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Knowledge of the deposition of inhaled smoke aerosol in the human respiratory tract has great
value for risk assessments of the inhalation toxicology of tobacco products. In this study,
differential mobility spectrometry (DMS) was used to characterize smoke particles generated
from a conventional cigarette, e-cigarette and heat-not-burn product. The aerosol properties
obtained by DMS were then applied to a Multiple Path Particle Dosimetry (MPPD) model to
predict the deposition of aerosol particles in the human respiratory tract. The DMS results
showed that the particle size distribution of aerosol from the three products differed considerably,
with a count median diameter of 14.2–25.4 nm, 50.6–55.3 nm and 172–179 nm for the e-cigarette,
heat-not-burn product and conventional cigarette, respectively. However, there was no significant
difference in the particle number concentration of aerosol from the three products. The MPPD
model indicated that the total deposition fraction of aerosol particles from the e-cigarette and
heat-not-burn product was higher than that from the conventional cigarette, and deposition of
particles from the e-cigarette in the three human airway regions (head airway, tracheobronchial
and pulmonary regions) was higher than that from the heat-not-burn product and conventional
cigarette; the particle number concentration deposited in the pulmonary region was the highest,
comprising more than 60% of total deposition. Lastly, among the lung lobes, the highest number
deposition fraction occurred in the right lower lobe. The relationship between deposition fraction
and airway generation was relatively similar among the three aerosols, and the highest
deposition fraction occurred in the 20th to 23rd generation airways. The deposition results showed
that smaller particles, such as those from the e-cigarette aerosol, were more easily deposited in
the human respiratory tract. Combined with knowledge of the harmful aerosol constituents,
these deposition data will provide important information for hazard evaluation of new tobacco
products.
Keywords: Conventional cigarette, E-cigarette, Heat-not-burn product, Aerosol property,
Respiratory tract, MPPD-modeled deposition

1 INTRODUCTION
Numerous studies have confirmed the health risks of cigarette smoking, which is generally
considered to be the leading preventable cause of various diseases, such as lung cancer,
cardiovascular disease and stroke (Church et al., 2009; Barua and Ambrose, 2013; Hackshaw et al.,
2018; WHO, 2008). The pathogenic substances mainly stem from the cigarette smoke generated
by tobacco consumption. There are more than 7000 chemical constituents in cigarette smoke
(Rodgman and Perfetti, 2008), including hundreds of toxins and carcinogens (Baker, 2006;
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Geiss and Kotzias, 2007). In recent years, new types of product have emerged in the tobacco
market. In particular, products such as e-cigarettes and heat-not-burn (HnB) products are becoming
increasing popular owing to their claimed function of being able to reduce or even eliminate
toxicity or mutagenicity of cigarette smoke (Chen, 2017; Simonavisius et al., 2018; Boue et al.,
2020).
It is the chemicals carried by smoke particles that are associated with disease (U.S. Department
of Health and Human Services, 2014). However, it is insufficient to assume that the lower yield of
chemical components produced by new tobacco products is less harmful. In general, cigarette
smoke particles are typically sub-micron and easily deposited in the human respiratory tract
during smoking. The physical properties of the aerosol are likely to affect the deposition of
particles and further affect the retention of chemicals, which is an important aspect of the health
risks of smoking. Furthermore, smaller particles may be deposited more deeply in the human
respiratory tract (Carvalho et al., 2011). Therefore, smoke exposure and hazard evaluation should
not only focus on the chemicals, but also account for the deposition of aerosol particles.
A few studies have investigated the deposition of environmental or smoke aerosol particles in
human airways. For example, Martins et al. (2010) simulated the deposition of atmospheric fine
particles in the human airway. Patterson et al. (2014) also evaluated the deposition of environmental
ultrafine particles in the respiratory tracts of school-aged children. Regarding smoke aerosol, Zhe
et al. (2012) analyzed the deposition of cigarette smoke particles in the human upper airways,
Zhang et al. (2012), Pichelstorfer et al. (2016) and Sosnowski et al. (2016) predicted the deposition
of smoke particles from e-cigarettes and conventional cigarettes. Moreover, Protano et al. (2017)
investigated the second-hand smoke generated by conventional cigarettes, e-cigarettes and HnB
products.
Those studies have provided a better understanding of particle deposition in the respiratory
tract. To our knowledge, however, there has been no comprehensive comparison of the deposition
of smoke particles between conventional cigarettes and modern tobacco products (e-cigarettes
and HnB products) as yet, especially in terms of number concentration (NC) deposition in the
regional and whole airways. As compared with conventional cigarettes, the aerosol generated
from e-cigarettes and HnB products may have different physical properties, leading to different
doses of respiratory deposition. Thus, it is necessary and significant to determine the physical
properties of aerosol particles from these products, and use them to estimate the deposition
dose of particles in the human airways, which might be applied to comprehensive assessment of
the health risks of new tobacco products.
The physical properties of an aerosol, including particle NC, count median diameter (CMD) and
geometric standard deviation (GSD) among others, are important parameters for estimating the
deposition dose of the particles. To predict the deposition of the smoke particles in the human
respiratory tract, therefore, these physical properties must be measured accurately (Kane et al.,
2010; Sahu et al., 2013). Methods for the characterization of smoke particles have been developed
since the 1970s. Kijowski (1985) reviewed early approaches to smoke particle size, including
microscopy (Holmberg and Yeatts, 1976), centrifugation (Hinds, 1978), an aerodynamic particle sizer
(McCusker et al., 1982), and a light scattering technique (Leaderer et al., 1984), among others. More
recently, differential mobility spectrometry (DMS) has been developed for real-time measurements
of the particle size distribution of cigarette smoke (Adam et al., 2009; Alderman and Ingebrethsen,
2011; Cui et al., 2020). DMS is based on the difference in electro migration of charged particles
in an electric field, and can be used to measure both particle number and particle size distribution,
as described in detail by Symonds et al. (2007).
Using DMS, Adam (2009) reported that cigarette smoke aerosol has a CMD of 180–280 nm,
and a particle NC of 1.4 × 109 to 1.5 × 1010 N cm–3. Alderman and Ingebrethsen (2011) combined
DMS with a smoking cycle simulator (SCS) to characterize the smoke aerosol from 29 different
brands of cigarettes under intense (puff volume 60 mL, duration 2 s, puff interval 30 s) and
standard (puff volume 35 mL, duration 2 s, puff interval 30 s) smoking regimes, reporting that the
CMD of particles generated under the intense smoking regime was 145–189 nm, which was 12–
22 nm smaller than that generated under the standard smoking regime. Duan et al. (2015)
compared the smoke aerosol particles of conventional cigarettes and e-cigarettes by DMS,
showing that the particle size of e-cigarette aerosols was smaller than that of conventional
cigarettes. Similarly, Si et al. (2018) investigated the physical properties of HnB aerosols, finding
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that the particle size of HnB aerosol was smaller than that of conventional cigarette smoke.
Regarding particle deposition, various computational models have been formulated to predict
the respiratory-tract dosimetry of inhaled particles. These models are generally mathematically
complex and multidisciplinary. Many are based on a lung structure constructed from actual airway
measurements, combined with experimental investigations and a series of calculations to predict
particle deposition, such as Computational Fluid–Particle Dynamics (CF-PD) simulation models
(Rostami, 2009; Kleinstreuer and Zhang, 2010; Hofmann, 2011; Sosnowski, 2011; Kleinstreuer and
Feng, 2013), the ICRP dosimetry model (Bair, 1995; Mellat et al., 2017) and the Multiple Path
Particle Dosimetry (MPPD) model (Martins et al., 2010; Li et al., 2016). Among these models, the
MPPD model is based on realistic lung geometry, physiology and deposition mechanisms, and it
provides estimates of both the whole-lung and the regional particle deposition fractions that have
been validated with experimental data (Rostami, 2009). In addition, the MPPD dosimetry model
is freely available to the public (http://www.ara.com/products/mppd.htm), and has user-friendly
menu-driven selections to aid input of the study variables (Anjilvel and Asgharian, 1995; Miller et
al., 2016).
The MPPD model has been used to estimate the deposition of inhaled particles in different
regions of the human respiratory tract. For example, Liang et al. (2017) employed a wide-range
particle spectrometer to characterize smoke aerosols and applied the data to the MPPD model to
analyze the deposition fraction and concentration of fine particles in various regions of the human
respiratory system. Sahu et al. (2013) used the MPPD model to study the deposition fraction of
cigarette smoke in the human head airway, and tracheobronchial and alveolar regions. In
addition, Manigrasso et al. (2015) carried out a detailed investigation into the deposition
distribution of e-cigarette aerosol in human alveoli based on the MPPD model.
As mentioned above, comprehensive health risk assessment of tobacco products should also
consider the deposition of aerosol particles in the human airways. In this paper, therefore, the
physical properties of aerosols from conventional cigarettes, e-cigarettes, and HnB products were
measured by SCS-DMS and the results were applied to the MPPD model to evaluate the regional
and total distribution of aerosol particles deposited in the human respiratory tract.

2 MATERIALS AND METHODS
2.1 Samples
In total, nine commercially available tobacco products were assessed in this study, including
conventional cigarettes with different tar content (n = 3), and different types of e-cigarettes (n =
3) and HnB products (n = 3). Information on the nine products is summarized in Table 1.
The conventional cigarettes were conditioned at 22 ± 1°C and 60 ± 3% relative humidity (RH)
for more than 48 hours before analysis; the e-cigarettes and HnB products were test directly after
being taken out of the package. Measurements were performed under the ambient laboratory
conditions at 24 ± 3°C and 45 ± 5% RH.
Table 1. Tobacco products analyzed in this study.
Product No.
Conventional cigarette
#1 (3R4F)
#2
#3
E-cigarette
#4
#5
#6
Heat-not-burn product
#7
#8
#9
Aerosol and Air Quality Research | https://aaqr.org
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2.2 Smoke Aerosol Characterization
The properties of the aerosol generated by all products were measured by an SCS-DMS system
(Fig. 1), which has been previously described in detail by Alderman and Ingebrethsen (2011). In
brief, the SCS is used to simulate various puff profiles and to accurately control the flow rate,
while DMS is used to measure the particle NC and size distribution of the aerosol. The instrument
has 38 channels and can classify particle size ranging from 5 to 1000 nm.
For the conventional cigarettes and HnB products, the ISO puffing regime (bell profile; puff
volume, 35 mL; puff duration, 2 s; puff interval, 60 s) (ISO, 2000) was used; for the e-cigarettes,
the ISO puffing regime (square profile; puff volume, 55 mL; puff duration, 3 s; puff interval, 30 s)
(ISO 20768: 2018) was used. The following conditions were used: initial sampling flow rate of SCSDMS, 25 L min–1; sampling flow rate of DMS, 8 L min–1; secondary dilution ratio, 1:200; sampling
head temperature, 40°C; sheath gas temperature, 40°C; cyclone separator temperature, 80°C;
acquisition frequency of DMS, 10 Hz. All products were tested under these experimental conditions.

2.3 MPPD-modeled Particle Deposition
To predict the deposition of aerosol particles in the human respiratory tract, the DMS aerosol
data (i.e., NC, CMD, GSD) of the samples were averaged and entered into MPPD version 3.04, a
computational model jointly developed by the American Hamna Health Research Institute and
the National Institute of Public Health and Environment of the Netherlands. MPPD can calculate
particle deposition in the respiratory tract of humans (adults and children), rats, pigs and monkeys
for monodisperse and polydisperse aerosols with particle sizes ranging from 0.001 to 100 µm,
and its detailed function is described on its official website.
The modeled deposition is based on single-path or multiple-path methods for tracking air flow
and calculating aerosol deposition in the lung. In this study, the multiple-path method was chosen
because it essentially reflects the real structure of the human respiratory system, as explained in
detail by Anjilvel and Asgharian (1995). For the human lung, there are several options for lung
geometry, including Yeh–Schum single path, Yeh–Schum 5-lobe, stochastic model, age-specific
symmetric model, age-specific 5-lobe model, Weibel symmetric model, PNNL symmetric model,
and PNNL asymmetric model. On the basis of published reports (Roy et al., 1991; Li et al., 2016),
the stochastic model was employed with lung size set at the 60th percentile to predict the aerosol
distribution and deposition in the Chinese adult respiratory tract. The following parameters were
applied to MPPD: functional residual air volume, 2950 mL; upper respiratory tract volume, 44.7 mL;

Fig. 1. Schematic diagram showing the characterization of aerosol from a conventional cigarette
(CC), e-cigarette (EC) and heat-not-burn (HnB) product under different smoking regimes.
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tidal volume, 537.5 mL. The duration of a single puff was set as 5 s with 2 s inhalation, 1 s pause,
and 2 s exhalation, and the breathing condition was set as oral breathing. The other parameters
were the default values in the model.
DMS provides the size distributions of aerosol particles in terms of particle electrical mobility
diameter and NC (N cm–3); however, the input data for the MPPD model needs to be particle
aerodynamic diameter. Previously, Hinds (1999) proposed Eq. (1) to convert particle electrical
mobility diameter to aerodynamic diameter:

Da = Dm Cs ( Dm ) p Cs (Da ) 0

(1)

where Da and Dm are the particle aerodynamic diameter (nm) and particle electrical mobility
diameter (nm), respectively; χ is the shape factor, Cs is the Cunningham slip correction factor for
a certain diameter; ρp is the density of the particles and ρ0 is the reference density (1 g cm–3). The
shape factor is assumed as 1 for spherical cigarette smoke particles (Johnson et al., 2015). Both
the electrical mobility diameter and aerodynamic diameter require correction, and the correction
factors are found to be similar. The Cunningham slip factor is neglected. We estimated the error
introduced by neglecting the Cunningham slip factor to be 8% for particles smaller than 10 nm, a
maximum of 5% for particle sizes between 10 and 50 nm, a maximum of 3% for particle sizes
between 50 and 100 nm, and smaller than 1% for particles larger than 500 nm. Therefore,
neglection will not introduce a significant error for particle sizes larger than 1 µm. Thus, the
relationship between Dm and Da will become:
Da = Dm  p

(2)

The effective density of cigarette smoke particles is 1.18 g cm–3 (Johnson et al., 2015). Thus,
Da = 1.09  Dm

(3)

Therefore, the particle aerodynamic diameter is used to discuss our findings (except for the
DMS measurement data).
To our knowledge, however, there are no reports of the effective density of aerosol particles
from e-cigarettes or HnB products. The aerosol from an e-cigarette mainly comprises glycerol (ρ,
1.26 g cm–3) and propylene glycol (ρ, 1.03 g cm–3), whereas that from an HnB product comprises
glycerol and other tobacco constituents. Approximately, therefore, the effective density of aerosol
particles among the three products should be similar. Therefore, a ρp value of 1.18 g cm–3 was
used for MPPD modeling in this study.
The aerosol particle hygroscopic growth, evaporation-coagulation (Asgharian et al., 2014,
2018; Sosnowski and Odziomek, 2018) and the colligative motion (Broday and Robinson, 2003)
of concentrated aerosols have a certain influence on local particle deposition in the respiratory
system; however, it should be noted that the MPPD modeled deposition here focused on a
comparison of the three kinds of tobacco product. The estimation produced by the modeling
process is based on a few assumptions and neglection of thermodynamic and kinetic reactions
(e.g., hygroscopic growth and coagulation).

3 RESULTS AND DISCUSSION
3.1 Physical Properties of the Aerosol from Conventional Cigarettes,
e-cigarettes, and HnB Products
Initially, the physical properties of three different sample aerosols were measured by SCS-DMS
over a puff number of 6, 10, and 6 for one conventional cigarette (#1, 3R4F, a standard reference
cigarette developed by the University of Kentucky Centeror Tobacco Reference Products that is
used throughout the tobacco industry and academic laboratories as a consistent and uniform test
item for inhalation toxicology research), one e-cigarette (#4), and one HnB product (#7),
respectively. The DMS data showed that the CMD and GSD of the three products remained
Aerosol and Air Quality Research | https://aaqr.org
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essentially the same across the puffs; and the NC of the 3R4F cigarette and HnB product tended
to increase with puff number, while that of e-cigarette did not vary with puff number (Fig. S1–
S3). The increase of particle number concentration for 3R4F cigarette was due to the decreased
filtering effect of the tobacco rod with puff number (Adam et al., 2009). For HnB product, the
increase of particle number concentration was attributed to the increase in temperature of the
heater with puff number. For e-cigarette, the power for atomization of e-liquid was fixed for each
puff, which keeps constant atomization temperature and produces the same aerosol.
Fig. 2 shows the puff-by-puff particle size distribution of aerosol from the 3R4F cigarette, e-cigarette
and HnB product. In general, the aerosols of the 3R4F cigarette, e-cigarette and HnB all showed
a single-peak log-normal distribution, and this distribution did not vary significantly variation
among the puffs taken. For 3R4F, the particle size of the smoke was mainly concentrated in the
range 50–600 nm, and was close to 200 nm at the peak concentration. The concentration of smoke
particles tended to increase with increasing puff number. For the e-cigarette, the particle size of
the aerosol was in the range 5–150 nm, and was close to 20 nm at the highest concentration;
unlike 3R4F, the concentration of aerosol particles did not change significantly with increasing the
puff number. Lastly, the particle size of the HnB aerosol was mainly concentrated in range 10–
200 nm, and was close to 50 nm at the highest concentration; similar to 3R4F, the concentration
of aerosol particles showed an increasing trend with increasing puff number.
All nine tobacco products were subjected to SCS-DMS; for each product, the results for each
puff were averaged to obtain the mean physical properties of the aerosol (Table 2). The NC of
aerosol particles ranged from 4.55 × 109 to 1.12 × 1010 N cm–3 for conventional cigarettes, 5.75 ×
109 to 8.27 × 109 N cm–3 for e-cigarettes, and 1.23 × 109 to 8.01 × 109 N cm–3 for HnB products.
Overall, the NC of aerosol particles varied greatly among different products, thus, it seems more
likely that NC is related to the design parameters of the product itself.
There was a more obvious difference in particle size among the three product types with size
increasing in the following order: e-cigarettes (CMD, 14.2–25.4 nm) < HnB cigarettes (CMD, 50.6–
55.3 nm) < conventional cigarettes (CMD, 172–179 nm). This trend is mainly due to differences in
the mechanism of aerosol generation of the three product types. Conventional cigarette tobacco
has a high combustion temperature and the smoke contains a large quantity of solid particles and
high-boiling-point organics, which can readily to form relatively large particles. The temperature
of tobacco in the HnB product typically reaches 200–350°C during the heating process; at this
temperature, volatile and semi-volatile organic compounds in the tobacco matrix are released,
which form relatively small particles during the process of condensation. During aerosol formation
in e-cigarette, the e-liquid completely vaporizes and then condenses into tiny droplets. Because
the atomization process does not produce solid particles and the nucleation rate of the minute
droplets is slow, the particle size is smaller for e-cigarettes. Lastly, there was no obvious difference
in GSD among the three product types.

3.2 Deposition of Aerosols in the Human Respiratory Tract
To predict the deposition and distribution of aerosol particles in the human respiratory tract,
the aerosol properties determined for one of each product type were applied to the MPPD model:
convention cigarette #1 (3R4F), e-cigarette #4 and HnB product #7. For these three products, the
particle NC of aerosol was 8.35 × 109, 6.14 × 109 and 8.01 × 109 N cm–3, respectively; the CMD
was 172, 25.4 and 55.3 nm, respectively; and the GSD was 1.41, 1.77 and 1.53, respectively. For
the density of cigarette smoke particles, we used the value of 1.18 g cm–3 reported by Johnson et
al. (2015), and assumed that this value would be valid for the density of aerosol particles
generated from the e-cigarette and HnB product.

3.3 Deposition of Aerosol in Different Regions of the Human Respiratory Tract
The above DMS measurements showed that the particle size of aerosol from the three
products ranged from 1 nm (e-cigarette) to 1 µm (conventional cigarette). As shown in Fig. 3, the
MPPD deposition model shows that the particle size of an aerosol plays an important role in the
total deposition and the deposition fractions in different regions of the human respiratory tract.
For example, the deposition fraction of particles ranging from 20 to 1000 nm is higher in the
pulmonary region than in tracheobronchial region or head region.
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Fig. 2. Puff-by-puff particle size distribution in mainstream aerosol from three different tobacco
products. (a) CC #1 (3R4F); (b) EC #4; (c) HnB #7. The numbers in the key indicate the time when
each 2-s puff was taken.
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Table 2. Particle NC and distribution data of the aerosol generated by the three products.
Product
Particle NC (N cm–3)
CMD (nm)
GSD
Conventional cigarette
#1 (3R4F)
8.35 × 109
172
1.41
#2
4.55 × 109
177
1.43
#3
1.12 × 1010
179
1.43
E-cigarette
#4
6.14 × 109
25.4
1.77
#5
8.27 × 109
22.3
1.86
#6
5.75 × 109
14.2
1.60
Heat-not-burn product
7#
8.01 × 109
55.3
1.53
8#
4.71 × 109
55.0
1.62
9#
1.23 × 109
50.6
2.55
Abbreviations: CMD, count median diameter; GSD, geometric standard deviation; NC, number
concentration.
All data were puffs averaged.
Convential cigarette: n = 3, 6 puffs; e-cigarette: n = 3, 10 puffs; heat-not-burn product: n = 3, 6
puffs.

Fig. 3. MPPD-modeled deposition fraction of aerosol in different respiratory regions by particle
size. Abbreviations: TB, tracheobronchial region; P, pulmonary region.
The deposition fraction of aerosol particles from the three kinds of tobacco product in different
regions of the human respiratory tract is shown in Fig. 4. For all three products, the fraction of
particle deposition in the various regions showed the trend: head airway < tracheobronchial
region < pulmonary region. The deposition fraction in the head was the lowest, accounting for
4.0%–6.2% of the total airway deposition. Deposition in this region would be mainly due to the
diffusion of aerosol particles in the oral cavity. As the aerosol is drawn into the tracheobronchial
region, the passage narrows, causing the flow rate to increase, and as a result particle deposition
increases. Deposition in this region accounted for ~30% of the total airway deposition. When the
aerosol enters the lungs, the closer contact with the pulmonary alveoli and the narrower and
longer moving path further increases particle deposition; particle deposition in the alveoli
accounted for about 60% of the total airway deposition.
Aerosol and Air Quality Research | https://aaqr.org
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Fig. 4. Fraction of deposition in the head airways, tracheobronchial (TB) region and pulmonary
(P) region, and total deposition of aerosol particles from the CC, EC and HnB.
Regarding the three tobacco products, the e-cigarette aerosol had the highest deposition
fraction both in total and in each of the three respiratory regions. Deposition in the head airways
followed the order: e-cigarette > conventional cigarette > HnB product; and deposition in the
tracheobronchial and pulmonary regions, and in total followed the order: e-cigarette > HnB
product > 3R4F cigarette. Moreover, the total deposition fraction of the e-cigarette aerosol was
1.23 times that of the HnB product, and 2.03 times that of the conventional cigarette. Therefore,
the e-cigarette has a higher deposition fraction in the human respiratory tract relative to the HnB
product and conventional cigarette, which is mainly due to the particle size distribution of the
aerosol. That is to say, smaller particles are more easily deposited in all regions of the human
respiratory tract.
The total particle number deposition fraction in the human airways was estimated as 1.85 ×
109 N cm–3, 2.76 × 109 N cm–3 and 2.94 × 109 N cm–3 for the cigarette, e-cigarette and HnB product,
respectively. Thus, the total number deposition fraction was comparable between the e-cigarette
and HnB product, and slightly lower for the 3R4F cigarette. Studies have shown that the smaller
the particles, the more toxic the effects (Delfino et al., 2010; Meng et al., 2013), and that the NC
has a greater impact on health (Penttinen et al., 2001). Notably, the NC of all three aerosols was
much higher than that of air aerosol in the most heavily polluted day (Li et al., 2016).
Fig. 5 shows the distribution of particle number deposition fraction in different regions of the
human respiratory tract by particle size. For all three tobacco products, the size distributions of
NC exhibited a unimodal distribution, peaking at around 200, 25 and 50 nm for the 3R4F cigarette,
e-cigarette and HnB product, respectively. Among the respiratory regions, deposition in the
pulmonary region was the highest, accounting for 60% of total inhaled particles, while that in the
head airways was the lowest. Comparing the NC size distribution of the three tobacco products,
the number deposition fraction in the pulmonary and tracheobronchial regions was larger for the
HnB product than for both the 3R4F cigarette and e-cigarette, while the opposite trend was
observed in the head airways. The number deposition fraction had a similar peak value in the
pulmonary region for the 3R4F cigarette and e-cigarette, but was higher in the head for the 3R4F
cigarette and higher in the tracheobronchial region for the e-cigarette. The observed differences
among the three types of product might be due to the mechanisms underlying particle deposition.
The particles in 3R4F cigarette smoke are larger and thus more likely to be deposited in the head
airway by impaction, whereas smaller particles can easily permeate into and deposit in the
alveolar and pulmonary regions (Geiser et al., 2005).

3.4 Deposition of Aerosol in the Human Lungs
The MPPD model was used to predict the deposition of aerosol in different parts of the human
lungs. The lungs comprise the left lung and the right lung; the left lung is split by the oblique
fissure into the upper and lower lobes, while the right lung is divided into upper, middle and lower
lobes. Overall, the patterns of deposition in the different lung lobes were relatively consistent for
Aerosol and Air Quality Research | https://aaqr.org
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Fig. 5. Particle NC size deposition in the human airways for the CC, EC and HnB.

Fig. 6. Deposition fraction in different lobes of the lung for the three tobacco products.
Abbreviations: LL, left lower lung lobe; LU, left upper lung lobe; RL, right lower lung lobe; RM,
right middle lung lobe; RU, right upper lung lobe.
the 3R4F cigarette, e-cigarette and HnB cigarette, showing the following trend in deposition trend
fraction: left upper lobe  right middle lobe < left lower lobe < right upper lobe < right lower
lobe. This trend is mainly related to the position of each lung lobe and the aerosol flow path.
Among them, the left lower lobe has the longest flow path and a longer aerosol residence time,
so it has a relatively higher deposition.
More specifically, as showed in Fig. 6, the deposition fraction was highest in the right lower
lobe (0.055, 0.12, and 0.096 for the 3R4F cigarette, e-cigarette and HnB product, respectively),
accounting for about 28% of the total lung lobe deposition fraction in each case. Furthermore,
the deposition fraction in the left lower, right upper and right lower lobe generally accounted for
75% of the total lung lobe deposition fraction. For all three tobacco products, therefore, the
aerosol was mainly deposited in the right lower lobe, the right upper lobe and the left lower lobe
of the lung. We compared the deposition fraction of the aerosols in the different lobes of the
lungs among the three products. Across all five lung lobes, the deposition fraction followed the
order: e-cigarette > HnB cigarette > 3R4F cigarette; in particular, for the e-cigarette, the deposition
fraction in the right lower lobe was 1.23 and 2.16 times higher than that of the HnB product and
3R4F cigarette, respectively. The difference in deposition fraction among the lung lobes mainly
stems from variations in lobe structure. The right lower lung lobe, which has more and longer
bronchial passages, tends to have a higher deposition fraction.
Because the deposition fraction was highest in the right lower lobe for all products, we used
this lobe as an example to investigate the particle size distribution of NC among the three products.
The 3R4F cigarette, e-cigarette and HnB product had different particle NC size deposition
distributions, peaking at about 200 nm, 25 nm and 50 nm, respectively; and the peak value of the
HnB product was higher than that of the 3R4F cigarette and e-cigarette, while the 3R4F cigarette
had the smallest peak value (Fig. 7).
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The airways of the lungs comprise bronchial trees formed by thousands of branches; each
bronchus in the lungs is then repeatedly branched into numerous bronchioles, which are further
expanded into capsules to form alveoli. The MPPD model was used to simulate the deposition of
aerosols in different generations of the airways in human lungs.
On the whole, the deposition patterns of aerosol from the 3R4F cigarette, e-cigarette and HnB
product in different generations of airway were consistent (Fig. 8). The deposition fraction showed
the trend of a rise followed by a decline in deposition with the increase in airway generation. The
peak deposition fraction varied among the different lung lobes, but peak deposition mainly
occurred in the 20th to 24th generation airways (20th in the left upper; 23rd in the right middle,

Fig. 7. Distribution of particle NC size deposition in the right lower (RL) lung lobe for the three
tobacco products.

Fig. 8. Distribution of particle deposition fraction in increasing airway generations for the three tobacco products. (a) CC; (b) EC;
(c) HnB. Abbreviations: LL, left lower lung lobe; LU, left upper lung lobe; RL, right lower lung lobe; RM, right middle lung lobe;
RU, right upper lung lobe.
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right upper and left lower; and 24th in right lower), which is consistent with a previous study
(Manigrasso et al., 2015). The peak value was highest in the right lower lobe, and decreased in
the following order: right lower > right upper > left lower > left upper > right middle. The total
deposition fraction for the three tobacco product aerosols in the different airway generations of
the lungs showed the trend: e-cigarette > HnB product > 3R4F cigarette. Comparing the deposition
fraction among the three products, the e-cigarette and HnB product had a much higher deposition
fraction relative to the 3R4F cigarette, which is probably due to the smaller aerosol particles of
the e-cigarette and HnB product.

4 CONCLUSION
In the present study, the physical properties of aerosols generated by conventional cigarettes,
e-cigarettes and HnB products were compared by DMS-SCS. The measured data were then
applied to the MPPD model to predict the distribution and deposition of the types of aerosol in
different regions of the human respiratory tract (head airway, tracheobronchial, pulmonary) and
different lobes of the human lungs. The model showed that the deposition fraction of the e-cigarette
aerosol in the three regions of the human airway was higher than that of the HnB product and
3R4F cigarette. Among the three airway regions, the NC of deposited particles was highest in the
pulmonary region; and the particle number deposition fraction of the e-cigarette and HnB product
was higher than that of the 3R4F cigarette. The deposition fraction of smoke in different lung
lobes also differed significantly: the deposition fraction was the highest in the right lower lobe for
all three tobacco products. In terms of airway generation, the deposition fraction peaked in the
20th to 24th generation airways of the lobes. The particle NC size distributions in the lung lobes
and airway generations were basically in line with the airway regions.
Regarding the three tobacco products, the aerosol from the e-cigarette and HnB product had
a higher deposition fraction both in total and in each of the three respiratory regions. In other
words, even though the aerosols from the e-cigarette and HnB product do not contain toxic
components similar to those present in the aerosol from a conventional cigarette, there remains
a risk of using e-cigarettes and HnB products due to the higher deposition fraction. It should be
noted that the smoke aerosol used for deposition modeling was generated by SCS under the
standard puffing regime, which is different from the real inhalation patterns of smokers. The real
inhalation patterns with various puffing topographies may influence the size of particles and
further influence the regional deposition in the respiratory system. Research into the deposition
of tobacco product aerosol in the human respiratory tract, combined with knowledge of the
harmful constituents of the aerosol, will provide important information for risk assessment of the
inhalation toxicology for humans using cigarette and new tobacco products. In addition, based on
the distribution of nicotine in the gas/particle phase, the aerosol deposition results can be used
to evaluate nicotine transfer in individuals using tobacco products.
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