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Smoking conventional lit-end cigarettes results in exposure of nonsmokers to potentially harm-
ful cigarette smoke constituents present in environmental tobacco smoke (ETS) generated by
sidestream smoke emissions and exhaled mainstream smoke. ETS constituent concentrations
generated by a conventional lit-end cigarette and a newly developed electrically heated cigarette
smoking system (EHCSS) that produces only mainstream smoke and no sidestream smoke emis-
sions were investigated in simulated “office” and ‘“hospitality”’ environments with different levels
of baseline indoor air quality. Smoking the EHCSS (International Organisation for Standard-
ization yields: 5 mg tar, 0.3 mg nicotine, and 0.6 mg carbon monoxide) in simulated indoor
environments resulted in significant reductions in ETS constituent concentrations compared to
when smoking a representative lit-end cigarette (Marlboro: 6 mg tar, 0.5 mg nicotine, and 7 mg
carbon monoxide). In direct comparisons, 24 of 29 measured smoke constituents (83 %) showed
mean reductions of greater than 90%, and 5 smoke constituents (17%) showed mean reduc-
tions between 80% and 90%. Gas—vapor phase ETS markers (nicotine and 3-ethenylpyridine)
were reduced by an average of 97 % (range 94-99%). Total respirable suspended particles, de-
termined by online particle measurements and as gravimetric respirable suspended particles,
were reduced by 90% (range 82-100%). The mean and standard deviation of the reduction of
all constituents was 94 + 4%, indicating that smoking the new EHCSS in simulated “office”
and “‘hospitality” indoor environments resulted in substantial reductions of ETS constituents
in indoor air.

Secondhand smoke, also known as environmental tobacco
smoke (ETS), is a combination of the smoke emitted from the
lit end of a conventional cigarette (CC) plus the smoke ex-
haled by the smoker (Baker & Proctor, 1990). Health agen-
cies worldwide have concluded that exposure to secondhand
smoke from cigarettes causes diseases including lung cancer
and heart disease in adult nonsmokers, and is judged to be a
risk factor for asthma, respiratory infections, cough, wheeze,
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otitis media (middle ear infection), and sudden infant death syn-
drome (SIDS) in children (California Environmental Protection
Agency, 1997; U.S. Environmental Protection Agency, 1992;
International Agency for Research on Cancer, 2004; U.S. De-
partment of Health and Human Services, 2006). In addition,
it has been concluded that secondhand smoke can exacerbate
adult asthma and cause eye, throat, and nasal irritation (Califor-
nia Environmental Protection Agency, 1997; National Research
Council, 1986; U.S. Department of Health and Human Services,
2006).

Indoor air quality (IAQ) can be negatively affected by the
presence of ETS, and unacceptable IAQ has long been associ-
ated with the expression of discomfort or dissatisfaction of non-
smokers in environments where smoking occurs (Cain et al.,
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1987; Gunnarsen et al., 1991; Walker et al., 1997). The level of
exposure to ETS in indoor environments is dependent on many
factors. These can include the amount of smoking that takes
place, the type of indoor environment (home, office, hospitality,
etc.), the presence or absence of ventilation systems to remove
or dilute ETS, and the time spent in the indoor environment.
Over the past two decades, many studies have been conducted
to investigate the levels of, and exposure to, ETS constituents in
numerous environments (Jenkins et al., 2000).

In 2003, the World Health Organization (WHO) Sci-
entific Advisory Committee on Tobacco Product Regula-
tion (SACTob)! specifically addressed the “Harm to Non-
Users/Bystanders” of ETS exposure and the introduction of new
tobacco products such as the electrically-heated cigarette smok-
ing system (EHCSS). SACTob stated that “Many of the new
products may claim reductions in generation of environmental
tobacco smoke and there is clear reduction when shifting from
burned tobacco products to products that heat rather than burn to-
bacco or to smokeless tobacco.” SACTob also supports the need
for evaluation of emissions from new tobacco products under
conditions of actual use including the determination of second-
hand smoke emissions both quantitatively and qualitatively.

The technical concept of the EHCSS and the chemical and
biological properties have been described in earlier publications
(Patskan et al., 2003; Stabbert et al., 2003; Terpstra et al., 2003;
Tewes et al., 2003). A distinct feature of the EHCSS is that it
only produces mainstream smoke and no sidestream smoke is
emitted. The objective of this investigation was to compare con-
centrations of well-established gas—vapor and particulate-phase
ETS constituents, many of which are reputed to be potentially
harmful ETS components, when smoking EHCSS or CC un-
der conditions simulating indoor environments. For this pur-
pose, two “real-world” scenarios were simulated (“office” and
“hospitality” environments) in an environmentally controlled
room with predetermined occupancy density and smoking rates.
Ventilation rates were used to provide “low,” “medium,” and
“high” TAQ conditions according to guidelines specified by the
European Committee for Standardization [CEN] (CEN, 2004).

METHODS
Study Design

Two scenarios representing “office” and “hospitality” envi-
ronments were simulated in an environmentally controlled room
(size: 24.5m?, 65 m?, length x width x height = 5.85 x 4.20 x
2.65m). Different ventilation rates (36, 90, and 144 m? /h/person,
respectively) were used to provide “low,” “medium,” and “high”
TAQ for smoking environments as defined by the European ven-
tilation performance standard CEN EN 13779 (CEN, 2004). Oc-
cupancy density was set to 12 and 1.5 m?/person with a smoking

In November 2003 the status of SACTob was changed and it became the
WHO Study Group on Tobacco Product Regulation (TobReg).

rate of 2 and 16 cigarettes/h for “office” and “hospitality” envi-
ronments, respectively (ASHRAE, 2001, 2002). The study con-
sisted of four simulations per cigarette type: three simulations
of an “office” environment and one simulation in a “hospitality”
environment (Table 1). Each of the 8 simulations lasted for 5 h.
In the “office” simulations with two smokers, Smoker 1 started
to smoke at the beginning of the simulation and continued to
smoke 1 cigarette/h at intervals of 1 h between cigarettes. Smok-
ing times for Smoker 2 started 30 min later. In the “hospitality”
simulations, 8 smokers each smoked 1 cigarette every 30 min.
Prior to each of the eight simulations, “background” sampling of
the indoor air was performed for 4 h using the same ventilation
conditions and no subjects present in the environmentally con-
trolled room. At the beginning of the background session, the
exposure room was flooded with carbon dioxide (CO;) up to a
concentration of 1% and the decay rate of CO, was determined
to confirm the ventilation rate.

An initial pilot study was performed using the CC to test
whether ETS concentrations produced when smoking the CC
under the “office” and “hospitality” simulations just described
were in the range of “real-world” ETS constituent concentrations
reported for both “office” and “hospitality” environments.

Subjects

Eight smokers (6 females, 2 males, age: 36-65 years) with
a regular daily cigarette consumption of at least 20 cigarettes
were recruited for participation in the study. The subjects were
informed about the aims, sponsor, course of the study, and volun-
tary nature of their participation in both written and verbal form.
All subjects were also informed about the possible health con-
sequences of smoking. The subjects gave their written informed
consent for their participation prior to the study commencing.
Two subjects took part in all eight simulations and six subjects
took part in only the two “hospitality” simulations. Before tak-
ing part in the simulations in which EHCSS was smoked, the
subjects were familiarized with this new type of cigarette by
smoking one to three EHCSS cigarettes under the instruction of
the laboratory staff.

Test Cigarettes

The EHCSS consists of a special cigarette containing con-
ventional tobacco rolled into a tobacco mat, which is then over-
wrapped with a cigarette paper. This special cigarette is inserted
into a battery-powered heater/lighter that heats the tobacco and
minimizes burning during puffing. This design allows for greater
control of the available heat resulting in lower temperatures (ca.
600°C) and less combustion of tobacco compared to conven-
tional lit-end cigarettes (ca. 40 mg vs. 770 mg) (Patskan &
Reininghaus, 2003). The EHCSS (5 mg tar, 0.3 mg nicotine,
and 0.6 mg CO according to the International Standards Organi-
zation [ISO]J) was used for simulations 1-4 and Marlboro (6 mg
tar, 0.5 mg nicotine and 7 mg CO according to ISO) cigarettes
for simulations 5-8.
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TABLE 1
Environmentally-controlled room setting and smoking conditions”
Kind of Ventilation Number Total Cigarettes
Simulation Cigarette Use 1AQ rate (m>/h) smokers cigarettes per smoker
1 EHCSS Office High 288 2 10 5
2 EHCSS Office Medium 180 2 10 5
3 EHCSS Office Low 72 2 10 5
4 EHCSS Hospitality Low 576 8 80 10
5 CC Office High 288 2 10 5
6 CcC Office Medium 180 2 10 5
7 CC Office Low 72 2 10 5
8 CC Hospitality Low 576 8 80 10

“ Abbreviations: IAQ, Indoor air quality; EHCSS, electrically-heated cigarette smoking system; CC, conventional cigarette

Environmentally Controlled Room

The environmentally controlled room (Figure 1) was fur-
nished with tables and chairs for eight persons, sideboards, and
bookshelves. An electrical fan was used to circulate the indoor
air. The supply indoor air was purified by sequentially pass-
ing through a particle filter and an activated carbon filter before
entering the room through grids in three corners of the room.
Three exhaust ducts in the ceiling removed air from the room.
The room temperature was set to 22 £ 2°C by heating of the
inlet air and by cooling elements mounted on the ceiling. The
ventilation rate was controlled by electrical fans in the inlet and
outlet air ducts of the room. Sampling traps were positioned
near the breathing height of a seated person (110 cm above floor
level) and connected with polyethylene tubes to 16 membrane
sampling pumps. A particle analyzer was positioned close to
the sampling traps. Indoor air for online measurement of CO5,
CO, and NO/NO; was drawn via a tube positioned at a height
of 230 cm from the floor.

Determination of Indoor Air Constituents

The indoor air constituents measured online, instruments
used, principle of the detection method, limit of detection
(LOD), and precision of the measurements are summarized in
Table 2. Outputs were recorded every 15 s with a data logger (21
x Micrologger, Campell, Scientific Ltd, Shepshed, Loughbor-
ough, UK). Temperature and relative humidity were recorded
using a thermohydrograph (Wilhelm Lambrecht GmbH, Goet-
tingen, Germany).

Eight sets of offline analyses (Table 3) were performed in
duplicate and the flow of each pump (KNF Neuberger GmbH,
Freiburg, Germany) was adjusted by a needle valve and mea-
sured by a flow meter (0.2-2 L/min, EM-Technik GmbH, Max-
dorf, Germany) placed upstream of the pump. The flow rates of
the pumps were adjusted during sampling, if necessary. A bub-
ble meter (Optiflow 650, Humonics, Rancho Cordova, CA) was
used as the reference instrument. Indoor air constituents were
determined according to the methods cited in Table 3, with mod-

ifications. The sampling time for all background sessions was
4 h. The sampling time for simulations 1 and 5 was 5 h, starting
when smoking began. The sampling time for simulations 2—4
and 6-8 was 4 h, starting 1 h after smoking began.

Data Treatment

For indoor environment simulations using both the EHCSS
(simulations 1-4) and the CC (simulations 5-8), indoor air con-
stituent measurements under the “background” and “smoking”
periods correspond to the means of two duplicate samplings.
The “net increase” (Table 4 through Table 7) of the two cigarette
types was calculated as the difference between the “smoking”
and “background” periods. The “percent difference” between
EHCSS and CC was estimated from the “net increase” values
according to:

Percent difference = —1 - | 1
CC

EHCSS
— ) - 100
where EHCSS and CC are the “net increases” in an ETS con-
stituent when smoking EHCSS or CC, respectively. Negative
“net increase” values for the EHCSS, that is, “background” >

“smoking,” were set to 0, corresponding to a percent difference
value of —100%.

RESULTS

Both types of cigarettes were smoked in simulated “office”
environments with “low,” “medium,” and “high” IAQ conditions
and a simulated “hospitality” environment with “low” IAQ. The
highest occupancy density (8 smokers) combined with the high-
est cigarette consumption (80 cigarettes/S h) was represented in
the “low” IAQ conditions used in “hospitality” simulations 4 and
8. Duplicate samples for each indoor air constituent determined
were collected for 4 h during the “background” and “smok-
ing” periods, except for simulations 1 and 5, where the sam-
pling time started when smoking began. The ventilation rate was
determined immediately before each “smoking” period, which
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FIG. 1. Layout of the environmentally controlled room, seating for occupants, and location of online and offline sampling equip-

ment.

lasted 5 h. Results of the measurements are reported in Tables 4
through 7.

“Office” With High “IAQ” Conditions (Simulations
1 and 5)

Results for both simulations using either EHCSS or CC are
shown in Table 4. Two smokers smoked a total of either 10
EHCSS (simulation 1) or 10 CC (simulation 5). The target
ventilation rate was 288 m3/h and the actual ventilation rates
were 320 and 317 m?/h for simulations 1 and 5, respectively.
In simulation 1, small increases were observed for the gas-
phase ETS constituents, solanesol and 3-ethenylpyridine (3-
EP), compared to background. Particulate matter expressed as
2,2 4 4'-tetrahydroxybenzophenone (ultraviolet particulate pat-
ter [UVPM]-THBP) equivalents and fluorescence-based partic-
ulate matter (FPM) expressed as scopoletin (FPM-scopoletin)

equivalents was also increased compared to background. In sim-
ulation 5, all ETS constituents increased versus background, and
the increase in particles was about 10-fold above background.

“Office” With “Medium” IAQ Conditions
(Simulations 2 and 6)

Results for both simulations are shown in Table 5. Under
this condition, two smokers smoked a total of either 10 EHCSS
(simulation 2) or 10 CC (simulation 6). The target ventilation
rate was 180 m3/h, while the actual ventilation rates were 200
and 215 m3/h for simulations 2 and 6, respectively. In simula-
tion 2 while smoking EHCSS, small increases were observed
for online particles, UVPM-THBP, FPM-scopoletin, solanesol,
nicotine, toluene, phenanthrene, and pyrene compared to back-
ground. During simulation 6, all ETS constituents except CO;,
NO, and NO, were increased versus background. Increases,
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TABLE 2
Indoor air constituents measured online?

Constituent Instrument Principle of detection LOD Precision

CcO Monitor Labs ML 9830 (Rhode & IR 0.2 ppm £0.1ppm
Schwarz, Cologne, Germany)

CO, Finor 4N (Maihak, Hamburg, IR 0.002 % +0.002%
Germany)

NO ML 8840 (Monitor Labs GmbH, Chemiluminescence 2 ppb +1 ppb
Allershausen, Germany)”

NO, ML 8840 (Monitor Labs GmbH, Chemiluminescence 2 ppb +1 ppb
Allershausen, Germany)b

RSP ine(calibrated RAM (MIE Inc., Bedford, MA, Light scattering 5 pug/m? 420 pg/m?

with “Arizona
road dust”)

USA)

¢ Abbreviations: CO, carbon monoxide, CO,, carbon dioxide; IR, infra red; LOD, limit of detection; NO, nitric oxide; NO,, nitrogen dioxide;

RSP, respirable suspended particles.

’The instrument failed in Simulation 4 and was replaced by another chemiluminescence instrument (NO/NO,/NO, Monitor, Model CDL 700
AL, Eco Physics GmbH, Miinchen, Germany). This instrument had characteristics similar to the ML 8840 monitor.

except for toluene, phenanthrene, and pyrene when compared
to background, were about 10-fold lower in the EHCSS simula-
tion compared to in the CC simulation.

“Office” With “Low” IAQ Conditions (Simulations
3 and 7)

Results for both simulations using either EHCSS or CC are
shown in Table 6. During these simulations, 2 smokers each
smoked either 10 EHCSS (simulation 3) or 10 CC (simula-
tion 7). The target ventilation rate was 72 m?/h and the ac-
tual ventilation rates were 102 and 115 m3/h for simulations
3 and 7, respectively. In simulation 3 while smoking EHCSS,
small increases were observed for online and gravimetric par-
ticles, UVPM-THBP, FPM-scopoletin, solanesol, nicotine, and
acetaldehyde compared to background. In simulation 7, all ETS
constituents except for CO,, NO, and NO, were increased rel-
ative to background. All ETS constituents, except for pyrene,
were about 10-fold lower in the EHCSS simulation relative to
when smoking CC.

“Hospitality” With “Low” IAQ Conditions (Simulations
4 and 8)

Results of the indoor air monitoring measurements of both
simulations are shown in Table 7. Under this condition, 8 smok-
ers each smoked 10 EHCSS (Simulation 4) or 10 CC (simula-
tion 8), equivalent to 80 cigarettes per “smoking” period. The
target ventilation rate was 576 m>/h and the actual ventilation
rates were 543 and 643 m3/h for simulations 4 and 8, respec-
tively. In simulation 4, small increases were observed for on-
line and gravimetric particles, UVPM-THBP, FPM-scopoletin,
solanesol, nicotine, 3EP, toluene, N -nitrosonornicotine (NNN),
and 2-aminonaphthylamine (2-NA) compared to background.
During simulation 8, all ETS constituents except for CO, and NO

were increased compared to background. ETS constituents were
about 10-fold higher in the CC simulation relative to EHCSS.

Comparison of EHCSS and CC Smoking Sessions

Figure 2 shows a graphical presentation of the percent differ-
ence in indoor air constituents in Table 4, representing simula-
tion of an “office” with “high” IAQ conditions. Figure 3 shows a
graphical presentation of the percent difference in indoor air con-
stituents in Table 7, representing simulation of the “hospitality”
environment with “low” IAQ conditions. CO is not included in
the Figures 2 and 3 because the ambient level is not generally
influenced by cigarette smoking.

In a direct comparison between the simulations using either
EHCSS or CC cigarettes, 24 of 29 measured smoke constituents
(83%) showed mean reductions of greater than 90%, and 5
smoke constituents (17%) showed mean reductions between
80% and 90% when smoking EHCSS. Specific ETS markers for
the gas—vapor phase of ETS (nicotine and 3-ethenylpyridine)
were reduced by an average of 97% (range 94-99%) when
the EHCSS was smoked compared to the CC. Similarly, ETS
markers for the particulate phase (solanesol, UV-THBP, FPM-
scopoletin) were reduced by 93% (range 85-97%). Total res-
pirable suspended particles (RSP) determined either online by
light scattering or as gravimetric RSP was reduced by 90%
(range 82—100%). Thus, smoking EHCSS in simulated “office”
and “hospitality” environments resulted in substantial reduc-
tions in indoor air ETS constituents compared to when smoking
CC. The mean and standard deviation of the reduction of all
constituents was 94 £ 4%.

Figure 4 shows the ratio of ETS particulate matter con-
stituent concentrations (background corrected CC/EHCSS) for
each simulation condition. Because the RSP concentration
determined in the EHCSS “office” simulation using a “high”
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TABLE 3
Indoor air constituents measured offline?
Sampling
flow rate  Analytical Precision
ETS constituent Trap (L/min) method LOD (%)
RSPy avimetric SO, 1998) Filter 2.0 Gravimetric 5 ,ug/m3 +3.7-8.9
UVPM-THBP (Baek et al., 2004; ISO, HPLC-UV  0.063 pug/m® =+3.7-6.5
1998)
FPM-scopoletin (Baek et al., 2004; ISO, HPLC-FD  0.001 ;Lg/m3 +4.1-5.1
1998)
Solanesol (Ogden et al., 1992) HPLC-UV 0.1 ug/m? +4.6
Nicotine (Craver-Gladstone et al., 2002; XAD-4 1.0 GC-MS 0.005 g/m3 +2.5
ISO, 2003)
3-Ethenylpyridine (Craver-Gladstone et 0.07 pug/m? +1.6
al., 2002; IS0, 2003)
Formaldehyde (Kuwata et al., 1983) DNPH-silica 1.2 HPLC-UV  0.09 ug/m? +4.9
Acetaldehyde (Kuwata et al., 1983) 0.04 pg/m? +3.3
Propionaldehyde (Kuwata et al., 1983) 0.11 ug/m? +1.5
Acrolein (Kuwata et al., 1983) 0.09 p1g/m? +1.8
Crotonaldehyde (Kuwata et al., 1983) 0.30 pg/m? +3.8
1,3-Butadiene (NIOSH, 1994) Activated charcoal 0.4 GC-MS 0.063 /Lg/m3 +3.6
Benzene (NIOSH, 2003) 1.0 GC-MS 0.02 pg/m? +3.2
Toluene (NIOSH, 2003) 0.015 ug/m*>  £2.8
m-/p-Xylene (NIOSH, 2003) 0.015 pg/m? +2.2
o0-Xylene (NIOSH, 2003) 0.015 pg/m? +1.5
NNK (Wu et al., 2003) Filter (treated with Asc) 1.0 LC-MS/MS 0.6 ng/m3 +3.1
NNN (Wu et al., 2003) 0.5 ng/m? +10.8
Phenanthrene (Chuang et al., 1991; Viau  Filter + ORBO tubes 2.0 GC-MS 0.03 ng/m3 +7.0
et al., 2000)
Pyrene (Chuang et al., 1991; Viau et al., 0.02 ng/m3 +1.8
2000)
Benzo[a]pyrene (Chuang et al., 1991; 0.04 ng/m* +13.7
Viau et al., 2000)
o-Toluidine (Grimmer et al., 1995; Liquid (5% HCI + methanol) 1.0 GC-MS 0.043 ng/m3 +0.2
Palmiotto et al., 2001)
2-Amino naphthalene (Grimmer et al., 0.002 ng/m? +6.8
1995; Palmiotto et al., 2001)
4-Aminobiphenyl (Grimmer et al., 1995; 0.003 ng/m? +5.2

Palmiotto et al., 2001)

“ Abbreviations: DNPH, dinitrophenylhydrazine; FPM-scopoletin, fluorescence-based particulate matter expressed as scopoletin equivalents;
GC-MS, gas chromatography with mass spectrometric detection; HPLC-FD, high pressure liquid chromatography with fluorescence detection;
HPLC-UYV, high pressure liquid chromatography with ultra violet detection; ISO, International Standards Organization; LOD, limit of detection;
MS, mass spectrometry; NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone; NNN, N-nitrosonornicotine; LC-MS/MS, liquid chromatog-
raphy with tandem mass spectrometry; RSP, respirable suspended particles; UV, ultra violet; UVPM-THBP, ultra violet absorbance-based
particulate matter expressed as 2,2’,4,4’-tetrahydroxybenzophenone equivalents.

TAQ conditions (simulation 1) was below the background con-
centration determined prior to smoking, no ratio could be calcu-
lated. Figure 4 shows that there is a higher ratio of ETS particu-
late phase marker concentrations when smoking CC compared

to when smoking the EHCSS.

DISCUSSION

The study was performed in an environmentally controlled
room under carefully controlled experimental conditions in or-
der to compare concentrations of indoor air ETS constituents

when smoking either CC or EHCSS. The study was designed
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TABLE 4
Mean concentrations of indoor air constituents (“office” with “high” IAQ conditions)
EHCSS (Simulation 1) CC (Simulation 5) Net increase EHCSS  Net increase CC
Smoking— Smoking—
Background Smoking Background Smoking Background Background

Date Sept. 12, 2005 Sept. 19, 2005

Time of sampling 08:04-12:04 12:08-17:05 07:55-11:55 12:02-17:02

Number of smokers — 2 — 2

Number of cigarettes 0 10 0 10

Ventilation rate (m>/h) 320 317

Air changes/h 4.9 4.9

Temperature (°C) 22 22 21.5 21.5

Relative humidity (%) 73-77 73-75 48-50 50

Online measurements
CO (ppm)* 0.23 0.10 0.1 0.83 —0.13 0.73
CO; (%)’ 0.08 0.09 0.11 0.11 0.01 0.01
NO (ppb)* 38 27 13 22 —11 9
NO,(ppb)° 24 25 27 39 1 12

Particles, online (ug/m?) 24 28 12 200 4 188

Offline measurements
Particles, grav. (pug/m?) 28.7 24.5 9.3 84.5 —4.15 75.2
UVPM-THBP (ug/m?) 0.131 0.819 0.175 9.35 0.69 9.18
FPM-scopoletin (ug/m?) 0.025 0.091 0.064 1.818 0.07 1.75
Solanesol (p1g/m?)* 0.050 0.297 0.050 1.94 0.25 1.89
Nicotine (ug/m?) 0.059 0.079 0.039 5.00 0.02 4.96
3-EP (ug/m?)“ 0.035 0.094 0.035 1.11 0.059 1.08
FA (ug/m?®) 8.74 8.47 4.56 10.5 —-0.27 5.94
AA (ug/m?) 2.09 2.36 1.35 11.4 0.27 10.0
PA (j1g/m?) 0.44 0.55 0.27 2.32 0.11 2.04
ACR (ug/m?) 0.32 0.23 0.11 1.24 —0.09 1.13
CRO (ug/m?) 0.15 0.15 0.15 0.40 0.0 0.25
1,3-Butadiene (pg/m?®) 0.55 0.58 0.48 3.91 0.03 3.42
Benzene (ug/m?) 2.74 2.08 0.93 3.32 —0.66 2.39
Toluene (pg/m®) 10.82 9.17 4.32 8.83 —1.65 4.51
Ethylbenzene (ug/m?) 1.71 1.12 0.38 1.05 —0.59 0.68
m-/p-Xylene (ug/m®) 5.87 4.45 1.38 3.53 —1.42 2.15
o-Xylene (ug/m?) 1.56 1.45 0.45 0.95 —0.11 0.50
NNK (ng/m?)? 0.938 1.15 0.3 4.01 0.21 3.61
NNN (ng/m?)® 0.25 0.25 0.25 0.79 0.0 0.54
Phe (ng/m?®) 12.66 10.88 9.03 9.38 —1.78 0.35
Pyr (ng/m?) 2.36 2.32 1.70 3.19 —0.04 1.49
BaP (ng/m>) 0.056 0.043 0.076 0.096 —-0.013 0.02
o-Toluidine (ng/m?) 6.41 6.32 8.06 11.3 —0.09 3.24
2-AN (ng/m?) 0.220 0.182 0.238 0.418 —0.04 0.18
4-ABP (ng/m?) 0.019 0.022 0.022 0.090 0.003 0.07

Abbreviations: 2-AN, 2-aminonaphthalene; 3-EP, 3-ethenylpyridine (3-vinylpyridine); 4-ABP, 4-aminobiphenyl; AA, acetaldehyde; ACR,
acrolein; BaP, benzo[a]pyrene; CC, conventional cigarettes; CO, carbon monoxide; CO,, carbon dioxide; CRO, crotonaldehyde; EHCSS,
electrically heated cigarette smoking system; FA, formaldehyde; FPM-scopoletin, fluorescence-based particulate matter expressed as scopoletin
equivalents; IAQ, indoor air quality; NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone; NNN, N-nitrosonornicotine; NO, nitric oxide;
NO,, nitrogen dioxide; PA, propionaldehyde; Phe, phenanthrene; Pyr, pyrene; UVPM-THBP, ultra violet absorbance-based particulate matter
expressed as 2,2',4,4'-tetrahydroxybenzophenone equivalents.

“When the constituent concentration was below the LOD, !/, LOD was used for evaluation.

bBackground session: Average of values after the CO, concentration has reached background levels.

¢All NO/NO, measurements prior to Sept. 15, 2005 were made using ML 8840 (Monitor Labs GmbH), which failed. NO/NO, measurements
made after 11:30 on Sept. 16, 2005 were done using Model CDL 700 AL, (Eco Physics).
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Net increase EHCSS  Net increase CC

EHCSS (Simulation 2) CC (Simulation 6)
Smoking- Smoking-
Background Smoking Background Smoking Background Background

Date Sept. 13, 2005 Sept. 20, 2005

Time of sampling 08:01-12:01 12:06-17:06 08:06-12:06 12:14-17:14

Number of smokers — 2 — 2

Number of cigarettes 0 10 0 10

Ventilation rate (m>/h) 200 215

Air changes/h 3.1 33

Temperature (°C) 21.5 21.5-22 22 22

Relative humidity (%) 70-73 75-78 53-54 52-55

Online measurements
CO (ppm)“* 0.1 0.20 0.41 1.25 0.1 0.84
CO, (%)° 0.09 0.11 0.11 0.13 0.02 0.02
NO (ppb)* 58 40 132 78 —18 —54
NO; (ppb)“ 17 19 40 49 2 9
Particles, online (ug/m?) 18 64 30 346 46 316

Offline measurements
Particles, grav. (ug/m?) 22.4 41.3 23.3 130 18.9 111
UVPM-THBP (11g/m?) 0.169 1.21 0.425 14.9 1.04 14.5
FPM-scopoletin (pg/m>) 0.03 0.124 0.054 2.95 0.09 2.90
Solanesol (p1g/m?)* 0.050 0.696 0.050 4.34 0.65 4.29
Nicotine (p1g/m?) 0.035 0.212 0.124 5.30 0.18 5.18
3-EP (ug/m’)? 0.100 0.141 0.035 1.40 0.04 1.37
FA (ug/m?) 9.77 11.2 7.21 13.6 1.45 6.41
AA (ug/m?) 2.17 3.52 3.34 16.8 1.35 13.5
PA (j1g/m?) 0.44 0.79 0.67 3.19 0.36 2.51
ACR (ug/m?) 0.28 0.44 0.28 1.81 0.16 1.54
CRO (ug/m3)* 0.15 0.15 0.15 0.33 0.0 0.18
1,3-Butadiene (j1g/m?) 0.79 0.83 0.82 6.16 0.04 5.34
Benzene (j1g/m?) 2.70 2.68 2.40 4.79 —0.02 2.39
Toluene (pg/m®) 9.50 13.24 13.03 14.31 3.74 1.29
Ethylbenzene (j1g/m?) 1.13 1.37 1.20 3.94 0.25 2.74
m-/p-Xylene (1g/m?) 4.15 5.20 4.30 13.41 1.06 9.11
o-Xylene (ug/m?) 1.24 1.65 1.39 3.46 0.41 2.07
NNK (ng/m?)“ 0.30 0.30 0.30 3.83 0.0 3.53
NNN (ng/m?)“ 0.25 0.25 0.25 1.18 0.0 0.93
Phe (ng/m?) 9.18 11.36 9.97 21.06 2.18 11.08
Pyr (ng/m?) 0.945 3.89 2.34 4.46 2.95 2.12
BaP (ng/m?) 0.039 0.068 0.079 0.211 0.03 0.133
o-Toluidine (ng/m?) 6.85 6.98 7.54 15.5 0.13 7.96
2-AN (ng/m?) 0.223 0.184 0.200 0.593 —-0.04 0.393
4-ABP (ng/m?) 0.022 0.024 0.020 0.127 0.002 0.108

Abbreviations: 2-AN, 2-aminonaphthalene; 3-EP, 3-ethenylpyridine (3-vinylpyridine); 4-ABP, 4-aminobiphenyl; AA, acetaldehyde; ACR,
acrolein; BaP, benzo[a]pyrene; CC, conventional cigarettes; CO, carbon monoxide; CO,, carbon dioxide; CRO, crotonaldehyde; EHCSS,
electrically heated cigarette smoking system; FA, formaldehyde; FPM-scopoletin, fluorescence-based particulate matter expressed as scopoletin
equivalents; IAQ, indoor air quality; NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone; NNN, N-nitrosonornicotine; NO, nitric oxide;
NO,, nitrogen dioxide; PA, propionaldehyde; Phe, phenanthrene; Pyr, pyrene; UVPM-THBP, ultra violet absorbance-based particulate matter

expressed as 2,2’ ,4,4'-tetrahydroxybenzophenone equivalents.

“When the constituent concentration was below the LOD, !/, LOD was used for evaluation.
bBackground session: Average of values after the CO, concentration has reached background levels.
¢All NO/NO, measurements prior to Sept. 15, 2005 were made using ML 8840 (Monitor Labs GmbH), which failed. NO/NO, measurements
made after 11:30 on Sept. 16, 2005 were done using Model CDL 700 AL, (Eco Physics).
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TABLE 6
Mean concentrations of indoor air constituents (“office” with “low” IAQ conditions)

EHCSS (Simulation 3) CC (Simulation 7) Net increase EHCSS  Net increase CC
Smoking - Smoking -
Background Smoking Background Smoking Background Background

Date Sept. 14,2005 Sept. 21, 2005

Time of sampling 07:59-11:59  12:08-17:08 08:04-12:04  12:12-17:12

Number of smokers — 2 — 2

Number of cigarettes 0 10 0 10

Ventilation rate (m3/h) 102 115

Air changes/h 1.6 1.8

Temperature (°C) 21.5-22 22 21 21.5

Relative humidity (%) 72-73 75 55-56 56-57

Online measurements
CO (ppm)“* 0.35 0.27 0.1 1.58 —0.08 1.48
CO, (%)° 0.10 0.12 0.12 0.15 0.02 0.03
NO (ppb)* 81 23 90 48 —58 —42
NO, (ppb)“ 12 14 28 36 2 8
Particles, online (ug/m?) 36 110 24 586 74 562

Offline measurements
Particles, grav. (ug/m?) 25.1 54.8 21.4 228 29.7 207
UVPM-THBP (ug/m?) 0.106 2.89 0.450 29.1 2.78 28.6
FPM-scopoletin (ug/m>) 0.031 0.350 0.054 5.48 0.32 5.43
Solanesol (p1g/m?)* 0.050 1.19 0.050 8.62 1.14 8.57
Nicotine (p1g/m?) 0.117 0.274 0.248 6.94 0.16 6.69
3-EP (ug/m?) 0.118 0.160 0.141 2.02 0.04 1.88
FA (ug/m?) 12.6 12.6 8.81 18.4 0.0 9.59
AA (ug/m?) 2.97 5.25 2.94 28.0 2.28 25.1
PA (j1g/m?) 0.60 1.19 0.56 5.68 0.58 5.13
ACR (ug/m?) 0.38 0.51 0.23 3.99 0.13 3.76
CRO (ug/m3)* 0.15 0.15 0.15 1.10 0.0 0.95
1,3-Butadiene (j1g/m?)* 0.90 0.94 0.03 10.1 0.04 10.1
Benzene (j1g/m?) 2.54 1.75 1.66 7.44 —0.78 5.78
Toluene (pg/m?) 12.05 10.83 8.26 39.18 —1.21 30.92
Ethylbenzene (pg/m?) 1.36 0.85 0.98 245 —0.51 1.48
m-/p-Xylene (j1g/m?) 5.16 3.18 3.32 7.79 —1.98 4.47
o-Xylene (ug/m?) 1.59 1.03 1.00 1.97 —0.55 0.97
NNK (ng/m?) 0.602 0.691 0.302 5.63 0.09 5.33
NNN (ng/m?) 0.250 0.25 0.25 0.717 0.0 0.47
Phe (ng/m?) 10.4 10.6 11.04 214 0.20 10.4
Pyr (ng/m?) 1.18 1.59 1.86 3.79 0.41 1.93
BaP (ng/m>) 0.045 0.02 0.062 0.314 0.025 0.25
o-Toluidine (ng/m?) 7.25 7.96 8.13 18.07 0.71 9.94
2-AN (ng/m?) 0.222 0.282 0.226 1.045 0.06 0.82
4-ABP (ng/m?) 0.021 0.021 0.020 0.200 0.0 0.18

Abbreviations: 2-AN, 2-aminonaphthalene; 3-EP, 3-ethenylpyridine (3-vinylpyridine); 4-ABP, 4-aminobiphenyl; AA, acetaldehyde; ACR,
acrolein; BaP, benzo[a]pyrene; CC, conventional cigarettes; CO, carbon monoxide; CO,, carbon dioxide; CRO, crotonaldehyde; EHCSS,
electrically heated cigarette smoking system; FA, formaldehyde; FPM-scopoletin, fluorescence-based particulate matter expressed as scopoletin
equivalents; IAQ, indoor air quality; NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone; NNN, N-nitrosonornicotine; NO, nitric oxide;
NO,, nitrogen dioxide; PA, propionaldehyde; Phe, phenanthrene; Pyr, pyrene; UVPM-THBBP, ultra violet absorbance-based particulate matter
expressed as 2,2’ 4,4’ -tetrahydroxybenzophenone equivalents.

“When the constituent concentration was below the LOD, 1, LOD was used for evaluation.

bBackground session: Average of values after the CO, concentration has reached background levels.

¢All NO/NO; measurements prior to Sept. 15, 2005 were made using ML 8840 (Monitor Labs GmbH), which failed. NO/NO, measurements
made after 11:30 on Sept. 16, 2005 were done using Model CDL 700 AL, (Eco Physics).
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EHCSS (Simulation 4)

CC (Simulation 8)

Net increase EHCSS  Net increase CC

Smoking - Smoking -
Background Smoking Background Smoking Background Background

Date Sept. 15, 2005 Sept. 22, 2005

Time of sampling 08:18-12:18  12:28-17:28 07:49-11:49 12:10-17:10

Number of smokers — 8 — 8

Number of cigarettes 0 80 0 80

Ventilation rate (m>/h) 543 643

Air changes/h 8.4 9.9

Temperature (°C) 22 22 21.5 22

Relative humidity (%) 67-68 68—69 53-55 58-62

Online measurements
CO (ppm)* 0.20 0.32 0.31 1.72 0.12 1.41
CO; (%)’ 0.09 0.11 0.12 0.14 0.02 0.02
NO (ppb)* 79 52 —27
NO, (ppb)© 43 57 14
Particles, online (1g/m?) 36 84 32 791 47 759

Offline measurements
Particles, grav. (;ug/m?®) 21.7 57.5 22.2 310 35.8 288
UVPM-THBP (ug/m?) 0.563 2.575 0.400 39.700 2.01 39.3
FPM-scopoletin (ug/m?) 0.063 0.298 0.051 7.43 0.24 7.38
Solanesol (pg/m?)? 0.050 0.364 0.050 9.21 0.31 9.16
Nicotine (ug/m?) 0.044 0.176 0.061 34.1 0.13 34.0
3-EP (ug/m?) 0.035 0.134 0.035 5.66 0.10 5.62
FA (ug/m®) 5.96 5.86 4.96 31.8 —0.10 26.9
AA (ug/m?) 1.85 3.49 2.11 38.5 1.64 36.4
PA (j1g/m?) 0.41 0.73 0.48 9.80 0.32 9.32
ACR (ug/m?) 0.25 0.39 0.25 6.69 0.14 6.44
CRO (ug/m?) 0.15 0.15 0.15 222 0.0 2.07
1,3-Butadiene (pg/m?®) 0.74 0.99 0.93 16.2 0.25 15.3
Benzene (ug/m?) 2.55 2.09 2.63 11.3 —0.46 8.67
Toluene (pg/m®) 8.42 11.2 11.6 229 2.78 11.3
Ethylbenzene (ug/m?) 1.35 1.52 1.54 3.09 0.17 1.55
m-/p-Xylene (ug/m®) 5.20 6.04 5.76 10.22 0.84 4.47
o-Xylene (ug/m?) 1.70 1.84 1.80 2.46 0.14 0.67
NNK (ng/m?) 0.3 0.3 0.3 19.84 0.0 19.5
NNN (ng/m?) 0.25 0.25 0.25 1.51 0.0 1.26
Phe (ng/m?®) 9.71 9.95 7.35 29.1 0.24 21.8
Pyr (ng/m?) 243 341 1.32 4.45 0.98 3.13
BaP (ng/m>) 0.099 0.092 0.055 0.484 —0.007 0.43
o-Toluidine (ng/m?) 9.56 10.7 7.45 25.4 1.14 18.0
2-AN (ng/m?) 0.138 0.277 0.105 2.13 0.14 2.03
4-ABP (ng/m?) 0.027 0.021 0.021 0.436 -0.006 0.42

Abbreviations: 2-AN, 2-aminonaphthalene; 3-EP, 3-ethenylpyridine (3-vinylpyridine); 4-ABP, 4-aminobiphenyl; AA, acetaldehyde; ACR,
acrolein; BaP, benzo[a]pyrene; CC, conventional cigarettes; CO, carbon monoxide; CO,, carbon dioxide; CRO, crotonaldehyde; EHCSS, elec-
trically heated cigarette smoking system; FA, formaldehyde; FPM-scopoletin, fluorescence-based particulate matter expressed as scopoletin
equivalents; IAQ, indoor air quality; NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone; NNN, N-nitrosonornicotine; NO, nitric oxide;
NO,, nitrogen dioxide; PA, propionaldehyde; Phe, phenanthrene; Pyr, pyrene; UVPM-THBP, ultra violet absorbance-based particulate matter
expressed as 2,2',4,4'-tetrahydroxybenzophenone equivalents.

“When the constituent concentration was below the LOD, !/, LOD was used for evaluation.

bBackground session: Average of values after the CO, concentration has reached background levels.

“All NO/NO; measurements prior to Sept. 15, 2005 were made using ML 8840 (Monitor Labs GmbH), which failed. NO/NO, measurements
made after 11:30 on Sept. 16, 2005 were done using Model CDL 700 AL, (Eco Physics).
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FIG. 4. Ratio of indoor air constituent concentrations (background corrected) of particulate phase markers CC/EHCSS for all
simulations. For the “office” with “high” IAQ conditions the background was greater than in the EHCSS smoking session (simulation
1); therefore, a ratio could not be calculated.

using ventilation guidelines from international standardization environment with relatively “low” IAQ (Table 1). Actual ven-
organisations (ASHRAE, 2001, 2002; CEN, 2004) to simulate tilation rates were somewhat higher than the target ventilation
smoking conditions in an “office” with three levels of ventilation  rates; in simulations using the EHCSS the measured ventilation
and subsequent IAQ conditions, and smoking in a “hospitality” rates tended to be lower than in simulations using a CC and
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the left (a) is the hypothetical ETS-RSP curve if smoking of CC was replaced by smoking of an EHCSS.

the ETS constituent concentrations were not corrected for these
relatively small differences in ventilation rates.

Compared to background, smoking EHCSS resulted in a con-
sistent and measurable increase only for RSP (measured online
by light scattering, or measured gravimetrically). Average net
increases in particles when smoking EHCSS increased as [AQ
decreased in “office” simulations; the average net increase in
particles determined in the “hospitality” simulation fell between
the medium and low IAQ “office” simulations. Particle concen-
trations in the EHCSS simulations were almost 10-fold lower
than those found in the CC simulations under the same condi-
tions. However, different ratios (CC/EHCSS) were observed for
the different particle markers (Figure 4). These observations are
suggestive of a qualitative difference in the ETS/RSP compo-
sition between EHCSS and CC smoke. This may be explained
by the fact that tobacco is heated in the EHCSS, rather than
burned as in a CC, resulting in an increased ratio of ETS con-
stituents normally associated with tobacco combustion such as
UVPM-THBP and FPM-scopoletin. As previously mentioned,

the unique design of the EHCSS, in which sidestream smoke is
not formed, results in ETS produced solely from exhaled main-
stream smoke. Consequently, smoking EHCSS contributes less
volatile and semivolatile constituents to indoor air than CC.

ETS constituents measured in this study showed no clear rela-
tionship to the number of cigarettes smoked, or to the ventilation
conditions when smoking EHCSS (data not shown), suggesting
that the ETS load from smoking EHCSS is indeed very small.
In fact, levels for the measured indoor air smoke constituents in
the EHCSS simulations did not consistently exceed the corre-
sponding background levels (obtained with the same ventilation
rate but without smoking).

In order to obtain specificity to tobacco smoke, indoor air
constituents such as UVPM, FPM, and solanesol-PM have been
proposed (Nelson et al., 1997). However, to convert the ana-
Iytical measurements of UV absorbance, fluorescence intensity,
and solanesol content to particulate matter equivalents (UVPM,
FPM, and solanesol-PM, respectively) requires conversion
factors that must be established by extensive laboratory
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measurements (Nelson et al., 1997). Such factors are spe-
cific for individual blends of tobacco and are not available for
the EHCSS. Therefore, the standardized results called UVPM-
THBP, FPMscopoletin, and solanesol were used in this study to
compare indoor RSP from EHCSS and CC. These measurements
are identical to those made from the conversion factor (Baek
et al., 2004) applied to obtain UVPM, FPM, and solanesol-PM,
respectively.

There is little published data available for FPM-scopoletin,
solanesol, and UVPM-THBP used as surrogates for FPM,
solanesol-PM, and UVPM, and only a few ETS constituents in
indoor air other than nicotine, RSP, UVPM, FPM, and solanesol-
PM have been studied sufficiently to permit a comparison of
distributions of ETS constituents in “office” or “hospitality”
environments. Therefore, comparisons to actual environments
were only made using nicotine and ETS-RSP. Figure 5 show
the cumulative distribution of nicotine concentrations in indoor
air in European restaurants (Schorp & Leyden, 2002). The ratio
of nicotine concentrations from smoking CC to that for smok-
ing EHCSS across all simulations is 144 £ 125 (mean =+ SD).
Applying this ratio to the nicotine concentration distribution of
conventional cigarettes resulted in a hypothetical “distribution
of nicotine concentrations” predicted to occur if only EHCSS
were smoked. The resultant distribution of nicotine concentra-
tions would be shifted to the left, indicating that indoor nicotine
concentrations would not exceed 1 pug/m?3.

The net increase in RSP above background in the “hospi-
tality” simulations with “low” IAQ conditions is 287.9 pg/m?
and 35.8 pg/m? for CC and EHCSS simulations, respectively.
Because the RSP values reported are background corrected, it
is more appropriate to compare the values with ETS/RSP (Bo-
hanon et al., 2003). Figure 6 shows the cumulative distribution
of indoor air particulate matter attributed to ETS (ETS-RSP)
found in restaurants in France, Japan, Korea, the United King-
dom, the United States, and Switzerland (Bohanon et al., 2003).
The ratio of ETS-RSP concentrations from smoking CC to those
for smoking EHCSS across all simulations for the 3 surrogate
compounds (UVPM-THBP, FPM-scopoletin, and solanesol) is
18 £ 8. Applying this ratio to the ETS-RSP concentration dis-
tribution of conventional cigarettes results in a hypothetical
“distribution of ETS-RSP concentrations” where the high per-
centiles (>90th) of ETS-RSP would be 11.7 (estimated range
7.5-15.8 ug/m?).

A number of studies have reported indoor air constituent
measurements taken in hospitality venues when smoking was
allowed and after smoking was absent (Repace, 2004; Travers
et al., 2004; Connolly et al., 2005; Gorini et al., 2005; Mulc-
ahy et al., 2005; Ellingsen et al., 2006; McNabola et al., 2006;
Repace et al., 2006; Goodman et al., 2007; Semple et al., 2007).
With the exception of two studies that reported nicotine concen-
trations (Gorini et al., 2005; Mulcahy et al., 2005), none of the
reported studies included specific markers for tobacco smoke.
However, review of these pre/post smoking ban data for indoor
air constituents suggests that the percent changes are comparable

with the observed ETS constituent concentrations after switch-
ing from smoking CC to EHCSS. In other words, the level of
indoor air contaminants when EHCSS is being smoked is not
discernibly different from the levels measured when cigarette
smoking is absent. These data suggest that changing the product
design, such as from conventional cigarettes to the EHCSS, can
effectively reduce indoor air contaminant levels and may have
the same effect as smoking bans.

In conclusion, the results of this study provide data for the
comparison of the levels of ETS constituents in indoor air for
simulated office and hospitality environments when CC and
EHCSS cigarettes are smoked. Although significant and consis-
tent increases in indoor air constituents compared to background
were detected in simulations using the CC, smoking EHCSS
was not consistently found to result in a significant increase
above background levels for both volatile gas—vapor phase and
particulate-phase ETS constituents. These results suggest that
smoking EHCSS in an “office” or “hospitality” environment
would result in an approximate 90% reduction in the concentra-
tions of ETS constituents compared to when smoking conven-
tional lit-end cigarettes.
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