 96% for all tested cigarettes. This value is
with the result reported in literature for acetaldehyde and higher than the one value (of 70%) given in aBAT report
acetone (10-12). Some disagreement exists regarding acro- (13). Acrolein can be expected to be highly retained since
lein, which was found in the present study to be retained other small aldehydes also are highly retained. Based on
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the results from an overal study on the chemical compo-
sition of exhaled cigarette smoke (23), as well as from the
properties of acrolein [n-octanol-water partition coefficient
logP = 0.9 (24)] the expected retention is again high. For
these reasons, the 70% retention can be seen as an under-
estimation of acrolein retention.

Information on acrolein metabolism and level of urinary
biomarkersfor thiscompound isavailablein literature (25,
26). The main known metabolite of acrolein in urineis 3-
hydroxypropyl mercapturic acid, which accounts for 23%
(17% to 29%) of the retained compound (25). This result
indicates that acrolein from cigarette smoke is only par-
tially excreted in urine as 3-hydroxypropyl mercapturic
acid. Other paths, such as hile excretion, smoker breath,
etc. may contribute to the excretion of the acrolein retained
from smoke.

CONCLUSIONS

This study reports for the first time the level of eight
carbonyl compounds in exhaled cigarette smoke. The
cigarettes considered in the study were three cigarettes of
different (FTC) ‘tar’ levelsincludinga5.0 mg ‘tar’, a10.6
mg ‘tar’ and a 16.2 mg ‘tar’ cigarette. The results are
reported for formaldehyde, acetaldehyde, acetone, acro-
lein, propional dehyde, crotonal dehyde, 2-butanone, and n-
butyraldehyde. The study was done on ten human subjects
for the 10.6 mg ‘tar’ product, five for the 16.2 mg ‘tar’,
and five for the 5.0 mg ‘tar’ product. The human subjects
were smokers of the respective brand and style. Theresults
showed that the aldehydes were retained above 95% for all
three styles. The ketones were retained with a dlightly
lower efficiency. Acetone wasretained in the range of 90%
to 95%. The retention for 2-butanone showed a larger
scatter compared to other results but it also appeared to be
dlightly less absorbed than the aldehydes, with an average
retention around 95%. The retention of acetaldehyde and
acetone by human smokers was previously reported in
literature and the findings from this study arein very good
agreement with these result.
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