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Abstract: Understanding the deposition of bioaerosols in the respiratory system may help determine
the risk of disease; however, measuring deposition fraction in-situ is difficult. Computational models
provide estimates of particle deposition fraction for given breathing and particle parameters; however,
these models traditionally have not focused on bioaerosols. We calculated deposition fractions
in an average-sized adult with a new bioaerosol-specific lung deposition model, BAIL, and with
two multiple-path models for three different breathing scenarios: “default” (subject sitting upright
and breathing nasally), “light exercise”, and “mouth breathing”. Within each scenario, breathing
parameters and bioaerosol characteristics were kept the same across all three models. BAIL generally
calculated a higher deposition fraction in the extrathoracic (ET) region and a lower deposition fraction
in the alveolar region than the multiple-path models. Deposition fractions in the tracheobronchial
region were similar among the three models; total deposition fraction patterns tended to be driven by
the ET deposition fraction, with BAIL resulting in higher deposition in some scenarios. The difference
between deposition fractions calculated by BAIL and other models depended on particle size, with
BAIL generally indicating lower total deposition for bacteria-sized bioaerosols. We conclude that BAIL
predicts somewhat lower deposition and, potentially, reduced risk of illness from smaller bioaerosols
that cause illness due to deposition in the alveolar region. On the other hand, it suggests higher
deposition in the ET region, especially for light exercise and mouth-breathing scenarios. Additional
comparisons between the models for other breathing scenarios, people’s age, and different bioaerosol
particles will help improve our understanding of bioaerosol deposition.

Keywords: bioaerosols; particle deposition; human lung; modeling

1. Introduction

Understanding the pattern and probability with which airborne particles deposit in the human
respiratory tract is important for characterizing the respiratory tract loading and the resulting risk
of developing health problems due to inhalation exposures [1,2]. Of particular concern are airborne
biological agents or bioaerosols—airborne particles of biological origin, including viruses, bacteria,
molds, spores, and their fragments [3,4]. Exposure to bioaerosols may cause adverse respiratory
conditions when such particles deposit in the respiratory tract in sufficient quantities. Workers who
have been occupationally-exposed to bioaerosols have been found to have adverse health outcomes
such as decreased lung function [5]. Furthermore, even low or background level exposure to bioaerosols
may be associated with adverse health outcomes ([6] and references therein). For instance, the presence
of Penicillium mold spores in indoor air has been associated with increased asthma risk [7]. Ubiquitous
fungi genii such as Aspergillus and Penicillium may cause chronic sinusitis via an abnormal immune
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response [8], and one species of Aspergillus has been associated with increased severity of asthmatic
reactions [9-11]. Furthermore, species such as Bacillus anthracis (anthrax-causing bacteria) can penetrate
into the alveoli [12], survive in the macrophages [13], and may cause death [14,15].

Thus, given the health concerns, it is important to understand bioaerosol deposition in the
respiratory system. However, until recently, the examination of particle deposition in the respiratory
system was focused on overall aerosol particles, without a specific focus on bioaerosols. Such aerosol
studies included experimental measurement of total particle deposition in the human respiratory
system [16,17]. The total deposition informs us about the overall burden of the respiratory system,
while information about a fractional deposition in individual regions of the respiratory system is
important to recognize the risk of specific ailments [10,11,18]. Since the measurement of fractional
deposition in different regions of the lungs requires distinguishing between inhaled and exhaled
particles [19] and it is hard to perform experimentally, computational models have been developed
and applied to aid our understanding of airborne particle deposition in the human respiratory system
as a function of personal and exposure parameters, including subjects’ gender and age, their breathing
patterns, and physical properties of airborne particles. A thorough discussion of the different classes of
lung deposition models may be found in Hofmann’s 2011 review [20], and the updates in anatomical
modeling of the lungs, airflow modeling using both laminar and turbulent flows, and the resulting
changes to particle deposition [21]. One such type of model is the semi-empirical single path model, in
which portions of the airways are considered discrete compartments, with particle-laden air flowing
through them. The International Committee on Radiological Protection (ICRP) created such a model
to estimate risk from inhalation of radioactive particles, with the most recent version updated in
1994 [22]. Recently, the Bioaerosol Adaptation of the ICRP Lung deposition model (BAIL) [23], has been
introduced as an extension of the ICRP model specifically for bioaerosols. BAIL improves upon the
ICRP’s representation of bioaerosols by assuming a Gaussian rather than the lognormal distribution of
particle sizes and calculates breathing parameters based on the subject’s height rather than age [23].
Additionally, as many bioaerosol particles are non-spherical in shape, the BAIL model automatically
calculates the shape factor based on dimensional inputs.

In contrast to single-path compartment models, which assume symmetric and same-sized airways
within each branching generation, multiple-path models assume asymmetric branching in the airways.
The Multiple-Path Particle Dosimetry (MPPD) model package was first developed to model regional
deposition fraction in rats [24] and was later expanded to model deposition in the human lung [25].
The MPPD package includes two model options, generally accepted as “Yeh” and “age-specific” models,
which both incorporate data from morphometric measurements of the human lung [26] to describe a
symmetric-tree, single path. The Yeh model is a 5-lobe model generalized from measurements of a
lung cast, whereas the age-specific model uses lung geometries measured in patients of different ages.

While BAIL was specifically developed in regards to bioaerosols, limited information is available
on how its deposition predictions differ from those of other deposition models when applied to
actual airborne microorganisms. Thus, in this study, we calculated and compared lung deposition
fractions among the Yeh and age-specific multiple-path deterministic models and BAIL for four
bioaerosols species: spores from two common fungal genera associated with health issues, Aspergillus
and Stachybotrys [27], and bacteria as well as spores from Bacillus anthracis, which cause anthrax.
Our goal is to understand how BAIL, which is designed with bioaerosols in mind, differs from the
multiple-path models in deposition fraction prediction and what this may imply for estimating personal
exposure to bioaerosols. In the following sections, the models and inputs, predicted regional and
total deposition for three scenarios (the model default, light exercise, and mouth breathing), and a
comparison between models and results are discussed.



Atmosphere 2020, 11, 561 3of16

2. Experiments

2.1. Models Used

In addition to the BAIL model, we used two model options in the MPPD package: age-specific and
Yeh models [25]. All three models calculate the fractional deposition of particles in the extrathoracic
(ET), tracheobronchial (TB), and alveolar (AL) regions, observed in Figure 1. Total particle deposition
is the sum of deposition in these three regions. All models take into account three major deposition
mechanisms: impaction, Brownian diffusion, and particle settling [23-25].

Extrathoracic
Region
< 10 um

Tracheobronchial
Region <5 um

Alveolar
Region
<0.5 um

Figure 1. Diagram of regions of interest in the respiratory tract. The extrathoracic (ET) region is shaded
in gray, the tracheobronchial (TB) region is shaded in blue, and the alveolar (AL) region is shaded in
red. The indicated sizes are an approximation, and the actual sizes of penetrating particles depend on a
person’s physiology, breathing patterns, and other variables.

2.2. Model Input Parameters

BAIL requires the following inputs: subject’s height (h), functional residual capacity (FRC), and
tidal volume (V). BAIL prompts the user for the subject’s height (h); 170 cm was chosen to represent a
typical adult. This value is a rounded mean between the average U.S. adult male and female height of
175.9 and 162.1 centimeters, respectively [28]. Based on this height, the subject’s FRC was calculated to
be 3075.75 mL using Equation (1) from BAIL’s documentation [23]:

FRC(h) = 34.581¢00264" 1)

Tidal volume (V) was calculated to be 568.33 mL while sitting and 1122.88 mL during light exercise
using Equations (2) and (3), respectively, from the BAIL documentation:

V(h) = 28.04200-01771 )

sitting
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V(h) — 17.43800-0245" (3)

light—exercise

The same FRC and V values were also used as inputs in both MPPD options to reduce variation in
the model runs.

Each model was run for three activity profiles: “default” (subject sitting and breathing through
the nose), “light exercise” (with nasal breathing), and “mouth breathing” (subject sitting). For the
light exercise case, tidal volume was increased to the light exercise value listed above, with all other
parameters remaining the same. For the mouth breathing case, the tidal volume was kept the same as
in the default case (i.e., sitting), but the breathing type was changed from nasal to oral in each of the
three models. Input parameters are shown in Table 1.

Table 1. Breathing parameters used in model runs.

Model Input Parameter Value

Functional Residual Capacity (FRC) 3075.75 mL

Upper Respiratory Tract (URT) volume 48.2mL

Tidal volume, sitting 568.33 mL

Tidal volume, light exercise 1122.88 mL

B . 12 breaths/minute for default and mouth-breathing cases
reathing frequency

14 breaths/minute for light exercise case
Inhalation time fraction 50%

The length and width of the four representative bioaerosols were obtained from the literature [29].
We followed BAIL's convention of using an aerosol density of 1.0 g cm ™ for all particles since bioaerosols
mainly consist of water [23]. Changes in the water content, and therefore density, and hydrophobicity
of particles are not taken into account in the models are, therefore, are not included in this study.
For the non-spherical bioaerosol particles (Bacillus anthracis bacteria, Bacillus anthracis spores, and
Stachybotrys chartarum mold spores), aerodynamic diameters were calculated for the oblate and prolate
orientations (Table 2) using values found in the literature [30-32]. The three models were run separately
for each species assuming the orientation of 100% oblate as well as 100% prolate. The resulting lung
deposition fractions for the oblate and prolate orientations were averaged to estimate the average
deposition for a particular species. The fourth bioaerosol species, Aspergillus clavatus, is spherical, so
only one set of model runs was necessary. As could be seen from Table 2, the chosen microorganisms
span a relatively wide aerodynamic diameter range: from 1.47 um (B. anthracis spores) to 7.95 pm
(S. chartarum). Ambient particle concentration was left at the multiple-path models” default value of
1 mg m™ since it does not affect the deposition fraction. The size distribution was assumed to be
monodisperse to take into account model capabilities. Due to the monodisperse size distribution of the
particles, the particle concentration will not affect the predicted deposition fractions.

Table 2. Size of microorganism species used in model runs [29].

Shape and Aerodynamic Aerodynamic Average
Species Approximate Diameter (um), Diameter (um), Aerodynamic
Dimensions (um) Oblate Prolate Diameter (um)
Bacillus Ellipsoid;
anthracis spores 05x05x1 139 155 147
Bacillus Long rod;
anthracis cells 1.25x 6.5 214 241 2.28
Aspergillus Spherical; 3 3 3
clavatus 3
Stachybotrys Ellipsoid;

chartarum 3x3x%x5 7.66 8.34 8
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2.3. Uncertainty Analysis

BAIL calculates the 5th and 95th percentile confidence intervals for the deposition fraction in
each region. The multiple-path models do not present any estimates of uncertainty in their results;
thus, we undertook a series of sensitivity tests to understand better how sensitive the multiple-path
models are to the choice of FRC and V. The multiple-path models were run with FRC and V increased
and decreased 20% both individually and together from the default values for each activity profile.
Deposition fraction was also calculated for changes of + 20% for the upper respiratory tract volume
while FRC and V were held constant.

Additionally, each model scenario was run with the characteristics of a person in the 5th and 95th
percentile for height (156.95 and 180.56 cm, respectively) to investigate the dependence of deposition
fraction on height.

3. Results

The results presented below show the calculated lung deposition fractions for three breathing
cases listed above: a default case (subject sitting upright and breathing nasally, referred in text as
“default case”), light exercise with nasal breathing (referred to as “light exercise”), and sitting with
mouth breathing (referred to as “mouth breathing”).

3.1. Model Results

3.1.1. Default Case

Results from the default case (assuming the subject was sitting and breathing nasally) are shown
in Figure 2. For all three models, ET deposition fraction increases with an increased particle size
(Figure 2a): from an average of 0.20 for Bacillus anthracis spores (aerodynamic diameter = 1.47 pm) to an
average of 0.87 for Stachybotrys (aerodynamic diameter = 7.95 um). ET deposition fractions calculated
by BAIL are 10% to 26% lower than those calculated by the multiple-path models for Bacillus anthracis
bacteria, Bacillus anthracis spores, and Stachybotrys spores, but 8% to 14% higher for Aspergillus spores.

The three models show strong agreement for TB deposition fraction for all four species (Figure 2b),
and there is little apparent dependence of deposition fraction on size. For TB, the deposition fractions
ranged from 0.023 (B. anthracis spores, BAIL) to 0.07 (Aspergillus spores, Yeh model).

For AL deposition (Figure 2c¢), all three models show maximum deposition occurring for particles
near the size of Bacillus anthracis bacteria (aerodynamic diameter = 2.28 um). “Age-specific” model
shows the highest deposition fractions for the three smaller microorganisms (diameters between
1.47 and 3 um), and they range from 0.25 to 0.3. BAIL closely matches the Yeh model for the same
microorganisms, with deposition fractions ranging from 0.15 to 2.0. All three models are in good
agreement for Stachybotrys spores, with deposition fractions ranging from 0.03 to 0.05.

Total deposition (Figure 2d) was driven mainly by the sum of ET deposition and AL deposition,
with deposition patterns among the three models similar to those seen in Figure 2a. However, there is
a “lift” for the deposition of smaller particles due to AL deposition. BAIL calculated total deposition
values that were 20% to 31% lower than the multiple-path models for B. anthracis spores, 14% to 21%
lower for B. anthracis bacteria, and 8.0% to 8.1% lower for Stachybotrys. For Aspergillus, the three models
calculated very similar total deposition fractions, ranging from 0.80 to 0.84.
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Figure 2. Regional and total deposition fraction for the default scenario: (a) ET deposition, (b) TB
deposition, (c¢) AL deposition, and (d) total deposition.

3.1.2. Light Exercise Case

Figure 3a shows ET particle deposition for the light exercise case. All three models showed an
increase in deposition fraction with increasing particle size. BAIL calculated ET deposition fractions
that were 17% to 23% higher than those calculated by the multiple path models for aerodynamic
particle diameter from 1.47 to 3um, but about 5% lower for Stachybotrys spores. The deposition fraction
in the tracheobronchial region again was low and very similar across all three models, with little
dependence on particle size (Figure 3b). In the alveolar region (Figure 3c), each of the three models
showed a slight increase in deposition fraction between 1.47 to 2.28 um and decreased deposition with
size increasing above 2.28 um. For the alveolar region, BAIL calculated deposition fractions that were
31% to 66% lower than those calculated by the multiple path models for Bacillus anthracis bacteria and
spores, and Aspergillus spores. Alveolar region deposition fraction for Stachybotrys was negligible (1%
to 2% of particles deposited) among all three models.

The total deposition fraction (Figure 3d) was remarkably similar for the three smallest bioaerosols,
with a range of no more than 0.06 between the highest and lowest calculated deposition among the
three models. For Stachybotrys spores, BAIL calculated a total deposition fraction of 0.94 compared to
deposition fraction over 0.99 for the two multiple-path models.
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Figure 3. Regional and total deposition fraction for the light exercise scenario: (a) ET deposition, (b) TB
deposition, (c¢) AL deposition, and (d) total deposition.

3.1.3. Mouth Breathing Case

Deposition fractions for the mouth-breathing model runs are shown in Figure 4. ET deposition
fraction increases with increasing particle size and is markedly higher in BAIL than in the two
multiple-path models, which are nearly identical (Figure 4a). In the TB region (Figure 4b), the three
models agree closely for the smallest three particles. Still, BAIL calculates a much smaller deposition
fraction (0.12) for Stachybotrys spores compared to the multiple-path models (0.26 to 0.27). AL deposition
fraction calculated by BAIL is 7% to 23% lower than that calculated by the Yeh model for each bioaerosol
particle and 39% to 45% lower than the age-specific model (Figure 4c). Total deposition fraction
(Figure 4d) was considerably larger in BAIL for Aspergillus spores (18.4% higher than the age-specific
model and 47.7% higher than the Yeh model) and slightly higher for Stachybotrys (2.2% higher than the
age-specific model and 8.6% higher than the Yeh model). BAIL's calculated deposition fraction fell in
between the two multiple-path models for B. anthracis spores and bacteria.
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Figure 4. Regional and total deposition fraction for the mouth-breathing scenario: (a) ET deposition,
(b) TB deposition, (c¢) AL deposition, and (d) total deposition.

3.2. Uncertainty Analysis

The chosen values for FRC and V were both found to exert an effect on some regional deposition
fractions calculated by the two multiple-path models (Table 3). The original deposition fraction fell
between the deposition fractions that resulted from increasing and decreasing FRC or V in nearly every
case. In the few cases in which this did not happen (e.g., an increase in FRC and a decrease in FRC
both resulted in an increase in deposition fraction compared to the deposition fraction calculated with
the original FRC), the difference was very small (<0.01) and is likely attributable to rounding errors in
the models.
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Table 3. Deposition fractions as calculated by the effect of the age-specific model with input values +
20% from values calculated by BAIL for each scenario.

Tidal Volume Functional Residual Capacity
—20%  Average +20% -20% Average +20%

ET 0.1970 0.2165 0.2620 0.2130 0.2165 0.2190
B 0.0414 0.0407 0.0386 0.0399 0.0407 0.0415

Region

Default AL 01982 02312 02280  0.2557 02312 0.2087

Total 04366 04884 05285  0.5086 04884  0.4691

B. ET 02980 03460 03895  0.9990 03460  0.3485
anthracis Light TB 0.0377 00370  0.0366  0.0376 00370  0.0368
spores Exercise AL 02467 02421 02327 02524 02421  0.2307

Total 0.5823 0.6254 0.6587 0.6335 0.6254 0.6160

ET 0.0095 0.0095 0.0095 0.0095 0.0095 0.0095

Mouth TB 0.0478 0.0469 0.0465 0.0460 0.0469 0.0478
Breathing AL 0.2355 0.2666 0.2859 0.2948 0.2666 0.2406
Total 0.2928 0.3230 0.3419 0.3503 0.3230 0.2979

ET 0.3315 0.3765 0.4160 0.3705 0.3765 0.3820
TB 0.0521 0.0473 0.0439 0.0458 0.0473 0.0487

Default AL 02783 02944 02975  0.3184 02944 02710

Total  0.6618 07182 07574  0.7346 07182  0.7017

B. ET 04805 05350 05810  0.5315 05350  0.5390
anthracis Light TB 00399 00374 00361  0.0388 00374  0.0369
bacteria  Exercise AL 02879 02706 02506  0.2778 02706 02613
Total  0.8082  0.8430 08677  0.8480 08430  0.8372

ET 00180 00195  0.0210  0.0195 00195  0.0195

Mouth TB 00671 00643  0.0628  0.0622 00643  0.0662

Breathing AL 0.3583 0.4000 0.4253 0.4325 0.4000 0.3683
Total 0.4434 0.4838 0.5091 0.5142 0.4838 0.4540

ET 0.4530 0.5010 0.5420 0.4940 0.5010 0.5080
TB 0.0593 0.0521 0.0470 0.0506 0.0521 0.0537

Default AL 02841 02900 02849  0.3090 0.2900 0.2708

Total 07964 08431 08739  0.8536 0.8431  0.8325

Asverel ET 06050  0.6550 0.6950  0.6510 0.6550  0.6580
hest S Light TB 00413 00385 00374 00417 00385 00371

Clavatus gy ercise AL 02638 0238 02145  0.2419 02386  0.2334
Total 09101 09321 09469  0.9346 09321  0.9285

ET 00330  0.0360  0.0400  0.0360 0.0360  0.0360

Mouth TB 00887  0.0843 00819  0.0819 00843  0.0869

Breathing AL 04248  0.4693 04960  0.5000 04693  0.4382

Total 05465 05896  0.6179  0.6179 05896 05611

ET 0.8825 09025 09165  0.9000 09025  0.9045

Default TB 00589  0.0509  0.0462  0.0560 00509  0.0480

clau AL 0.0487 00412  0.0335  0.0391 0.0412  0.0413

Total 09901 09946 09962  0.9951 09946  0.9938

Stachbot ET 09360 09485 09575  0.9485 09485  0.9495
o9 Light TB 00408 00366 00329 00406 00366  0.0332
CHATEATUML By ercise AL 00217 00138  0.0088  0.0106 00138 0.0163

Total 0.9985 0.9988 0.9992 0.9997 0.9988 0.9990

ET 0.3260 0.3540 0.3770 0.3540 0.3540 0.3540

Mouth TB 0.2645 0.2732 0.2881 0.3004 0.2732 0.2576
Breathing AL 0.2170 0.2189 0.2067 0.2077 0.2189 0.2195
Total 0.8075 0.8462 0.8718 0.8621 0.8462 0.8311




Atmosphere 2020, 11, 561 10 of 16

3.2.1. Effect of Changing FRC on the Deposition Fractions

In the ET region, changes of 20% in FRC resulted in very little change in deposition fraction each
of the three breathing scenarios (Table 3); the small changes that were seen were likely due to rounding
error within the model, as FRC changes should not affect ET deposition.

In the TB region, increased FRC resulted in increased deposition fraction for the smallest three
bioaerosols and decreased fraction for the largest bioaerosol in the default scenario. Lower FRC
resulted in the opposite effect for the default case: decreased deposition for the three smaller particles
and higher deposition for the largest bioaerosol particles. One has to keep in mind, however, that the
absolute deposition fractions in the default case in the TB region are approximately 0.05. For the
mouth-breathing scenario, an increase in FRC resulted in a decreased deposition fraction for all four
bioaerosols. However, again, the absolute deposition fractions in the light exercise case in the TB region
are less than 0.05. For the mouth breathing scenario, changes in FRC produced little change in the
deposition of the three smallest bioaerosol particles; for Stachybotrys, a 20% increase and a decrease in
FRC resulted in about 0.04 higher and 0.02 lower deposition fraction on the absolute scale, respectively.

The AL deposition fraction was reduced slightly for the smallest three bioaerosols in all three
scenarios when FRC was increased. The opposite trend was observed when FRC was reduced by
20%. The AL deposition fraction of the largest bioaerosol, Stachybotrys, virtually did not change with
changes in the FRC in either deposition model.

The total deposition was lowered slightly for the largest bioaerosol particle as a result of increased
FRC in the default and mouth-breathing scenarios; the opposite trend was observed for lower FRC.
Minimal to no changes were observed for Stachybotrys deposition in all scenarios with changes in FRC.
The total deposition was also not affected by FRC changes in the light exercise scenario.

3.2.2. Effect of Changing V on the Deposition Fractions

Tidal volume (V) was also increased and decreased by 20% from the values calculated by BAIL
and run in the multiple-path models with all other parameters unchanged.

For the ET region, the increased tidal volume (V) resulted in increased deposition fraction in
the ET region for all four bioaerosols in all three breathing scenarios. However, the effect was less
pronounced for B. anthracis spores and bacteria, as well as Aspergillus spores in the mouth-breathing
scenario. The decreased total volume V produced the opposite effect. Again, the effect was minimal
for the mouth breathing scenario and the three smallest bioaerosol particles.

The TB deposition fraction decreased with the 20% higher V for each bioaerosol and increased
with the lower V for the default and light exercise scenario. The effect was especially pronounced for
Stachybotrys. One has to keep in mind, however, that the TB deposition values in these two scenarios
were in the range of 5%. The TB deposition in the mouth-breathing scenario was relatively unaffected
by the changes in the tidal volume, except for Stachybotrys in the mouth-breathing scenario.

The AL deposition fraction in the default scenario virtually did not change with the increased V
and was somewhat lower for B. anthracis at lower V. Minimal changes were seen for Stachybotrys with
V adjusted in either direction. AL deposition fraction decreased with increased V for the light-exercise
scenario but increased with increased V for the three smallest bioaerosols in the mouth-breathing
scenario. The opposite trend was observed for both scenarios with decreased V. Changes were minimal
for Stachybotrys for all four cases presented.

The total deposition fraction mirrored the ET deposition fraction results, with a positive correlation
between V and deposition fraction for the three smaller bioaerosols for all cases. The total deposition
of Stachybotrys did not change with changes in V for the default light-exercise scenarios. Still, it moved
in the same direction as the change in V for the mouth-breathing scenario.
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3.2.3. Effect of Changes in the Upper Respiratory Tract (URT) Volume on the Deposition Fractions

The upper respiratory tract (URT) volume was also changed by 20% in each direction, but the
resulting change in deposition fraction was less than 1% on a relative scale (results not shown), so we
do not consider variations in URT volume to be a major influencing factor on deposition fractions.

3.2.4. Effect of a Person’s Height on the Deposition Fractions

Changes in deposition fractions due to changes in person’s height (e.g., calculated for the 5th and
95th percentiles compared to average height) are shown in Supplementary Tables S2-54. In the default
scenario (Table S1), changes in deposition fractions due to changes in height were generally within
5% on the absolute scale (within 0.05% of deposition fraction). Some of the biggest changes could be
observed in the ET region for the three smallest particles when age-specific or Yeh models are applied.
In the TB region, the biggest changes are observed for B. anthracis bacteria and Aspergillus mold spores
when BAIL and Yeh models are used. The changes in the total deposition were within 2%-3% on the
absolute scale.

In the light exercise scenario (Table S2), deposition fraction depended most strongly on height for
the three smaller bioaerosols in the ET region where deposition increase as high as ~12% on the absolute
scale could be observed when the height increased from average to the 95th percentile. However,
the decrease in the deposition was much less pronounced, less than 5% on an absolute scale and
typically 2%-3%, when the height decreased from the 50th percentile to the 5th percentile. The total
deposition fraction of smaller particles moved in the same direction as the change in height, but the
change was less pronounced compared to the ET deposition. The deposition of the largest particle,
Stachybotrys, changed rather minimally with changes in height.

The differences in deposition fractions in the mouth-breathing scenario (Table S3) were generally
less than 5% on an absolute scale and, in most cases, 2%-3%. The re was no clear dependency on
bioaerosol size or the model used.

4. Discussion

Our results show that while TB deposition fractions are often similar between BAIL and the
multiple path models, BAIL differs most markedly in its calculation of ET and AL deposition fraction
for the bioaerosols investigated in this study. BAIL indicated a larger deposition fraction in the ET
region for all four bioaerosols in the mouth-breathing case (Figure 4a), for the smaller three bioaerosols
in the light exercise case (Figure 3a), and for Aspergillus spores in the default case (Figure 2a). Though
Stachybotrys spores were calculated to have a higher deposition fraction in BAIL than in the multiple
path models in only one of the three scenarios (the mouth-breathing case; Figure 4a), this may still
represent an area of health concern. While human health problems associated with Stachybotrys remain
unclear [33], Stachybotrys and its associated mycotoxin Satratoxin-G have been found to be associated
with inflammation [34] and rhinitis [35] in animal studies using intratracheal or nasal instillation. Thus,
overall, the use of BAIL, which is bioaerosol-focused, suggests a higher deposition of microorganisms
in the ET region, especially under some exertion compared to multiple-paths models. The difference
was most pronounced for the mouth-breathing case.

On the other hand, the alveolar deposition was usually lower in BAIL than in the multiple-path
models. In the default scenario, BAIL's AL region deposition fractions were almost identical to the
Yeh model but lower than the deposition fractions from the age-specific model (Figure 2c). In the
light exercise and mouth-breathing scenarios, BAIL calculated a lower deposition fraction in the AL
region compared to the multiple path models (Figures 3¢ and 4c). For bioaerosols such as B. anthracis
spores, which are most dangerous when they reach the deep lungs, capable of causing inhalation
anthrax [36], our results from BAIL imply that risk, based on this model, is reduced compared to the
risk-based on the two multiple-path models since a smaller fraction of the inhaled spores may be
reaching the AL region. Likewise, BAIL suggests a potentially reduced health risk from inhalation of
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A. clavatus, which is associated with inflammation of the alveoli in hypersensitivity pneumonitis [11].
However, as microorganisms may be part of larger, agglomerated particles, a lower predicted AL
deposition does not preclude disease development [14,37]. Increasing and decreasing FRC and V in
the multiple path models by 20% from the values calculated by BAIL resulted in some changes in
regional deposition (Table 3) but did not affect the overall deposition profile as a function of particle
size. The relative deposition fractions between BAIL and the multiple-path models remained largely
unaffected, suggesting that the multiple-path models have a low degree of sensitivity to the subject
breathing parameters used in this study.

In some bioaerosol deposition studies, modeling has been performed using semi-empirical
models [38,39] or the lung dose evaluation program (LUDEP) [40,41]. In the alveolar region, in
particular, it has been suggested that 30%—40% of fungal particles will deposit according to the
semi-empirical model [38], which is a 20% increase compared to MPPD or BAIL. Alternatively, LUDEP
predictions for total spore deposition of either Aspergillus versicolor or Stachybotrys chartarum were
84%-95%, similar to the MPPD and BAIL models. Previous studies of multiple-path models have
shown a marked difference between deposition fraction calculations from multiple-path models and
the ICRP model, from which BAIL is derived. Hofmann et al. (2011) compared TB and acinar (alveoli)
deposition fraction among several types of models. Figure 12 in that work shows that for sitting,
nasal-breathing subjects, multiple-path models (termed MPPD) calculated higher deposition fraction
in the TB region for particles between 1 and 3 um than deposition fraction calculated by ICRP, but
between 3 and 10 um ICRP calculated higher values than MPPD. Additionally, in the acinar (alveoli)
region, MPPD calculated a slightly lower deposition fraction for particles from 1 to 4 pm compared
to the ICRP, while the two models were nearly identical for particles from 4 to 10um. Non-spherical
particles in this work are shown to have a lower predicted deposition fraction based on the BAIL model.
The best agreement between the all model types is observed for Aspergillus spores, which may be due
to the spherical nature of this particle. The differences between model results suggest a lower risk
associated from deposition through the BAIL modeling for non-spherical particles, whereas there is
little risk difference (2%-3%) in the default model for spherical particles. However, these differences in
deposition may affect the clearance mechanisms and pathogenicity of deposited species. For example,
as presented by Thomas’ 2013 study, B. anthracis endospores in a 12 um particle aerosol inhaled by
mice promoted gastrointestinal infections [42].

To the best of our knowledge, there are currently no studies experimentally investigating the
regional deposition of bioaerosols within the human lung. As deposition is predominantly controlled by
particle aerodynamic diameter, results in this study may be compared to deposition of non-bioaerosol
particles that have similar aerodynamic diameters. Three healthy subjects were studied by Heyder
et al. [17] when inhaling monodisperse iron oxide particles either nasally or orally. FRC and tidal
volume V were similar in the Heyder study and in this study, suggesting that the results may be
compared. Overall, the results are very similar for total deposition and the regional deposition fractions.
The default breathing scenario of our study compared to nasal breathing by Heyder et al. suggests the
MPPD models may be more accurate as BAIL consistently underpredicts the measured deposition.
In the ET region, the difference between the MPPD models and the nasal measurements is less than 0.01,
whereas the difference to the BAIL predictions is as high as 0.12. In the TB region, the models are each
within 0.05 deposition fraction for particle size less than 3 pm. The total deposition is underpredicted
by all models, with the MPPD models at a less than 0.1 deposition fraction difference. However,
comparing the mouth breathing scenario to Heyder et al. oral breathing, there is no model that best
predicts the measured values. The ET region is best predicted by MPPD, a difference of less than 0.04
deposition fraction. The TB region is very similar for each model, a difference of 0.04 for MPPD and
0.05 for BAIL. The AL region is underpredicted by as much as 0.25 deposition fraction. The total
depositition comparison, however, is very similar for both model types, MPPD and BAIL, providing a
difference of less than 0.1 for each. Kim and Hu [43] investigated the regional deposition pattern of
monodisperse di-2-ethylhexyl sebacate oil, at diameters of 1 pm, 3 um, or 5 pm, delivered to healthy
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adults through serial bolus inhalation. The default scenario of this study is comparable to Kim and
Hu'’s evaultation at 150 mL/s breathing. Comparing the results of the Kim and Hu study to that of
Apergillus in this study, the ET region is overpredicted, 0.534 compared to 0.033 + 0.005, the TB region is
underpredicted, 0.061 compared to 0.248 + 0.002, and the AL region is underpredicted, 0.227 compared
to 0.401 + 0.010. Similar trends are observed between the sizes studied, as the deposition increases with
increasing particle size up to 3 um. Comparison to the experimental data available suggests that the
fractional deposition in the AL region is underpredicted by current models and additional refinement
is necessary to better predict deposition.

In future studies, additional steps could be taken to further refine modeling techniques to improve
their predictive value for bioaerosol particles. Although bioaerosol particles might be highly charged,
especially immediately after their release [44], the effects of charge on their deposition have not been
included in models. Initial work has been done to investigate the effects of particle charge on total
deposition [45-47]. Since BAIL uses a Gaussian distribution rather than lognormal to describe the
inhaled aerosol, it could produce inaccurate results for polydisperse size distributions of bioaerosols.
Furthermore, bioaerosols are often hydrophilic in nature, which promotes their hygroscopic growth
following inhalation [48,49]. This growth will alter the deposition pattern in the human respiratory
system. This phenomenon is not included in the BAIL model as well as the other lung deposition
models discussed in this paper. Current models of hygroscopic growth [50,51] may be incorporated
into the models discussed in this study as part of their refinement. Additionally, the subject weight,
disease state, and dynamic breathing are not considered within these models. The se variables will
affect the deposition and, more importantly, the interactions of deposited particles with tissue and
ability to promote adverse health effects. However, as the total deposition fraction is not 1, the authors
assume there is exhalation of particles. Finally, no model currently accounts for microorganisms
embedded in or agglomerated with other, often larger, particles. This will also affect the accuracy of
predicting bioaerosol deposition patterns unless the size distribution of those agglomerates is known
beforehand. As observed with viral-based bioaerosols, such as influenza or COVD-19, cough-generated
aerosols can allow for the transmission of disease from person to person [52,53]. In addition to
improving the deposition predictions of bioaerosols, refinements could be made to begin assessing the
particle-cell interactions, including interactions with mucus, host tissues, subject disease state, and
particle clearance. The se steps would help build a foundation to evaluate a dose-response relationship
of bioaerosols.

5. Conclusions

This study focused on the respiratory deposition of four common bioaerosols ranging in
aerodynamic diameter from approximately 1 to 8 um. The entire bioaerosol size spectrum ranges from
0.02 to 100 pm [54]; thus, additional work could evaluate BAIL at a greater range of sizes. We also
defined three scenarios to study and used an average-height adult as our model. Further work is
needed to evaluate BAIL for additional breathing scenarios and subject age ranges, especially for
sensitive groups, e.g., the elderly. Non-spherical particles are often predicted at a lower deposition
total than spherical in non-mouth breathing based scenarios using the BAIL model. Despite these
differences, this study is the first to compare lung deposition fractions of common bioaerosols using
BAIL—a model specifically developed to better represent bioaerosols—with two other commonly used
modeling approaches. The understanding of these models will help in their application for bioaerosol
exposure assessment using actual bioaerosol measurements. Future studies could also expand the
application of bioaerosol-oriented models to other bioaerosol types, such as viruses and pollen and
include experimental validation of predicted fractional deposition values using an artificial lung.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/6/561/s1,
Table S1: Deposition fractions due to the effect of Yeh model runs with input values + 20% from value calculated by
BAIL for each scenario. Table S2: Deposition fraction as a function of height and associated breathing parameters,
default scenario. Table S3: Deposition fraction as a function of height and associated breathing parameters, light
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exercise scenario. Table S4: Deposition fraction as a function of height and associated breathing parameters,
mouth breathing scenario.
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