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1. Introduction

This document provides information needed to understand and interpret the inputs, structure and
outputs of the respiratory module for inhalation exposure scenarios in the All Ages Lead Model (AALM)
version 3.1. Chapter 1 covers the fundamentals related to human respiratory tract structure and
function, particle size characterization, and the Multi-Path Particle Dosimetry (MPPD) model version
3.04 used to estimate particle deposition efficiencies for the respiratory module. Chapter 2 provides an
overview of the AALM respiratory module user interface where exposure scenarios can accommodate
multiple activity patterns, aerosol distributions, particle densities, and particle solubilities. Chapter 3
describes how aerosol deposition fractions and the median particle size deposited in each region of the
respiratory tract are calculated based on MPPD deposition efficiencies for monodisperse aerosols.
Chapters 4 and 5 discuss particle clearance and dissolution rates with estimated first-order transfer
rates for particle movement from the respiratory tract into the gastrointestinal tract (GI) or lead (Pb)
moving directly into the blood following particle dissolution within the respiratory tract. The AALM
respiratory module covers all aspects from particle inhalation and deposition within the respiratory tract
up to particle dissolution or clearance into the Gl tract. Chapter 6 discusses how AALM can be set up to
mimic results of other commonly used models. Finally, Chapter 7 presents an evaluation of AALM

predictions using human exposure data.

1.1. Quality Assurance and Peer Review

The use of quality assurance (QA) and peer review helps ensure that EPA conducts high-quality science
that can be used to inform policymakers, industry, and the public. Quality assurance activities
performed by EPA ensure that the Agency’s environmental data are of sufficient quantity and quality to
support the Agency’s intended use. Detailed QA Project Plans (QAPPs) have been developed as a
requirement for contracted technical support during the development of the AALM. The AALM is
classified as providing Influential Scientific Information (ISI), which is defined by the Office of
Management and Budget (OMB) as scientific information the agency reasonably can determine will have
or does have a clear and substantial impact on important public policies or private sector decisions

(Bolton, 2004). OMB requires the Agency to subject ISI to peer review prior to dissemination. To meet

this requirement, EPA often engages the Scientific Advisory Board (SAB) as an independent federal

advisory committee to conduct peer reviews.


https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/1777917

An SAB review of the AALM version 2.0 and associated documentation consisted of a two-day public
meeting in October 17-18, 2019 and teleconferences on April 23 and June 23, 2020. Panel members
were chosen to create a balanced review panel based on factors such as technical expertise, knowledge,
experience, and absence of any real or perceived conflicts of interest. The final review report was
transmitted to the EPA Administrator on August 3, 2020 (Publicly available at:
https://sab.epa.gov/ords/sab/f?p=100:0:16892181702944:APPLICATION PROCESS=REPORT DOC:::REP

ORT 1D:1086). SAB provided Tier 1 recommendations (necessary revisions) and Tier 2 recommendations
(suggestions) to create a new version of the AALM for public release in a timely manner. Among Tier 2
recommendations, SAB recommended that, “Use of the model for scenarios with exposure to higher
concentrations of larger, sometimes less soluble lead particles (e.g. at outdoor remediation sites or
other occupational settings) is also desirable, and future development of the AALM should examine the
utility of adapting the Multi-Path Particle Dosimetry Model (MPPD2 or subsequent iterations) to revise
the respiratory tract model.” The AALM respiratory module described herein responds to the SAB
recommendation for EPA to revise the AALM version 2.0 approach to estimate the absorption of inhaled
Pb-laden aerosols. Released in April 2024, the AALM version 3.0 responded to all of SAB’s Tier 1
necessary revisions and incorporated some of their Tier 2 suggestions. The AALM version 3.0 included a
new “Lung Parameters” tab with default particle deposition fractions and dissolution rates appropriate
for near-ultrafine (around 0.1 um in diameter) combustion aerosols. This document and the Excel
workbook described in Chapter 2 enables users to enter lung parameters for a broader range of particle
sizes and exposure scenarios. The theoretical basis for the respiratory module was peer reviewed for

publication in a scientific journal is publicly available (Brown and Diamond, 2023).

The respiratory module underwent an external peer review prior to its public release with the AALM
version 3.1. The peer review was led by Eastern Research Group, Inc. (ERG) under contract number
68HERH23A0019, call order number 68HERH25F0050 between November 2024 and May 2025. The

comments of reviewers were carefully considered in developing this module for public release.

1.2. Human respiratory tract structure and function
The basic structure of the human respiratory tract is illustrated in Figure 1. More detailed descriptions of
the human respiratory tract in relation to particle deposition and clearance have been described by
Brown (2015) and Chapter 4 of U.S. EPA (2019). In the literature, the terms extrathoracic (ET) region and
upper airways are generally used synonymously. The term lower airways is used to refer to the

intrathoracic airways, i.e., the combination of the tracheobronchial (TB) region which is the conducting


https://sab.epa.gov/ords/sab/f?p=100:0:16892181702944:APPLICATION_PROCESS=REPORT_DOC:::REPORT_ID:1086
https://sab.epa.gov/ords/sab/f?p=100:0:16892181702944:APPLICATION_PROCESS=REPORT_DOC:::REPORT_ID:1086
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/11194936
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/2799475
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/6591812

airways and the pulmonary (PU) region. The PU region is also referred to as the alveolar region which is
the functional part or parenchyma of the lung where gas exchange occurs. The terms PU, pulmonary,
and alveolar are used synonymously in this document. Respiratory bronchioles are the transition region
between ciliated and fully alveolated airways (i.e., alveolar ducts and sacs). The ciliated bronchi and

bronchioles are a rather symmetric and dichotomous branching network of airways in humans.

The structure and volume of the human lungs are a function of age, sex, and race. At birth, the
branching structure of the TB airways is complete. An increase in lung volume occurs by creation of new
units (alveoli and alveolar sacs) within the distal lung. Rapid alveolarization occurs during first 2-3 years

in humans (Herring et al., 2014). There is also evidence for a more gradual increase that may occur until

young adulthood (Lewin and Hurtt, 2017; Herring et al., 2014; Narayanan et al., 2012). This is consistent

with the period of increasing lung volume in humans with age (and height) until around 18 years of age

in females and 20 years of age in males (Hankinson et al., 1999).



https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/3336146
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/4135187
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/3336146
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/3338218
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/47421

Figure 1. Schematic representation of the human respiratory tract.
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Numerous models of airway morphology have been described for humans and used in predicting
particle deposition. Weibel (1963) provided a simplified description of the intrathoracic airway
structures in an adult male having the lungs inflated to 4.8 liters. In this model, the lung consists of 23

symmetric and dichotomously branching airway generations. Yeh and Schum (1980) provide both a

single path model of the human lungs similar to that of Weibel (1963) and a multi-path model where
each lobe of the lung has its own distinct morphology. Given that the dimensions of unsupported
airways (i.e., those not having cartilaginous rings) in the lung vary with lung inflation, airway dimensions
are commonly adjusted depending on the degree of lung inflation. In general, for mathematical
modeling of particle deposition in the lungs, the changes in airway dimensions are thought to be
invariant to direction; hence, changes in length and radius are proportional to the cube root of changes

in lung volume (Schum and Yeh, 1980).



https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/6591812
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/39049
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/64460
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/39049
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/33580

Typically, lung dimensions of a given morphometric model are scaled down from the total lung capacity
of that model to the functional residual capacity (FRC) of an individual plus one half of the tidal volume
(V) expected for their activity level. After scaling, the resulting airway lengths and diameters are the
average dimensions during a breathing period. The lung volumes (FRC and Vr) used to scale airway
morphologies of children, adolescents, and adults are provided in Tables 1 and 2, respectively.® As
mentioned above, lung volumes increase with growth from birth to adulthood and are greater in males
than females. Activity level of individuals is also well recognized to affect their minute ventilation (i.e.,
the volume of air entering the respiratory tract per minute, the product of Vr and breathing frequency
[f]) and route of breathing (i.e., the fraction of a breath entering by either the nose or mouth). Changes
in minute ventilation during exercise are accomplished by increasing both Vr and f (Table 2). As
described in Chapter 2, the respiratory module workbook allows users to select from the three activity

levels (namely, sitting, light exercise, and heavy exercise) appearing in Table 2.

Table 1. Functional residual capacity and upper respiratory tract volumes

Age Sex FRC (mL) URT (mL)

Adult (30 years) Male 3301 50
Adult (30 years) Female 2681 40
Adolescent (15 years) Male 2677 45
Adolescent (15 years) Female 2325 39
Child (10 years) Male 1484 25

Child (10 years) Female 1484 25

FRC, functional residual capacity; URT, upper respiratory tract (i.e., extrathoracic) volume.
Data from Table 15 of ICRP (1994).

! The data contained in Tables 1 and 2 are used to set up MPPD simulations as described in Appendix A.4. The
data in Table 2 are needed to set up the AALM respiratory module spreadsheet (see Chapter 2) and estimate
inhalation dose rates (see Chapter 3).
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Table 2. Ventilatory patterns for male and female adults, adolescents, and
children

Respiratory Light Heavy

Age Sex  Parameter Sitting Exercise Exercise

Adult (30 years) Male? Vr (mL) 750 1250 1923

Adult (30 years) Male? f (min?) 12 20 26

Adult (30 years) Female® V1 (L) 464 992 1364

Adult (30 years) Female® f (min) 14 21 33
Adolescent (15 years)® Male V7 (L) 533 1000 1352
Adolescent (15 years)® Male f (min'?) 15 23 36
Adolescent (15 years)®  Female V7 (L) 417 903 1127
Adolescent (15 years)®  Female f (min?) 16 24 38
Child (10 yrs)® Male Vr (L) 333 583 841

Child (10 yrs)® Male f (min?) 19 32 44

Child (10yrs)®  Female Vr (L) 333 583 667

Child (10yrs)®  Female f (min) 19 32 46

Vy, tidal volume; f, breathing frequency; Data from Table B.15 of ICRP (1994).

2 Based on 11B66 of ICRP (1994) - Sitting is awake and sedentary activity with ventilation
rate of ~12% of an untrained adult male’s maximum workload. Light exercise is one
third of an untrained adult male’s maximum workload and includes activities such as
working in laboratories or workshops, active housecleaning, painting, woodworking, etc.
Heavy exercise is two thirds of an untrained adult male’s maximum workload for periods
not to exceed two hours and includes activities such as firefighting, intensive
construction or farm work, digging, and splitting logs.

® From YB66 of ICRP (1994) — Values for females, adolescents, and children were scaled
from adult male values.

When considering the ventilatory patterns in Table 2 for calculations of daily particle intakes, it is
important to consider an activity budget. That is, it is necessary to consider the level of activity that a
person may reasonably perform during a day. Based on Table 6 of ICRP (1994), an occupational exposure
can be assumed to consist of 5.5 hours of light exercise and 2.5 hours of sitting or 7 hours of light
exercise and 1 hour of heavy exercise. A nonoccupational or more sedentary occupational exposure

might be assumed to consist of 4 hours of sitting, 3 hours of light exercise, and 1 hour of heavy exercise.

The partitioning of a breath through the mouth and nose for oronasal-mouth breathers is provided in
Table 3. The partitioning was calculated from regression equations for oral and nasal breathing in Figure

1 of Niinimaa et al. (1981). Specifically, the fraction of a breath entering the mouth was estimated as
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(0.72 x V1 x f - 3.2) + (0.98 x V7 x f + 1.4), where V7 is in liters and f is in min~L. The fraction inhaled

through the nose is one minus the fraction entering the mouth.

Table 3. Partitioning of breath through the mouth and nose for an oronasal-
mouth breather

Light Heavy

Age Sex Sitting Exercise Exercise

Adult (30 years)? Male 0.32,0.68 0.57,0.43 0.65, 0.35
Adult (30 years)? Female 0.19,0.81 0.54, 0.46 0.64,0.36
Adolescent (15 years) @ Male 0.28,0.72 0.56, 0.44 0.65, 0.35
Adolescent (15 years)? Female 0.20, 0.80 0.55, 0.45 0.64,0.36
Child (10 years)? Male/Female 0.18, 0.82 0.52,0.48 0.62,0.38

2 Values are the fraction of a breath entering through the mouth and nose (fraction mouth,
fraction nose) used by the Multi-Path Particle Dosimetry (MPPD) model version 3.04 for the
breathing rates in Table 2.

1.3. Particle size characterization

Aerosol size distributions may be measured and described in various ways. The distribution of particle
sizes in an aerosol is typically described by a lognormal distribution (i.e., the logarithms of the particle
diameters are distributed normally). A lognormal aerosol distribution is classically illustrated as a log-
probability plot as shown in Figure 2. The probability plot can be used to estimate the parameters of the
lognormal distribution expressed as the mean, y, and standard deviation, o, or as the geometric mean
(GM) and geometric standard deviation (GSD or ag). The GM equals the median (dsox) of the lognormal

distribution, and the variability around the median is the GSD, which can be estimated by Equation 1.

d d
GSD =g, = 84.13% _  %s50%

dSO% B d15.87%

Equation 1
where: dis.g7%, dsos, Osa.13% are the particle diameters approximately associated with the 16th, 50th (i.e.,
the median), and the 84th percentiles from the cumulative frequency distribution of particle sizes. The
term monodisperse is typically used to describe an aerosol distribution in which particles have quite
similar diameters as indicated by a GSD of <1.15. A polydisperse aerosol contains a larger spread in
particle sizes. Large GSD of >3-4 may indicate that a single GSD is likely representing a multimodal

aerosol distribution.



Basic lognormal aerosol parameters can be calculated in Microsoft Excel using an array of particle size
(i.e., diameter in um) and associated cumulative percentile in the aerosol distribution. The array must be
converted into the linear form illustrated in Figure 2. This is accomplished by calculating the natural
logarithms of the particle size and calculating the standard normal deviate (z-value) for each cumulative
percentile using the Excel’s NORMSINV (or NORM.S.INV depending on version) function. The natural
logarithms of particle sizes are then regressed against their corresponding z-values using the Excel
INTERCEPT and SLOPE functions. The median equals e (base of natural logarithms, 2.71828) raised to the

power of the intercept and the GSD equals e raised to the power of in the slope.

With basic lognormal aerosol parameters, the particle size (dp) associated with any percentile (P) of the

distribution is given by Equation 2.

P
dp = dso%o'gZ( )

Equation 2
where: z(P) is the normal standard deviate for a given cumulative probability provided by a standard
normal table or Z table. For example, the z-values for the 15.87 and the 84.13 percentiles are -1.0 and

1.0, respectively, which can be used to derive Eq. 1.



10.0
Median =0.75 pm
GSD=1.83
0.41 pm at 15.87% d
c 1.37 um at 84.13% 5
> .,
[ 09 %
[
©
£ /,-“'A
S10 //
o
o
O P
5 7
o 2
/ d
/,
0.1

0.1 1 5 10 2030 50 7080 90 95 99 99.9
Cumulative Percent Less Than Indicated Diameter

Figure 2. Log-probability Plot of an Aerosol Distribution

When an aerosol distribution is described by counting particles, the median size is called the count
median diameter (CMD). On the other hand, when the distribution is based on particle mass in an
aerosol, the median size is called the mass median diameter (MMD). Impaction and sedimentation of
particles in the respiratory tract depend on a particle’s aerodynamic diameter, which is the size of a
sphere of unit density that has the same terminal settling velocity as the particle of interest. The size
distribution is frequently described in terms of the mass median aerodynamic diameter (MMAD), which
is the median of the distribution of mass with respect to aerodynamic equivalent diameter. Alternative
descriptions should be used for particles with actual physical sizes below ~0.5 um because, for those
sized particles, aerodynamic properties become less important and diffusion becomes more important.
For these smaller particles, their physical diameter or CMD are typically used because diffusivity is not a

function of particle density.



For consideration of particle mass dose delivered to respiratory tract, aerosol distributions should be
represented by their MMD. Conversion of CMD and MMAD to MMD may be completed using Equations

3 and 4, respectively.

MMD = CMD e3"9% = CMD e3[in (99
Equation 3

2p,C(MMAD) 1°°
C(MMD;_,)

MMD; = MMAD
Pump
Equation 4

where: po is unit density (1 g/cm?), puwo is the actual density of particles, C(MMAD) and C(MMD) are
the Cunningham factor for the MMAD and MMD diameters, respectively, and y is a particle shape
factor. The subscripts, i and i-1, indicate that this is an iterative equation that reaches convergence
within 10 iterations. The Cunningham factor C(d), also referred to as a slip correction factor, is given by

Equation 5.

C(d) =1+ (#/,4){2.514 + 0.800 ¢~055 @/2} .
guation

where: A is the mean free path of air molecules and equals 0.066 and 0.0712 pm at 20 and 37°C,

respectively, and d is a particle’s physical diameter in um.

Within the respiratory module workbook (described in Chapter 2), a tab entitled “Dae<-->De” solves for

Equations 2-5, enabling users to quickly calculate the conversions described above.

1.4. Mechanisms of particle deposition

The basic characteristics of particles as they relate to deposition and retention, as well as anatomical
and physiological factors influencing particle deposition and retention, are reviewed in Chapter 4 of the

2019 Integrated Science Assessment for Particulate Matter (U.S. EPA, 2019) available at:

https://www.epa.gov/isa/inteqrated-science-assessment-isa-particulate-matter).

The efficiency of particle deposition in the respiratory tract depends, in large part, on inhaled particle
size and shape, route of breathing (nasal or oronasal), tidal volume (Vr), breathing frequency (f), and
respiratory tract morphology. The route of breathing (i.e., the distinction between air passing through
the nose versus the mouth) is important because it affects particle inhalability and because the nasal

passages more effectively remove inhaled particles than the oral passage. The MPPD model version 3.04
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estimates particle inhalability from calm air. Implementation of the correction factor for inhalability uses

the fitted curves for nasal breathing from Ménache et al. (1995) and for oral breathing from Brown

(2005).

Particle deposition in the lung is predominantly governed by diffusion, impaction, and sedimentation.
Some generalizations with regard to deposition by these mechanisms follow, but they should not be
viewed as definitive rules. Both experimental studies and mathematical models have shown that
breathing patterns can dramatically alter regional and total deposition for all sized particles. The
combined processes of aerodynamic and diffusive (or thermodynamic) deposition are important for
particles in the range of 0.1 pm to 1 um. Aerodynamic processes predominate above this size range and

thermodynamic processes predominate below it (Figure 3).

Thermodynamic Aerodynamic
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Figure 3. Mechanisms of Particle Deposition

Figure details: Thermodynamic (i.e., diffusive) deposition is illustrated by the solid line. Dotted and dashed lines
are aerodynamic deposition (combined processes of impaction and sedimentation). The deposition efficiency was
calculated using the Multi-Path Particle Dosimetry (MPPD) model version 3.04 for an adult male engaged in light
exercise (Vr = 1250 mL, f = 20 min?). Particle inhalability was not considered and the route of breathing was
endotracheal to bypass the head. Diffusive deposition was estimated using particle density of 0.1 g/cm® and zero
gravity. The solid line also illustrates the diffusive deposition of higher densities (i.e., 1, 4, and 10 g/cm?®) because
diffusivity is independent of particle density. Aerodynamic deposition was approximated as the difference
between total and diffusive deposition.

Diffusive deposition, by the process of Brownian diffusion, is the primary mechanism of deposition for

particles having physical diameters of less than 0.1 um. For particles having physical diameters of
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roughly between 0.05 and 0.1 um, diffusive deposition occurs mainly in the small distal bronchioles and
the pulmonary region of the lung. However, with further decreases in particle diameter (below ~0.05

pum), increases in particle diffusivity shift more deposition proximally to the bronchi and ET regions.

Governed by inertial or aerodynamic properties, impaction and sedimentation increase with the
aerodynamic particle diameter. In Figure 3, the aerodynamic deposition curves for particles with 4 and
10 g/cm? densities would be shifted to the right to the position of the 1 g/cm? density particles if the x-
axis were in terms or aerodynamic rather than physical particle diameter. Figure 4 illustrates
aerodynamic deposition efficiency due to impaction and sedimentation for particles having a density of
10 g/cm?®. When a particle has sufficient inertia, it cannot follow changes in flow direction and strikes a
surface and thus becomes deposited by the process of impaction. Impaction occurs predominantly at
bifurcations in the proximal airways, where linear velocities are at their highest and secondary eddies
form. Sedimentation, caused by the gravitational settling of a particle, is most important in the distal
airways and pulmonary region of the lung. In these regions, residence time is the greatest and the

distances that a particle must travel to reach the wall of an airway are minimal.

The efficiency of deposition in the respiratory tract may generally be described as a “U-shaped” curve on
a plot of deposition efficiency versus the log of particle diameter. Total deposition shows a minimum for
particle diameters in the range of 0.1 to 1.0 um, where particles are small enough to have minimal
sedimentation or impaction and sufficiently large so as to have minimal diffusive deposition. Total
deposition does not decrease to zero for any sized particle, in part, because of mixing between particle-
laden tidal air and residual lung air. The particles mixed into residual air remain in the lung following a
breath and are removed on subsequent breaths or gradually deposited. Total deposition approaches
100% for particles of roughly 0.01 um due to diffusive deposition and for particles of around 10 um due

to the efficiency of sedimentation and impaction.

For extended discussion of particle deposition within the respiratory tract and factors affecting it, refer

to Chapter 4 of the 2019 Integrated Science Assessment for Particulate Matter (U.S. EPA, 2019). For

detailed equations related to particle behavior in air and deposition in the human respiratory tract, the
reader is referred to Annex D of ICRP (1994). The equations used to calculate deposition by the MPPD

model are mostly summarized in Anjilvel and Asgharian (1995) and Asgharian and Price (2007), with

physiological parameters summarized in Miller et al. (2016).
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Figure 4. Mechanisms of Aerodynamic Deposition

Figure details: Labels on lines indicate mechanisms of deposition, specifically, sedimentation (dotted), impaction
(dashed), and their sum (solid). Exposure conditions are identical to Figure 3. The illustrated results are for a
particle density 10 g/cm?. Impaction was approximated as difference in the deposition efficiencies between a
density of 10 g/cm3 with zero gravity and a density 0.1 g/cm? with zero gravity. Sedimentation was approximated
as aerodynamic deposition from Figure 3 minus impaction.

1.5. Olfactory particle uptake into the brain
In developing the AALM respiratory module, the potential for the movement of particles from the
human olfactory mucosa to the brain was considered as a potential route for transport of Pb into the
brain. Ultimately, as described below the transport of Pb to the brain via the olfactory pathway was
concluded to be of lesser importance in humans relative to Pb absorption from the lung and Gl tract into

the blood with subsequent circulation to the brain.

Studies reviewed in the PM ISAs (U.S. EPA, 2019, 2009) demonstrated the translocation of soluble

solutions (manganese chloride and sulfate, zinc) and poorly soluble particles (hureaulite, manganese
oxide and tetroxide, silver, titanium dioxide, iridium) from the olfactory mucosa via axons to the
olfactory bulb of the brain. Translocation via the axon to the olfactory bulb was observed for numerous
compounds of varying composition, particle size, and solubility. Studies showed that the rate of
translocation was rapid, less than an hour. Most studies were conducted by instillation in rodents.

However, DeLorenzo (1970) also observed the rapid (within 30-60 min) movement of 50-nm silver-
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coated colloidal gold particles instilled on the olfactory mucosa to the olfactory bulb of squirrel

monkeys.

Based on the diameter of the axon, the transport of insoluble particles from the olfactory mucosa via

axons to the olfactory bulb should be limited to particles of less than about 200 nm (Griff et al., 2000;

Plattig, 1989; De Lorenzo, 1957). These thin olfactory axons bundle into thicker filaments (a.k.a. fila

olfactoria or olfactory nerves) and pass directly into the olfactory bulb through numerous foramina in

the cribriform plate of the ethmoid bone (Plattig, 1989; De Lorenzo, 1957). Analysis of 40 human skulls

of known age and sex by (Kalmey et al., 1998) showed a reduction in the area of the foramina in the

cribriform plate with increasing age that did not differ significantly between the sexes. The reduction of
the foramina area with aging has been postulated as a cause of a reduced sense of smell with aging and

would suggest that olfactory translocation in humans may decrease with age.

It was concluded in the 2009 PM ISA (U.S. EPA, 2009) that between species differences may predispose

rats, more so than humans, to deposition of particles in the area of the olfactory mucosa with
subsequent particle translocation to the olfactory bulb. That conclusion was based on two main
differences between rodents and primates. First, the olfactory mucosa covers approximately 50% of the

nasal epithelium in rodents versus only about 5% in primates (Aschner et al., 2005). Second, a greater

portion of inhaled air passes through the olfactory region of rats (20% of air) relative to humans (3% of

air) (Kimbell, 2006). Subsequently, Garcia et al. (2015) provided computational fluid dynamics

simulations of total ultrafine deposition in the nasal and olfactory regions of humans. Due to the much
higher ventilation rate of humans than rats, humans were predicted to experience greater dose rate to
the olfactory mucosa for particles between 1 and 13 nm. Human autopsy data also indicated the
presence of ultrafine particulate in the olfactory bulb of 2 out of 35 Mexico City residents (Calderon-

Garciduenfas et al., 2010). Based on the new particle deposition modeling on the olfactory mucosa and

human autopsy data, it was concluded in the 2019 PM ISA (U.S. EPA, 2009) that olfactory translocation

may be important in humans as well as rodents.

Considering the importance of including olfactory transport in the AALM’s respiratory module, we
considered the magnitude of potential olfactory transport versus transport from the blood to the brain.
For nasal breathing (adult male, sitting), the MPPD model (v3.04) predicts greater PU than ET for all

particle sizes from 11 to 330 nm for lead oxide particles having a density of 9 g/cm3.2 We can focus on

2 The density for Pb oxides may range from 8.9 to 9.6 g/cm? (see Table 4.2 of ATSDR (2020). Herein, we
assumed an approximate density of 9 g/cm? for lead oxides.
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the 11 nm as a basis for comparison for delivery via olfactory transport since 19% is predicted to deposit

in each the ET and PU region. Based on the modeling work of Garcia et al. (2015), 0.04% of the nasal

deposition will occur on the olfactory mucosa. Based on Elder et al. (2006). Maximal transport to the

brain regions other than the olfactory bulb via the olfactory route is estimated to be less than
0.000025% (i.e., 0.19 [ET deposition fraction] x 0.0004 [fraction of nasal deposition on olfactory mucosa]
x 0.10 [fraction translocating from olfactory mucosa to bulb] x 0.033 [fraction moving from olfactory
bulb to other brain tissue] x 100%) of inhaled 11-nm particles. By comparison, for poorly soluble
(10x107" g/cm? per day with density of 9 g/cm?®) 11-nm particles, it is reasonable to assume that nearly
all PU deposition will be dissolved and absorbed into blood. This assumption is based on a 10.2 day
dissolution half-time (using Equation 17 in Chapter 4), whereas the particle clearance half-time from the
PU region is 350 days. Additionally, the AALM deposition fraction of Pb from the plasma to the brain is
0.015% in adults (225 yrs) and 0.038% in young toddler (1 yr). A reasonable estimate for particle
transport to the brain from the alveolar region in an adult is about 0.00285% (i.e., 0.19 [PU deposition
fraction] x 1.0 [soluble fraction] x 0.00015 [deposition fraction from plasma to brain] x 100%) of inhaled
11-nm particles. Thus, for 11-nm particles, where the ET and PU particle deposition fractions are equal,
transport to the brain from the PU region is expected to be over 100x greater than via olfactory
transport. The contribution of olfactory transport to the brain Pb concentrations is also expected to be
relatively small for particles under 11 nm. For particles less than 11 nm, particle aggregation to larger
sizes will be rapid if the particle number concentration is sufficient. Additionally, the contribution of
particles <11 nm to total particle mass is small (e.g., in Section 7.1 for the 0.26 pm MMD aerosol with

GSD of 2.5, particles <11 nm are <0.03% of mass).

For particles over 330 nm (i.e., 0.33 um), if they are poorly soluble, they are too large for direct
transport via axons. For highly soluble particles over 330 nm, even if deposition occurs predominately in
the ET region (as it does for particles >4 um MMD with particle density of 9 g/cm?), the olfactory mucosa
is only about 5% of nasal surface area and Pb reaching circulation through areas such as the turbinates
may contribute to greater brain Pb concentrations than via olfactory transport. Around 10% of the

particles on the olfactory mucosa may translocate to the olfactory bulb (Elder et al., 2006). Additionally,

in rodents, only 0.1% of soluble manganese chloride transported from the olfactory mucosa to the

olfactory bulb is expected to reach the other brain regions (Leavens et al., 2007). These observations

lead to an upper expectation for highly soluble particle depositing in the ET region being 0.0005% (i.e.,
0.05 [olfactory fraction of nasal surface area] x 0.10 [fraction translocating from olfactory mucosa to

bulb] x 0.001 [fraction soluble material translocating from olfactory bulb to other brain tissue] x 100%)
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of deposited Pb may reach the brain by olfactory transport. The 0.0005% expectation may be reduced
by further accounting for the fraction of inhaled air that moves through the olfactory region. Estimations
for transport to the brain from the remainder of the ET region (e.g., turbinates) may be bounded by
particles moving directly into the blood from the ET region and those cleared to the Gl tract, which
provides bounds of 0.014% (i.e., 0.95 [fraction nasal surface area not olfactory] x 1.0 [rapid complete
dissolution] x 0.00015 [brain deposition fraction from plasma] x 100%) for ET absorption and 0.0017%
(i.e., 0.95 [fraction nasal surface area not olfactory] x 0.12 [adult Gl absorption] x 0.00015 x 100%) for Gl
absorption in an adult. For this scenario of large highly soluble particles depositing in the ET region,

absorption into the blood is expected to exceed olfactory transport to the brain by 3 to 30x.

Overall, the expected contribution of olfactory transport to brain Pb concentrations did not justify

inclusion into the AALM’s respiratory module.

1.6. Multi-Path Particle Dosimetry (MPPD) model
As described in Section 1.1, SAB recommended that EPA examine the utility of adapting the MPPD
model to revise the AALM version 2.0 respiratory tract model. Accordingly, the publicly available MPPD
(version 3.04, ©2016)° was used to estimate particle deposition efficiencies for 301 monodisperse
particles equally spaced on a log scale from 0.001 and 100 um for a range of particle densities from 0.5
to 12 g/cm?® for male and female children, adolescents, and adults engaged in a range of activities. The
MPPD simulation results were compiled into six Excel workbooks (AdultMale.xlIsx, AdultFemale.xIsx,
AdolescentMale.xIsx, AdolescentFemale.xlIsx, ChildMale.xIsx, and ChildFemale.xlsx). These six files are
database and computational files used to estimate particle deposition by the respiratory module
workbook. Appendix A.4 describes how the MPPD model was setup to run simulations of particle
deposition that were used to create the particle deposition datasets used in the six workbooks. The
AALM respiratory module workbook (RespDep_17Jun2025.xIsm; described in Chapter 2) computes
particle deposition fractions by interpolation from MPPD model results compiled in the six dataset
workbooks, allowing AALM users to estimate particle deposition without needing to install the MPPD
model and learn how to run it. The remainer of this section provides a brief history of the MPPD model

and comparison of model predictions with human data.

3 The MPPD model can be used to calculate particle deposition and clearance in multiple species. A
description of the model, recent model improvements, and advancements incorporated into the MPPD model are
provided by Miller et al. (2016). For additional information about the MPPD model (Version 3.04) or to obtain a
copy, readers are referred to: http://www.ara.com/products/mppd.htm.

16


http://www.ara.com/products/mppd.htm

The MPPD model was discussed by EPA in the 2004 Particulate Matter Air Quality Criteria Document
(U.S. EPA, 2004). Briefly, the MPPD model, developed by the CIIT Centers for Health Research (formerly

the Chemical Industry Institute of Toxicology, USA) with support from the Dutch National Institute of

Public Health and the Environment, is described in a RIVM report (de Winter-Sorkina and Cassee, 2002).

The MPPD model allows calculation of PM deposition and retention for humans and rats. The model
includes age-specific human lung models, but some parameters are expected to be modified in a newer
version of the model so age-specific results will not be discussed here. At that time, the MPPD model
was capable of estimating deposition in the respiratory tract of humans for a particle size range from
0.01 to 20 um. Section 6.6.4.2.1 of U.S. EPA (2009) provided comparisons between MPPD model
predictions and the LUDEP (Lung Dose Evaluation Program) model.* Relatively good agreement between
the MPPD and LUDEP models was observed for total and regional particle deposition (namely, ET, TB,
and PU) for particles between 0.01 and 10 um in humans during activities of rest and light exercise and

for both nose and mouth breathing. Miller et al. (2016) reviewed recent additions to the MPPD model

that contribute to the ability to conduct cross-species extrapolations of both deposition and clearance.
In 2021, EPA held an external expert peer review and public comment for the EPA Multiple-Path Particle
Dosimetry Model Software (MPPD EPA 2021 v. 1.01) and its associated “Technical Support
Documentation and User's Guide (External Review Draft)” (see:

https://www.requlations.gov/document/EPA-HOQ-ORD-2020-0564-0001). However, neither that

software version, the technical support documentation, nor peer review documents were available to
the public at the time this publication report was completed. As a result, the latest publicly available

MPPD model (i.e., version MPPD 3.04) was used for the AALM respiratory module calculations.

A comparison of the MPPD 3.04 model predictions to experimental measurements for total deposition
in adults is provided in Figure 5. The experimental data were obtained by using monodisperse spherical
test particles in healthy adults during controlled tidal breathing (Vr, 0.50 L; f, 15 min~t) on a mouthpiece.
The experimental ultrafine data are for 11 males (age, 31 + 4 years; FRC, 3911 mL) and 11 females (age,

31 + 4 years; FRC, 3314 mL) from Jagues and Kim (2000). The fine and coarse data are for eight males

(age, 31 £ 7 years; FRC, 3730 mL) and seven females (age, 31 + 6 years; FRC, 3050 mL) from Kim and Hu
(2006). The MPPD (Version 3.04) model used an upper airway volume of 40 and 50 mL for males and

females, respectively, and the FRC from studies to predict particle deposition.

4 LUDEP implements the ICRP (1994) approach to estimate particle deposition in the human respiratory tract.
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Figure 5. Comparison of MPPD total deposition predictions and experimental
human data.

1.7. Existing models of human Pb inhalation exposures
Several models have been developed that combine estimates of particle deposition within the
respiratory tract, estimates of Pb absorption into the blood, and a PBPK model to estimate associated
levels of Pb distributed throughout body tissues. Pharmacokinetic models that may likely be compared
to the AALM are the EPA’s Integrated Exposure Uptake Biokinetic (IEUBK) Model for Pb in Children, the
California Environmental Protection Agency (CalEPA) Leggett+ model, and the U.S. Department of
Defense (DoD) model. These models are briefly discussed in Chapter 6 (Mimicking Absorption
Approaches of other Models) of this document. Particle size distributions of Pb aerosols observed in the
workplace as summarized in CalEPA (2013) are included in Appendix A.1. The ICRP (2017)
recommendations for estimating Pb absorption from particles deposited within the respiratory tract are

also discussed in Chapter 6.

2. AALM Respiratory Module

The purpose of this chapter is to show users how to use the respiratory module workbook and to enter

parameters (namely, aerosol deposition fractions and first-order dissolution rates) into the AALM. The
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estimated particle deposition fractions and first-order rate constants for movement into plasma are
entered into the AALM user interface along with aerosol concentration and respiratory intake rates as
well as Pb intake from other sources (e.g., water, diet, dust) for overall pharmacokinetic calculations of
Pb distribution among body tissues. Chapter 3 describes how aerosol deposition fractions and the
median particle size deposited in each region of the respiratory tract are calculated by the respiratory
module workbook. Calculations of particle dissolution or particle clearance from the respiratory tract

(discussed in Chapters 4 and 5, respectively) are done by the AALM.

The AALM respiratory module workbook for particle deposition and dissolution calculations is
RespDep_17June2025.xlsm (more recent dates reflect newer versions of the workbook). This Excel
workbook has been tested exclusively on computers with a Microsoft Windows operating systems. The
workbook has not been used or tested on other systems (i.e., Apple, Linux) at this time. Users may save
versions of this workbook to other filenames and complete simulations and/or store them for record
keeping purposes. This workbook can be used from any computer folder that is accessible to users as
long as the file is accompanied by six workbooks that are used for computational purposes. These six
files are 1) AdultMale.xlsx, 2) AdultFemale.xlsx, 3) AdolescentMale.xlsx, 4) AdolescentFemale.xlsx, 5)
ChildMale.xlIsx, and 6) ChildFemale.xIsx. These six files are database and computational files used to

estimate particle deposition.

Figure 6 shows the AALM respiratory module worksheet to input exposure conditions (e.g., person’s sex
and activity and aerosol parameters). After entering the sex and lifestage (i.e., adult, adolescent, or
child), up to three different activity patterns may be considered as part of an individual’s exposure
scenario. The aerosols to which the hypothetical individual is exposed to may differ among the activities.
This is intended to allow for consideration of occupational exposures where aerosols and activities may

differ depending on what tasks are being performed.

The hypothetical scenario in Figure 6, is a complex case where an adult male was exposed to three
different types of aerosols during three activities over a workday. The occupational exposure was
assumed to consist of 4 hours of sitting, 3 hours of light exercise, and 1 hour of heavy exercise. This
scenario is not meant to represent an actual workplace, but densities were chosen to be those of pure
Pb particles (11.35 g/cm?), Pb acetate (3.25 g/cm?3), and either Pb(ll) chloride, Pb(Il) chromate, Pb iodide,
or Pb(ll) sulfate (6 g/cm?). This range of densities is displayed to highlight that some information related

to the form of lead should be known since it affects dissolution (see Chapter 4, Table 4).

19



A B c D E F

1 |Edit BLUE cells to set up an exposure scenario

2

3 |Sex Male

4 |Age Adult Total Duration

5

6

7 |Activity 1 Sitting for 4.0 h/day
8 Aerosol 1a Aerosol 1b Total

9 Conc (ug-Pb/m?) 10.0 0.0 0.0

10 MMD (um) 1 1

11 GSD

12 Density (g/cm®)

13 | Dissolution {g/cm?/day)

14 Dp range, pm|::

15

16 Activity 2 LightEx for 3.0 h/day
17 Aerosol 2a Aerosol 2b

18 Conc, pg-Pb/im® 10.0 0.0

19 MMD (um) 4 4

20 GSD

21 Density (g/cm®)

22 | Dissolution (g/cm?/day) _

23 Dp range (pm) .

24

25 |Activity 3 HeavyEx for 1.0 h/day
26 Aerosol 3a Aerosol 3b Total

27 Conc. pg-Pb/m? 10.0 0.0 0.0

28 MMD (um) 5 4

29 GSD

30 Density (g/cm®)
31 | Dissolution (g/cm?/day) _

32 Dp range, pm|::

Figure 6. AALM respiratory module
Exposure Scenario tab
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Within the spreadsheet, users should only edit
cells with a BLUE font within the “Exposure
Scenario” and “Dae<-->De” tabs. Drop down
menus in the Exposure Scenario tab allow
selection of the sex (Cell B3) and age (Cell B4)

of the individual being considered.

Users may specify up to three separate
activities (Cells B7, B16, and B25) within a day
for a specified number of hours (Cells E7, E16,
and E27) to simulate any portion of a day up to
24 hours (total hours appears in Cell E5). For a
duration of less than 24 hours, the remaining
time is assumed to have no exposure. The
contribution of any activity parameters is
zeroed out by setting the number of h/day to

Z€ero.



Aerosol parameters entered by the user are aerosol concentration, mass median diameter (MMD),
geometric standard deviation (GSD) of the lognormal aerosol distribution, particle density, and particle
dissolution rate. Aerosol deposition fraction calculations based on MPPD simulations are truncated at
physical particle diameters of 0.001 and 100 um, the maximum range available in the MPPD model. If
the combination of MMD and GSD results in particle diameters below this range a warning is displayed.
Deposition fractions are still estimated but mass associated with particles <0.001 pm is considered
negligible and ignored in calculations. For particles >100 um in physical diameter, the respiratory
module workbook calculates particle inhalability in the same manner as the MPPD model (see Section
1.4). The mass of >100 um in physical diameter that are inhaled is added to ET deposition. The GSD can
be varied between 1.01 (monodisperse) and 10. Reported aerosol distributions for several occupational
settings are provided in Appendix A.1. Density can be varied within the respiratory module spreadsheet
between 0.5 and 12 g/cm?®. Particle densities for Pb particles may range from 3.25 g/cm? for Pb acetate
to 11.34 g/cm? for pure Pb particles see Table 4.2 of ATSDR (2020). An internet search for specific forms
of Pb can also be done to search for appropriate particle densities. Dissolution rates may vary between
10~* g/cm?/day (highly soluble, dissolution of 1 um particles in hours), 10~ g/cm?/day (moderately
soluble, dissolution of 1 um particles in days), to 10~" and 10 g/cm?/day (poorly soluble, dissolution
0.3% to 0.1% of 1 um particles per day). Table 9.2 of ICRP (2017) recommends a Fast classification
(highly soluble) for most forms of lead Pb (i.e., lead Pb dichloride, dibromide, difluoride, hydroxide,
nitrate, and oxide) when other information is lacking except for mineral dusts containing lead Pb that
should be classified as Slow (poorly soluble). The results in Section 7.2 suggest that within the range of
high to moderate solubility is appropriate for some Pb oxides to not overestimate or underestimate
blood Pb levels. A second aerosol can be run for each activity, but this aerosol will have the same density
and dissolution as the first aerosol. Particle sizes indicated as count median diameter (CMD) or mass
median aerodynamic diameter (MMAD), may require the “Dae<-->De” tab to convert to MMD.
However, the MMD equals the CMD for monodisperse aerosols and the MMD equals the MMAD for

aerosols (mono- or polydisperse) of unit density (i.e., 1 g/cm3).

Calculate Deposition | After setting up an exposure scenario, the text in Cell H8 will read, “Inputs
Fraction and

Dissolution Rates changed, must RERUN”. This is indicating that users should press the macro

] button covering Cells H4:17 as illustrated in Figure 7 to run a simulation. The
Figure 7. Macro

macro typically takes less than 10 seconds to run. After the run is complete,
button to calculate typically p

21


https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/10228661
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/7263584

text under the macro button should read, “Output valid for use”. This text indicates that the output
data, illustrated in Figure 8, are ready to enter in the AALM User Interface.
Below boxes contain results for AALM inputs Breathing conditions are provided, as illustrated to

Breathing conditions
Vi, L f #/min B. m*h B, m¥/day

the left, for user convenience. The last column, the

Activity 1 0.750 12 0.54 2.16]  daily volumetric intake of air should be entered in
Activity 2 1260 20 1.50 450 . .
Activity 3 1923 2% 3.00 300f the AALM User Interface, Media tab, as the intake

rate for the period of exposure.

Deposition Output

Deposition Fractions Deposition output consists of the deposition fraction
ET 8 PU Total | in each region (i.e., ET, TB, and PU) of the respiratory
Activity 1 0383 0.119 0.229 0.73
Activity 2 0519 0.091 0119 0.73 tract for each activity. These parameters must be
Activity 3 0.697 0.105 0.034 0.84

entered by users into the AALM User Interface, Lung

tab.

Dissolution Output

ET B PU
Activity 1 GM Dp (um)  1.255 1.134 0.941

Dissolution rate (day”) 5.33E03 ~ 5.90E03 T.11E-03 | particle size depositing in each respiratory region for

Activity2 GMDp (um)  5.570 3.939 2138 ) ) )
Dissolution rate (day”) 419E-03 593803 10902 | Informational purposes and the first order

Activity 3 GMDp(um)  5.230 3.287 1.875
Dissolution rate (day”) 2.36E-03 3.75E-03 6.67E-03

Figure 8. AALM respiratory module
Output screenshot Lung tab.

Dissolution output consists of the geometric mean

dissolution rate in each region. The dissolution rates

must be entered into the AALM User Interface,

If an activity is not used (e.g., concentration or time set to zero), then output will be grayed out.

As noted above in relation to Figure 8, daily ventilation rates, particle deposition fractions, and
dissolution rates will be entered into the AALM to run a simulation. When the AALM User Interface file is
opened, users will see the Simulation Setup tab (Figure 9). The simulation name by default is
“SimName”. An import file “Input_RM_Ch2.txt” can be used to populate all inputs in the AALM and
reproduce this example scenario. After loading the import file, the simulation name will be changed to
“Input_RM_Ch2". The simulation is set to end at 80 years. The Air and Other pathways are set to “Yes”
as media to be considered in the simulation, whereas all other media are set to “No”. Air has been set to
have 3 sources (one for each activity) and 6 periodic time masks (times when the air exposures are
suspended) which will be explained when in conjunction with the Media tab (Figure 10). There is 1
source for the Other media and no masks. After making changes to the Simulation Setup, users should

press the <Go to Media> button.
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W)

All Ages Lead Model (AALM) )

Reset

Import

Simulation Setup

Simulation Name|SimMName ‘ ‘ % ;iﬂ:: :iz ‘
1. Set Base Parameters Select to see advanced time options: W
Age at end (yrs) 90 @
Sex Male @
2. Set Growth and Physiclogy
" o)
Adjust growth parameters? MNo (default) )
Adjust physiology parameters? No (default) @
3. Set Active Media
Number of
Media ";")“ubr‘;';' Periodic
"Time Masks"
%)
Soil No 0 o |® o to Med
Dust No 0 0 @ @ to Viecia
Water No 0 0 @)
Air Yes 3 8 @ Go to Lung
Food No 0 0 @
™y
Other Yes 1 0 @ )
Solution type Forward (j)
Stepwise or Interpolated? Stepwise C’
Linear or Non-linear RBC? Non-linear RBC (D

Run Simulation

Figure 9. AALM User Interface

Media tab (Figure 10) is used to enter exposure concentrations, intake rates, and bioavailability for each
media being considered. Breathing condition results (namely, the sum of daily intakes for the activities)
from Figure 8 will be entered in the media tab. For Air, there are only three ages for this simulation. This
sets up a simulation for which air Pb will be 0.0 pg/m?2 from birth to 20 years. From 20 to 40 years of age,
there will be three aerosol sources, each having a concentration of 10 ug/mé3. The three aerosol
exposures will not occur two days a week (i.e., they are masked out on the 6" and 7" days of the week)
as set by Mask #1-3. There will also be a month without exposure each year as set by Mask #4-6. The air
intake rate of 9.66 m®/day from age 20-40 years is the sum of intakes by activity in Figure 8 (i.e.,
9.66=2.16+4.5+3.0) and the fraction by source (which should sum to one) is entered (e.g., for Source 1,

0.2236=2.16/9.66). The relative bioavailability (RBA) for aerosol cleared to the Gl tract was set to 1 (See
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Section 6.4, Type F particles) but could be set considerably lower for particles with moderate or slow
dissolution rates (see Appendix A.6 examples). The daily intake of 6.58 pg/day for the Other media was
selected to give a background blood Pb of 0.5 pg/dL at 20 years of age. After entering these data, press

the <Done> button to return to the Simulation Setup tab (Figure 9).

Media Sources, Intakes, and Relative Bioavailabilities

? )
Masking Help Reset Done

Air
Concentration (ug/m®) | Number of Ages Ages (years) 0 20 40
3 Source 1 0 10 0
Source 2 0 10 0
Source 3 0 10 0
) First day Last day
Mask # Source Period (days} blocked blocked
1 1 7 6 7
2 2 7 6 7
3 3 7 6 7
4 1 365 336 365
& 2 365 336 365
6 3 365 336 365
Intake MNumber of Ages Ages (years) 0 20 40
3 Intake (m*/day) 0 9.66 0
Fraction, Source 1 1 0.2236 1
Fraction, Source 2 0 0 4658 0
Fraction, Source 3 0 0.3106 0
[RBA RBA, Source 1 1
RBA, Source 2 1
RBA, Source 3

Other

Clear Other

Intake (ug/day)

MNumber of Ages Ages (years)
1 | Source 1 | 6.58 |

[RBA [ RBA Source1 | 1 |

Figure 10. Media tab

Continue the simulation setup by pressing the <Go to Lung> button which takes you to the Lung
Parameters tab (Figure 11). “Source” in Figure 11 is equivalent to “Activity” in Figure 6 and 8. The
deposition fractions and dissolution rates for each activity and region of the lung are entered by the user
into the Lung Parameters tab as illustrated in Figure 11. The loss rate (i.e., dissolution rate) from the
interstitial region to plasma is assumed to be equal to that from the alveolar region to plasma. The rates

of clearance from the extrathoracic region to the stomach (RLETstom, 100 day™?), the tracheobronchial
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region to the extrathoracic region (RLTBET, 2.77 day™), the alveolar region to the tracheobronchial
region (RLalvTB, 0.002 day?), and the alveolar region to the interstitial region (RLintPlas, 0.001 day?)
are default values that should not be altered by users. After entering these data, press the <Done>

button to return to the Simulation Setup tab (Figure 9), then press the <Run Simulation> button.

X

Lung Parameters

Clear All Done
Variable Unit Source 1 Source 2 Source 3 Description
DepFracLET f 0.383 0.519 0.697 |Fraction of inhaled aerosol deposited in Extrathoracic region.
DepFracl TB f 0.119 0.091 0.105|Fraction of inhaled aerosol deposited in Tracheobronchial region.
DepFracLalv f 0.229 0.119 0.034|Fraction of inhaled aerosol deposited in Alveolar region.
RLETplas| 1/day 5.33E-03| 4.19E-03| 2.36E-03|Loss rate from Extrathoracic region to plasma.
RLETstom| 1/day 100 100 100|Loss rate from Extrathoracic region to Gl tract (stomach).
RLTBplas| 1/day | 5.90E-03| 5.93E-03| 3.75E-03|Loss rate from Tracheobronchial region to plasma.
RLTBLET| 1/day 277 277 2 77|Loss rate from Tracheobronchial region to Extrathoracic region.
RlLalvPlas| 1/day 7.11E-03| 1.09E-02| 6 57E-03|Loss rate from Alveolar region to plasma.
RLawLTB| 1/day 0.002 0.002 0.002|Loss rate from Alveolar region to Tracheobronchial region.
RlLalvLint| 1/day 0.001 0.001 0.001|Loss rate from Alveolar region to Interstitial region.
RLintPlas| 1/day 7.11E-03| 1.09E-02| 6 57E-03|Loss rate from Interstitial region to plasma.

Figure 11. Lung Parameters Tab (moderate solubility)

After selecting to run a simulation, users are warned that the Output Selection

AALM data will be overwritten with the results of the new run. Please select the outputs of interest:

Press <Ok> to continue. The “Output Selection” screen (Figure
12) will appear after the run is completed.
Allowable Concentration

Figure 12. Output Selection

To see simulation results, users should open the “AALM_ExploreData.xlsm” workbook. At the upper
right corner of screen, press the <Update> button to load the results from the most recently run
simulation. Near the top of the Explore Data tab, a graph of blood lead will be shown along with
statistics to the right of the graph (Figure 13). Users may edit the pale-yellow colored cells. In this
simulation, the average blood Pb from age 35 to 40 years is 7.31 ug/dL. For this average blood Pb, there
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is a 25.2% chance of exceeding 10 pg/dL (assuming a blood Pb GSD of 1.6). Prior to the air exposure, the
blood Pb was 0.5 pg/dL at 20 years.

Importance of RBA: In Figure 10, the RBA for particles cleared to the Gl tract was set to 1.0. For this

scenario, absorption from the Gl tract contributes 3.09 pg/dL (or 42%) of the blood Pb at ages 35 to 40
years. Described in Section 6.4, the RBA should be 0.333 (i.e., 0.04 + 0.12; ICRP recommended + AALM

adult Gl absorption) for moderately soluble particles based on Table 9.2 of ICRP (2017). Decreasing the
RBA from 1.0 to 0.333, decreases the average blood Pb for ages 35 to 40 years from 7.31 pg/dL to 5.26
pg/dL. This shows the importance of considering the RBA for scenarios that result in a large portion of

the inhaled aerosol being deposited in the head. Further decreasing the RBA to zero, decreases the

average blood Pb for age 35 to 40 years to 4.24 pg/dL.

Importance of dissolution rate: The simulation shown in Figure 13 is for moderately soluble particles

with a dissolution rate of 1x10° g/cm?-day (see in Figure 6). If the dissolution rate is changed to that of
highly soluble particles with a dissolution rate of 1x10* g/cm?-day (i.e., 2-orders of magnitude faster
than in Figure 6), the rates of movement into the plasma increase by 2-orders of magnitude (e.g.,
RLETplas for Source 1 in Figure 11 changes from 5.33E-03 to 5.33E-01 day™?) as illustrated in Figure 14.
After running the simulation with the faster dissolution rate, predicted blood Pb levels (Figure 15)
increase relative to those predicted for the slower dissolution rate (Figure 13). The average blood Pb
from age 35 to 40 years is 8.60 pg/dL (37.4% chance of exceeding 10 pg/dL) if the faster dissolution rate
is assumed (Figure 15) and 7.31 pg/dL (25.2% chance of exceeding 10 pg/dL) if the slower dissolution
rate is assumed (Figure 13). The effect of dissolution rate on blood Pb levels is also illustrated in Section

7.2.1 (see Figures 42-47).

Three additional examples demonstrating how data are entered into the respiratory module

spreadsheet and into the AALM user interface are provided in Appendix A.6.
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5.000 = Bloed Pb for Age Range Blood Pb not to
Start (yrs) End {yrs) GSD|exceed (pg/dL)
8.000 1 35 40 16 10
= 7.000 Average (ug/dL) 7.31 < 25.2|% exceeding
% 6.000 4 Minimum (pg/dL) 6.12
o -
= 5.000 Maximum (pg/dL) T.77
m
5 4.000 4 Blood Pb at a Specific Age Blood Pb not to
-§ 3.000 Age Blood Pb GSD|exceed (pg/dL)
@ 2.000 A (yrs) (pg/dL) L6 5
1.000 4 20 0.500 <« 0.0|% exceeding
0.000 T T T T 1 Area Under Blood Pb Curve (AUC)
15.0 25.0 35.0 45.0 55.0 65.0 Age Range AUC
Start (yrs)| End {yrs) (pg/dL*yr)
Age (years) 3] 0 3653

Figure 13. Blood lead graph and statistics (moderate solubility)

X

Lung Parameters Clear Al Ll

VELETIE Unit Source 1 Source 2 Source 3 Description
DepFracLET f 0.383 0.519 0.697|Fraction of inhaled aeroscl deposited in Extrathoracic region.
DepFraclL TB f 0.119 0.091 0.105|Fraction of inhaled aeroscl deposited in Tracheobronchial region.
DepFraclLalv f 0229 0.119 0.034|Fraction of inhaled aerosol deposited in Alveolar region.
RLETplas| 1/day 5.33E-01] 4.19E-01] 2.36E-01[Loss rate from Extrathoracic region to plasma.
RLETstom| 1/day 100 100 100|Loss rate from Extrathoracic region to Gl tract (stomach).
RLTBplas| 1/day 5.90E-01| 5.93E-01| 3.75E-01|Loss rate from Tracheobronchial region to plasma.
RLTBLET| 1/day 277 277 2.77|Loss rate from Tracheobronchial region to Extrathoracic region.
RLalvPlas| 1/day 7.11E-01]|1.08E+00| 6.57E-01[Loss rate from Alveolar region to plasma.
RLawlLTB| 1/day 0.002 0.002 0.002|Loss rate from Alveolar region to Tracheobronchial region.
RLalvLint| 1/day 0.001 0.001 0.001)Loss rate from Alveolar region to Interstitial region.
RLintPlas| 1/day | 7.11E-01{1.09E+00{ 6 57E-01[Loss rate from Interstitial region to plasma.

Figure 14. Lung Parameters Tab (high solubility)

10.000 - Blood Pb for Age Range Blood Pb not to
5.000 - Start (yrs)| End (yrs) GSD|exceed (pg/dL)
' 35 40 L6 10
-_ 8000 4 Average (ug/dL) 8.60 « 37.4[% exceeding
% 7.000 1 Minimum (pg/dL) 5.68
2 6.000 4 Maximum (pg/dL) 9.26
-
@ 5.000 -
3 4,000 4 Blood Pb at a Specific Age Blood Pb not to
-g 3.000 - Age Blood Pb GSD|exceed (pg/dL)
@ (yrs)| (pg/dL) 1.6 5
2.000 4
1000 20 0.500 < 0.0]% exceeding
0.000 T T T T 1 Area Under Blood Pb Curve (AUC)
15.0 25.0 35.0 45.0 55.0 65.0 Age Range AUC
Start [vrs}| End (yrs) (ug/dL*yr)
Age (years) 35 10 4301

Figure 15. Blood lead graph and statistics (high solubility)
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3. Inhalation Dose Rates

For ease of use and flexibility to handle complex exposure scenarios of employees in the occupational
setting, or the general public in a home or other setting, we afforded the AALM respiratory module
workbook the capability of handling exposures of children, adolescents, and adults. The exposure of a
hypothetical individual could occur at any of three activity levels (sitting, light exercise, and heavy
exercise). At each activity level, the respiratory module is capable of simulating dose rates of one or two
aerosols composed of particle sizes that are lognormally distributed. This section describes how particle
deposition fractions and the median particle size deposited in each region of the respiratory tract are

calculated in the AALM respiratory module.

The height of the density function (df;;«) at a particle size interval (di;«) for lognormal aerosol
distribution (k) to which a person may be exposed while engaged in some level of activity (j) is given by

Equation 6.

Cdyj,k' 99k exp| — (ln(di'j'k) —In (dgj,k))2
dijxIn (Ugj,k) Var 2In (ng.k)z

dfijrx = dd;

Equation 6
Where: Co|gj g is concentration in micrograms of Pb per cubic meter (ug/m?3) of air for an aerosol

distribution having a geometric mean of dgj . and geometric standard deviation of O and dijxisa

particle size at some interval (i) within that distribution (see Eq. 2), and ddi;« is a differential interval of

particle size (U.S. Department of Commerce, 2023; Hinds, 1999).5°

The cumulative distribution function (i.e., the integral) of Eg. 6 does not exist in a simple closed formula
and as such is computed numerically. Three approaches were used to numerically estimate the
micrograms of Pb per particle size (Md;;x) within an aerosol distribution. The first approximation is given

by Equation 7, which is the product of the height of the distribution and the width of a size bin.

5 Given by Eq. 4.42 in Hinds (1999) and specified in Section 1.3.6.6.9 of U.S. Department of Commerce
(2023). It should be noted that Eq. 4.42 was for an aerosol count distribution. Since the oq4 of a lognormal aerosol
size distribution is the same whether expressed by count or mass, Eq. 4.42 can also be applied to the mass
distribution.

6 The parameter ddi;« is set to one in Eq. 6 to obtain the height of the distribution and applied in Eq. 7 as di;x
minus di-jx to estimate the mass within between these two particle sizes.
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Mdi.j.k = dfdgj.k"’gj.k (di’j'k B di_l’j’k)

Equation 7

The second approximation, which is the preferred approach used in the respiratory module workbook,
used the Excel function NORMDIST, which directly estimates the cumulative distribution for a normal
distribution. The general formula entered into Excel is provided in Equation 8, which is the cumulative

distribution at d;j minus the cumulative distribution at di; k1.

Mayy, = Cay oy, * [NORMDIST (in(d; ), 1n (dy,, ) . 1n (0, ), TRUE) —
NORMDIST (In(d; j-1), In (d,, ), 1n (05, ), TRUE) |
Equation 8

Where: Cdgj,k’ogj,k is the concentration micrograms of Pb per cubic meter (ug/m?3) of air as in Eq. 6 and

TRUE is a logical function used in the formula to return the cumulative fraction of a normal distribution

at In(dijx) and In(di;«-1) given a mean and standard deviation of In(dgjyk) and |”(°gj,k)' respectively.

The third approximation estimated the particle size associated with each fraction (namely 0.005) of the
particle size distribution from the 0.005 to the 0.995 percentile of the aerosol distribution using Eq. 2.
This method was only used for unimodal aerosol distributions to compare with calculations done using
Eq. 8.

In the AALM respiratory module, we allowed users to enter up to three activities and up to two aerosol
size distributions per activity. The density of particles and the dissolution rates could be varied among

the three activities. For any activity (j), there could be two aerosol distributions (k) with their own dgj,k
and O with a resulting mass deposition rate (Mr,di_j) of Pb in pg/day in each respiratory region r (i.e.,

ET, TB, PU) as given by Equation 9.

3

60 min\
. m min
Mra,; = Ve <1ooo L>f ( hr )t ; PlraejeMa

Where: DFr,dij . Is the deposition fraction of particle size dix in region r of the respiratory tract for the /"

Equation 9

activity and k' distribution, Vr is tidal volume (liters), f is breathing frequency (min), t is the number of

hours per day that a person is exposed to an aerosol at a specific activity level (see Table 2), and the
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parentheticals are unit conversion factors. In Equation 10, the overall mass deposition rate (Mr,j) of Pb

in each region or activity level is simply the sum of rates across all particle sizes d;; for that region.

. n .
M.; = z Mr,dij
i=1 "

For the j* activity, the overall deposition fraction (DFr’j) in each respiratory tract region is Mr_ ; divided

Equation 10

by the total inhaled mass as given by Equation 11.

M. :
DE; = N/ i '
) m 60 min\ «,
Vr (1000 L)f ( hr )Zk:lcdgj.k’agj.k

As described within Appendix A.4, the publicly available MPPD (version 3.04, ©2016)’ was used to

Equation 11

estimate DFr,di,- in each region of the respiratory tract for 301 monodisperse particles equally spaced on

a log scale from 0.001 and 100 pm in physical diameter at particle densities of 0.5, 1, 2, 3,4,5,6, 7, 8, 9,
10, 11, and 12 g/cm? for each activity, age, and sex in Table 2. For particles <0.001 pm in physical
diameter, mass is generally negligible, and they are ignored in deposition fraction calculations. For
particles >100 um in physical diameter, the respiratory module workbook calculates particle inhalability
in the same manner as the MPPD model (see Section 1.4). The mass of particles >100 um in physical
diameter that are inhaled is added to ET deposition. All simulations used an “Oronasal-Mouth Breather”
breathing scenario (also termed as Breathing Habit). This breathing scenario (Table 3) was chosen since
it is more conservative (greater particle deposition in the lower respiratory tract (i.e., TB and PU regions)
than nasal or oronasal-normal augmenter breathing scenarios. Particle density was allowed to vary
among the activity levels. For each aerosol distribution, the 0.01-percentile and 99.5-percentile were
estimated by Eg. 2. The smallest 0.01-percentile and the largest 99.5-percentile were set as the
calculation limits for first and second approaches to estimate Mdijx (i.e., Eq. 7 and 8, respectively). The
interval between the dij« limits was divided into 300 equally spaced d;; units on a log scale. Linear

interpolation was used to estimate DFI’,dij , for di;« between those particle sizes for which MPPD

deposition fraction estimates were available. Linear interpolation was subsequently used to estimate

" The MPPD model can be used to calculate particle deposition and clearance in multiple species. A
description of the model, recent model improvements, and advancements incorporated into the MPPD model are
provided by Miller et al. (2016). For additional information about the MPPD model (Version 3.04) or to obtain a
copy, readers are referred to: http://www.ara.com/products/mppd.htm.
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DFr,di,j,k for particle densities between those for which MPPD estimates were calculated. Appendix A.5

shows close agreement between deposition fractions predicted by the MPPD and those estimated by

the AALM respiratory module.

For particle dissolution calculations (described in Chapter 4), the initial median particle size (dnitia)
depositing in each respiratory tract region was estimated in two manners at each activity level. First, the
drjinitial in €aCh region was estimated as the e(™eePY where the intercept was for In(d;j) regressed

against the z-values of the of the cumulative fraction of Mr,dij reached at particle size di;. Second, the dij
at a z-value of zero for the cumulative fraction of Mr,di_j was taken to be the dniial in €ach region. A

comparison of these two techniques is illustrated in Figure 16.

Figure 16. Particle sizes depositing in the pulmonary region of the respiratory
tract in an adult male inhaling an aerosol (MMD=4 um, 64=2, density=1 g/cm?)
while sitting at rest.
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Figure details: The Z-values are for the cumulative probability of particle mass depositing in the
pulmonary region for particle sizes less than the diameter indicated on the y-axis. The thick black dotted
line shows individual particle sizes (di,j) and the thin black line is the fitted lognormal.
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As illustrated in Figure 16, due to some leveling off above the 99" percentile (z=2.33) of the deposited
di; in the pulmonary region on log-probability plot, the regressed dinital (2.9 pm) was lower than the
drjiniti (3.4 um) based on d;; at a z-value of zero for the cumulative Mr,di_j- The “leveling off” of the
deposited particle distribution occurred in all respiratory tract regions but was particularly apparent in
the pulmonary region. This leveling off is likely due to very few larger particles reaching and depositing
in this region. Although a 10 um particle is at the 90.7 percentile of the aerosol distribution that a
person is exposed to in Figure 16, it is at the 99.4 percentile (z=2.51) of the particle distribution
becoming deposited in the pulmonary region. Accordingly, the deposited d;; at a z-value of zero for the

cumulative Mdpi was taken as the best estimate of the d;nitia-

4. Particle Dissolution Rates

The materials presented here are largely from Brown and Diamond (2023), who derived the dissolution

rates for use in physiologically based pharmacokinetic (PBPK) models. In general, dissolution is a
function of particle surface area divided by particle volume or mass, i.e., dissolution is inversely

proportional to the physical diameter of particles. The approximate fraction dissolved per day (fdr,j,initial)

of particles having an initial median particle size d:jnitia in cm deposited in a region r of the respiratory

tract while individuals were involved in j level of activity can be estimated by Equation 12.

2
f —k T[dr,j,initial — 6k1/
v = K 3 =
dr,jinitial — J mp;dy i mitial Pidr j initial
6

Equation 12
where: k;is the dissolution rate (g/cm? particle surface area per day) and p; is particle density (g/cm?3)

based on Kanapilly et al. (1973), Mercer (1967), and Section E.2.2.1 of ICRP (1994). Note that and p; is

particle density, i.e., not adjusted for the amount of Pb in a specific compound. Because Co|gj O in

Equations 6-8 (see Chapter 3) is the concentration in micrograms of Pb per cubic meter (ug/m?) of air,
the mass deposition rate (Mr,ai,,-) to, retention (or burden) in, and, clearance and dissolution from each

respiratory region are for Pb itself.
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Particle dissolution rates increase over time since as particles dissolve, they become smaller and their
surface area per mass increases. ® Expressing the relationship in Equation 12 as a differential equation

for particle mass remaining gives Equation 13.

dm dm 3 2
dar Egpdr,initial - _kﬂdr,initial

Equation 13
Rearranging and expressing as a differential equation for particle diameter gives Equation 14.
%%pdg,initial = %pdz,initial % = —knd7 imitial
Equation 14
The solutions for instantaneous particle size, remaining particle mass, and dissolution rate over time in

each lung region are given by Equations 15, 16, and 17, respectively.

2k
dr (t) = dr,initial - Ft

Equation 15
n 2k \3
m(t) = gp (dr,initial - 7 t)
Equation 16
2
dissolution(t) = km (dr’im.tial — %k t)
Equation 17

Although it is possible to solve for instantaneous particle parameters in Equations 15-17, we
approximate this relationship using first-order dissolution rate constants for several reasons. First, the
use of first-order dissolution rates is consistent with the use of first-order mass transfer rates among
lung compartments in models of lung clearance, see Annex E of ICRP (1994) and Annex A of ICRP (2015).
Second, as reviewed in Section 4.3.1.3 of U.S. EPA (2019), macrophage related alveolar particle

clearance and particle movement across the epithelium into interstitial space and lymphatics are

8 This statement assumes that unlike an in vitro test of particle dissolution where the concentration of the
solute will increase in solution with dissolution (i.e., thereby slowing the rate of dissolution), the lung is dynamic
with the solution (i.e., epithelial fluid) being replenished and the solute diffusing down gradient away from the
proximity of particles. Perhaps more importantly, this statement also assumes an initial Pb fast dissolution from
particles is not due to Pb loosely bound in the particle structure, whereas subsequent slower dissolution is from a
form of Pb more tightly bound into the particle structure.
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dependent on particle size. Third, as discussed in Section 4.3.1.2 of U.S. EPA (2019), clearance kinetics of
the tracheobronchial region are based on experimental studies that lack resolution with regard to the
anatomical site of particle deposition and particle size related effects on clearance are a subject of
debate. Fourth, it is unknown how particle clearance mechanisms would affect the time-dependent size
distribution of particles available for dissolution over time. Accordingly, we derive first-order dissolution

rates as described below.

The time (ts4c) for a particle to reach a specific fraction of mass remaining (mys.c) of greater than zero is

given by Equation 18.

_P 1
tfrac - ﬁdr,initial 1- _1/3

mfrac

Equation 18

Assuming that a particle is not cleared from a lung region, the time to reach zero particle mass
remaining by dissolution is obtained from Equation 18 by setting the parenthetical to one. Note that
within Equations 12-18, particle diameter must be converted from pm to cm for consistency with the

units of k and p.

First-order dissolution rates (A;) for particles were calculated for fractions of mass remaining from 0.01

to 0.99 by Equation 19.

_ —In(myrac) /
/lr - tfrac
Equation 19

First order dissolution rates (A;) were calculated for fractions of mass remaining from 0.01 to 0.99 as

-In(fraction remaining) divided by the time to reach that fraction of mass remaining.

Goodness of fit (r?) for first-order dissolution rates estimated by Equation 19 were then calculated
relative to the particle mass remaining over time from Equation 16. The r? values were calculated as the
model sum of squares (MSS) divided by the total corrected sum of squares (TSS). The MSS equals the
TSS minus the residual sum of squares (RSS). In typical linear regressions, when a model is fitted to a
data set, the resulting > must be nonnegative since the least square fitting procedure assures RSS < TSS.
When r? is computed on excluded data (i.e., data not used to fit the model), RSS can exceed the TSS. In
this case when RSS>TSS, r? (which is not the squared number) can be negative, indicating that the mean

of the data is a better predictor than the model. Figure 17 shows the goodness of fit for first-order
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dissolution rates based on time to indicated fractions of particle mass remaining relative to estimated
particle dissolution over time. The goodness of fit was maximized by estimating the first-order

dissolution rate at 23% of initial particle mass remaining.
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Goodness of Fit (r?)
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Fraction of Original Particle Mass Remaing

Figure 17. Optimization of Fit for Dissolution First-Order Rate Constant

Figure 18 illustrates particle mass remaining over time (calculated by Eq. 16) and predicted mass
remaining based on first order dissolution rates (calculated by Eq. 19) estimated based on the time
(calculated by Eq. 18) to reach 50%, 23%, and 2.5% in the initial mass remaining. While the first-order
dissolution rate at 50% mass remaining well captures early rates of dissolution, it badly underestimated
dissolution at later time points. Conversely, the estimated first-order dissolution rate at 2.5% mass
remaining well captures dissolution at later time points, but greatly overestimated dissolution occurring
at earlier time points. The first-order dissolution rate at 2.5% mass remaining was nearly identical to an
exponential decay fitted with a fixed intercept of 1.0 to the mass remaining curve versus time. Based on
Figures 17 and 18, we used the first-order dissolution rate based on the time to 23% remaining to best
capture overall dissolution rates as particle size changed over time. Optimization at 23% mass remaining

is invariant to particle size, density, and dissolution rate.
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Figure 18. Remaining particle mass over time for an initial particle size of 0.5 um
with p = 3.0 g/cm® and k = 1x10° g/cm?-day.

Table 4 shows the time to reach 23% of d.,niia Mass remaining as a function of initially deposited
particle size and dissolution rate. A highly soluble 10 pm particle with a dissolution rate of 1x10* g/cm?-
day dissolves to only 23% initial mass remaining in the same amount of time as a moderately soluble 0.1
um particle with a dissolution rate of 1x10 g/cm?-day. It is clearly important to consider the particle
size depositing regions of the respiratory tract, especially the PU region where retention periods are the
longest. Thus, we describe dissolution rates between 1x10- and 1x10* g/cm?-day as highly soluble
(dissolution of 1 um particles in hours), between 1x10° and 1x10° g/cm?-day as moderately soluble
(dissolution of 1 um particles in days to months), and between 1x107 and 1x108 g/cm?-day as poorly

soluble (dissolution 1 um particles per years to decades).

In several publications, the ICRP has recommended breaking particle classes into fast (F), moderate (M),
and slow (S) rates of dissolution. The ICRP (2015) recommends in /58 that most elements be classified
as Type M since it is the least likely to largely over- or under-estimate dissolution and absorption into
the blood. Type M classification for Pb was recommended in Table A17 of ICRP (2002). However, in
Table 9.2 of ICRP (2017), an F classification was recommended for most forms of Pb (i.e., Pb dichloride,
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dibromide, difluoride, hydroxide, nitrate, and oxide) when other information is lacking except for

mineral dusts containing Pb that should be classified as S (see Chapter 6, Figures 36-40).

Table 4. Particle dissolution as a function of dissolution rate and particle size

Initial deposited mass median particle diameter (um)?

Solubility Dissolution rate, 0.1 0.5 1 5 10
k (g/cm?-day)

High 1x103 0.0058° 0.0290 0.058 0.290 0.581

(253) (50.6) (25.3) (5.2) (2.5)

High 1x10™* 0.058 0.290 0.581 2.90 5.81

(25.3) (5.06) (2.53) (0.51) (0.25)

Moderate 1x10° 0.58 2.90 5.81 29.0 58.1

(2.53) (0.506) (0.253) (0.051) (0.025)

Moderate 1x10° 5.81 29.0 58.1 290 581

(0.253) (0.051) (0.025) (0.005) (0.0025)

Poor 1x107 58.1 290 581 2905 5810

(0.0253) (0.0051) (0.0025) (0.0005) (0.0003)

Poor 1x108 581 2905 5810 29050 58100

(0.00025) ~ (0.0005)  (0.0003) (0.00005)  (0.00003)

a Dissolution calculations are for a particle density of 3 g/cm? in this example. If density was doubled to 6 g/cm?,
the time to 50% dissolution would also be doubled and the first-order rate constant would be halved. Conversely,
if density was halved to 1.5 g/cm?, the time to 50% dissolution would also be halved and the first-order rate
constant would be doubled.

b Values are time to 23% initial particle mass remaining in days. Within parentheses are first-order dissolution rates
in days™.

Figures 19, 20, and 21 show ICRP classifications of fast, moderate, and slow, respectively, versus
calculation of dissolution based on particle size and a dissolution rate constant as we have described
above at a constant density of 3.0 g/cm?®. If density was doubled to 6 g/cm?, the time to 50% dissolution
would also be doubled and the first order rate constant would be halved. Conversely, if density was
halved to 1.5 g/cm?, the time to 50% dissolution would also be halved and the first order rate constant

would be doubled. Thus, it is important to recognize that the AALM dissolution rates used to mimic the
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ICRP classifications will differ from other particle densities and sizes (e.g., see Section 7.2.1, Figures 46
and 47).
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Figure 19. Comparison of dissolution by ICRP fast (F) classification versus k=1x103
g/cm? per day with a density 3 g/cm? for several illustrated particle sizes
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Figure 20. Comparison of dissolution by ICRP moderate (M) classification versus
k=1x107% g/cm? per day with a density 3 g/cm? for several illustrated particle sizes
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Figure 21. Comparison of dissolution by ICRP slow (S) classification versus
k=1x1078 g/cm? per day with a density 3 g/cm? for several illustrated particle sizes

5. Particle Accumulation, Clearance, and Dissolution

The materials presented here are largely from Brown and Diamond (2023), who derived the dissolution

rates discussed in Chapter 4 and applied the compartmental model illustrated in Figure 22. Based on
ICRP (1994) Annex E and ICRP (2015) Annex A, Figure 22 illustrates the compartmental model used for

mass transfer rates of Pb associated with particles deposited in the respiratory tract.

Within this chapter, all references to particle size are referring to the physical diameter of particles
unless otherwise stated. Specifically, the particle sizes listed in all figure legends (Figures 23-29) or on
the x-axis (Figures 30 and 31) are physical particle diameters. The exception to this rule within the

chapter is Figure 32 where the x-axis is as labeled, mass median aerodynamic diameter.

It should be noted that the simulations provided within this chapter stop at Pb absorption whether due
to dissolution in the respiratory tract or gastrointestinal tract absorption at an assumed fraction of 0.12.
The simulations implement the compartmental model depicted in Figure 22. These simulations were

implemented independently of the AALM (i.e., they were not run in the AALM v3.1 itself).
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Figure 22. Compartmental model used to represent mass transfer among regions.
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Details: ET, extrathoracic; Gl, gastrointestinal; Int/Lym, interstitial and lymphatic; PU, pulmonary; TB,
tracheobronchial; and Arj, first-order rate constant for dissolution

Based on ICRP (1994) Annex E and ICRP (2015) Annex A, we assumed that the time available for
dissolution of particles is determined by the balance between the rate of particle clearance from a
region and the rate of particle dissolution. Consistent with §E.36 of ICRP (1994), we assume that the
rate of particle dissolution depends on both a material’s dissolution rate constant and the surface area
of particles of the material deposited in the respiratory tract. Consistent with E48 ICRP (1994), we also
assumed normal particle clearance (transport of particles between compartments in Figure 22) is
independent of material type and that particle clearance is independent of particle dissolution and Pb
absorption into the blood. Consistent with 7101 of ICRP (2015), we assume that absorption into blood
depends on the physical and chemical form of the deposited material. In contrast to 105 of ICRP (2015)
where dissolution rates decrease with time, but consistent with §E.36 of ICRP (1994), we assumed the
particle dissolution rates increase over time since as particles dissolve, they become smaller and their

surface area per mass increases.
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Pulmonary burden (Bru,j) at time t due to particle mass deposited during activity j may be estimated

using Equation 20.

Bpy,j(t) = Mpy,; At + Bpy ;(t — At)e_(APU,Clr"'AInt"'APU,j)At

Equation 20

where: MPU_]- is the mass deposition rate in the pulmonary (PU) region during activity j; Aeucrr iS the first-
order rate constant [From Table A.1 of ICRP (2015); 0.002 d™; t1/2, 350 days] for PU clearance into the
bronchioles; Apyjj is the first-order rate constant for dissolution of particles deposited in the PU region
during activity j; Aint is the first-order rate constant [From Table A.1 of ICRP (2015); 0.001 d™%; t1/2, 700
days] from the PU region into the interstitial space and lymphatics, and At is the time-step.® The
majority of particle burden in the respiratory tract is in the PU region. Accordingly, the majority of

particle dissolution occurs in the PU region.

The dissolution (Dissolru,j) of Pb from particles deposited during activity j for the PU region is estimated

in Equation 21.

; Apu,j —(Apu cir+Ame+Apy, )AL
Dissoly;; :(t) = J B (t — At [1 — e \pucirtAmetipy,j ]
PU,]( ) Apycir+Apy j*+dint PU’]( )

Equation 21

We have assumed the dissolution of particles results in the immediate dissociation of soluble Pb from
other particle constituents such that the Pb is then absorbed into blood. That is, with dissolution of

particles, all Pb is treated as unbound and free for absorption into the blood.

For relatively soluble particles, burden and dissolution may also be important for particles deposited in
the TB and ET regions. Tracheobronchial burden (Bre;) is due to both particles depositing in this region

and those cleared by normal PU clearance to the TB region as indicated by Equation 22.

Brg(t) = Myg jAt + Brg;(t — At)e~(Aracrtirs e
+ Apu,cir
Apucir + Apuj + Aine

BPU,j (t — At) [1 — e—(lPU,Clr"'ﬂPU,j +ﬂlnt)Af]

Equation 22

® Neither Aint nor Aeu.cir depend on physical particle size in the ICRP (2015) model. For mass balance,
however, particles deposited during each activity level were treated separately.
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Where: Arscrris a first-order rate constant of 2.77 d-* (half-time, 6 hours) for normal mucociliary
clearance from the tracheobronchial airways. Likewise, extrathoracic burden (Ber;) is due to both

particles depositing in this region and those cleared from the TB region as indicated by Equation 23.

Bprj(t) = Mpgp jAt + Bgr(t — At)e~(Aemor+Aen At

n MBT&,—G — At) [1 - e_(ATB'C””TB'f)M]

Argcir + Arg,j
Equation 23

where: Aercr is a first-order rate constant of 100 d* (half-time, 10 minutes) for normal mucociliary

clearance from the extrathoracic region.

The dissolution (Dissol:;) of Pb from particles deposited during activity j for the ET and TB regions was
then estimated using Equation 24.
Dissol, ;(t) = i p (t — At)[l — e—(/lr,czrﬂr.i)ﬂf]
™ Arcirtirj n
Equation 24
Similarly, clearance of particles deposited during activity j from the ET region to the stomach is
estimated using Equation 25.
_ _JAercir —(Aci+Ay, ) At
StomachET,j(t) = mBr'j(t — At)[l —e (rcir+2r) ]
Equation 25

Having derived first-order dissolution rates in the last section and now having described our
compartmental model, it is possible to illustrate the balance between accumulation and removal by
normal clearance and particle dissolution. The ICRP has recommended an F classification for most forms
of Pb (i.e., Pb dichloride, dibromide, difluoride, hydroxide, nitrate, and oxide) when other information is
lacking (ICRP, 2017). For mineral dusts containing Pb, however, an S classification was recommended.
For a 1 pg/day deposition rate in the PU region, Figures 23-25 illustrate the time required for particles of
differing solubilities (high, moderate, and poor) depositing in the alveolar region at a constant rate to
reach a balance between the rate of particle accumulation and removal by clearance (i.e., to TB and
Int/Lym compartments) and dissolution from the PU and Int/Lym compartments. These figures show
that the decrease in particle dissolution rate associated with decreasing k:j and increasing particle size
results in increased time to reach steady state burdens. For highly soluble particles (<5 um), steady state

burden in the PU region is reached within about a week (Figure 23A). Similarly, there is a near constant
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rate of particle dissolution from the PU and Int/Lym compartments (Figure 23B) that is equal to the
deposition rate within the PU region within about a week. For moderately soluble particles, steady state
PU retention (Figure 24A) and dissolution from the PU and Int/Lym compartments (Figure 24B) are
generally reached within about a two-year period. However, in contrast to the highly soluble particles,
the moderately soluble particles larger than ~0.2 pm reach a rate of dissolution that is less than the rate
of deposition in the PU region. This is due to the clearance of moderately soluble particles from the PU
to the TB region. Particles that have cleared from the PU region to the TB region are unavailable for

dissolution in the PU region.

For poorly soluble particles, a constant rate of dissolution is only reached for the smallest particles (0.05
pm) considered and that the amount of dissolution is about 75% of the Pb mass deposited in the PU
region (Figure 25B). By 20 years of continued exposure, the daily amount of dissolution would still be
increasing for poorly soluble particles over 0.5 um (data not shown). The slow increase in daily

dissolution is, in part, due to the slow clearance from the PU region to the Int/Lym compartment.

Figures 26-28 illustrate the effect of mass deposition rate (see Equation 20) on pulmonary Pb burden
and dissolution from pulmonary and interstitial/lymphatics. The simulations are for an adult male
exposed while sitting at rest for an 8-hour period to a monodisperse aerosol having a Pb concentration
of 1.0 ug/m3. The overall inhaled volume of air was constant at 4.3 m®/day (i.e., the 8-hour exposure
period) for the activity of sitting. For the highly soluble particles illustrated in Figure 26A, notice the
pulmonary burden is rather low relative to the less soluble particles in Figures 27A and 28A (note
different scales on y-axes). This is because the highly soluble particles are rapidly dissolved and
experience negligible clearance to the TB region. In Figure 26B, differences in the daily amount of
dissolution among particle sizes reflect differences in the particle deposition fractions. In Figure 27B,
notice that the dissolution of 0.05 um particles is nearly the same as in Figure 26B due to the large
surface area per unit mass for dissolution. In Figure 28A, the greatest simulated pulmonary burdens are
seen due to slow dissolution of the poorly soluble particles. Notice that the burden of 2 um particles is
the greatest due to a high deposition fraction of 0.27 in the PU region and slow dissolution. In Figure
28B, the amounts of dissolution are clearly a function of particle size with least dissolution (not readily
distinguishable for the x-axis) for 5 um particles and gradually increasing dissolution with decreasing

particle size.

43



Figure 23. High solubility, effect of initial particle size on time to steady state in
the alveolar region (Panel A) and dissolution from alveolar and interstitial/lymph
compartments (Panel B).
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Details: Above results are high soluble (dissolution rate of 1x10-* g/cm?-day; density of 3 g/cm?) that are
depositing 1 pg per day in the alveolar region and are invariant a person’s age or activity level.
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Figure 24. Moderate solubility, effect of initial particle size on time to steady state
in the alveolar region (Panel A) and dissolution from alveolar and
interstitial/lymph compartments (Panel B).
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Details: Above results are moderately soluble (dissolution rate of 1x10-6 g/cm?-day; density of 3 g/cm?®) that are
depositing 1 pg per day in the alveolar region and are invariant a person’s age or activity level.
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Figure 25. Poor solubility, effect of initial particle size on time to steady state in
the alveolar region (Panel A) and dissolution from alveolar and interstitial/lymph

compartments (Panel B).
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Details: Above results are poorly soluble (dissolution rate of 1x10~8 g/cm?-day; density of 3 g/cm?) that are

depositing 1 pg per day in the alveolar region and are invariant a person’s age or activity level.
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Figure 26. High solubility, effect of inhaled particle size on alveolar burden (Panel
A) and daily dissolution from pulmonary and interstitial/lymph compartments
(Panel B).
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Details: Above results are highly soluble (dissolution rate of 1x10-* g/cm?-day; density of 3 g/cm?) particles inhaled
at a Pb concentration of 1.0 pg/m?® for 8-hours per day by an adult male exposed while sitting at rest. The PU
deposition fractions were 0.31, 0.21, 0.13, 0.13, 0.22, 0.27, and 0.07 for the respective particle sizes of 0.05, 0.10,
0.20, 0.50, 1.0, 2.0, and 5.0 pm.
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Figure 27. Moderate solubility, effect of inhaled particle size on alveolar burden
(Panel A) and daily dissolution from pulmonary and interstitial/lymph
compartments (Panel B).
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Details: Above results are moderately soluble (dissolution rate of 1x107% g/cm?2-day; density of 3 g/cm?®) particles
inhaled at a Pb concentration of 1.0 ug/m? for 8-hours per day by an adult male exposed while sitting at rest. The
PU deposition fractions were 0.31, 0.21, 0.13, 0.13, 0.22, 0.27, and 0.07 for the respective particle sizes of 0.05,
0.10,0.20, 0.50, 1.0, 2.0, and 5.0 pm.
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Figure 28. Poor solubility, effect of inhaled particle size on alveolar burden (Panel
A) and daily dissolution from pulmonary and interstitial/lymph compartments

(Panel B).
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Details: Above results are poorly soluble (dissolution rate of 1x10-8 g/cm?-day; density of 3 g/cm?®) particles
inhaled at a Pb concentration of 1.0 ug/m?2 for 8-hours per day by an adult male exposed while sitting at rest. The
PU deposition fractions were 0.31, 0.21, 0.13, 0.13, 0.22, 0.27, and 0.07 for the respective particle sizes of 0.05,
0.10, 0.20, 0.50, 1.0, 2.0, and 5.0 pm.
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Figure 29 illustrates total absorption of Pb from dissolution of particles and clearance to the
gastrointestinal tract where an absorption fraction of 0.12 is assumed for adults. Notice the addition of
10 um particles to this figure with their absorption at a constant value of 0.32 pug/day occuring solely in
the Gl tract after clearance from the ET and TB regions. The most pronounced increases in dissolution
should be noticed when comparing Figure 29C with Figure 28B for particles greater than 0.5 pm due to

Gl absorption after clearance from the ET and TB regions.
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Figure 29. Total absorption into blood for indicated sized particles (density=3
g/cm?3, concentration=1.0 pg/mq) inhaled for 8-hours/day by an adult male
exposed while sitting at rest. Dissolution rates are (A) highly soluble, 1x10%; (B)
moderately soluble, 1x107%; and (C) poorly soluble, 1x10-¢ g/cm?-day.
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Figure 30 illustrates daily total particle dissolution and absorption into blood normalized by daily
deposited Pb dose in the respiratory tract and daily inhaled Pb. Approximately, 95% of all Pb associated
with highly soluble ultrafine (i.e., <0.1 um) particles deposited within the respiratory tract is expected to
be dissolved and absorbed into the blood. This fraction then gradually decreases to only 12% of 10 um
particles since their absorption effectively occurs only within the gastrointestinal tract. Moderate and

poorly soluble particles show lower amounts of absorption.

Figure 30. Total absorption into blood normalized to Pb deposited in the
respiratory tract.
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Details: Monodisperse aerosol (concentration=1.0 ug/m?d) of indicated sized particles (density=3 g/cm?®) were
inhaled for 8-hours/day for 3 years by an adult male exposed while sitting at rest.
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Figure 31 illustrates daily total particle dissolution and absorption into blood normalized by daily inhaled
Pb as a function of dissolution rate at a constant density of 3 g/cm?. For both highly and moderately
soluble ultrafine particles, greater than 30% of inhaled Pb is expected to be absorbed into the blood.
There is also a peak in the absorption at approximately 30% for highly and moderately soluble particles
at 2 pm with decreased absorption above and below this size. For poorly soluble particles, absorption is

expected to be <10% for all sized particles, except ultrafines.

Figure 31. Total absorption into blood normalized to inhaled Pb as a function of
dissolution rate.
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Details: Monodisperse aerosol (concentration=1.0 ug/m?d) of indicated sized particles (density=3 g/cm?®) were
inhaled for 8-hours/day for 3 years by an adult male exposed while sitting at rest.

We have also calculated absorption fractions based on occupational size distributions from Park and
Paik (2002) as reported in Table B-1 of CalEPA (2013).1° Figure 32 shows that 30% absorption occurs for
highly soluble particles having an MMAD of 1.3 um. Only 18-20% absorption was found for 5-6 pm
particles and only 11% for 14-15 pum particles.

10 Data provided in Appendix A.1 of this document.
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Figure 32. Total absorption into blood normalized to inhaled Pb as a function of

particle density.
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Calculations are for an adult male exposed to highly soluble (dissolution rate of 1x10™* g/cm?-day) polydisperse
aerosols (MMAD, GSD; 1.3 um, 9.6; 4.9 um, 5.0; 5.8 um, 6.3; 14.1 um, 1.5; 15.1 um, 1.7) while sitting for 8-
hours/day for 3 years.

6. Mimicking Absorption Approaches of other Models

This section describes how the AALM can be run to mimic results from other models that use an overall
lung absorption fraction or different dissolution kinetics than the AALM. The figures in this section are
screenshots of the AALM user interface to illustrate parameter settings for specific scenarios. It is
recommended that new users of the AALM familiarize themselves with the AALM User Guide (U.S. EPA,
2024b) to have a better understanding of the context of these figures within the full context of the
AALM user interface. Lung models that may likely be compared to the AALM are the EPA’s Integrated
Exposure Uptake and Biokinetic (IEUBK) Model for Pb in Children, the California Environmental
Protection Agency (CalEPA) Leggett+ model, the U.S. Department of Defense (DoD) model, and the
International Commission on Radiological Protection (ICRP) human respiratory tract model. The IEUBK,
CalEPA Leggett+, and DoD models are all pharmacokinetic models describing Pb disposition among
multiple tissue compartments. The focus on these pharmacokinetic models herein is the absorption of

Pb from the respiratory tract into plasma.

54


https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/11805668
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/11805668

For estimates of particle absorption from the respiratory tract and subsequent biokinetic calculations,
the AALM respiratory module spreadsheet calculates particle deposition fractions and first order
dissolution rates based on user entered information related to particle size distribution, particle density,
particle dissolution rate constant (generally based on in vitro particle solubility) and a person’s activity
level. The estimated particle deposition fractions and first-order rate constants for movement into
plasma are entered into the AALM user interface along with aerosol concentration and respiratory
intake rates as well as Pb intake from other sources (e.g., water, diet, dust) for overall pharmacokinetic
calculations of Pb distribution among body tissues. As discussed below, the AALM respiratory module
spreadsheet is not needed to estimate particle deposition fractions or dissolution rates to mimic the

[EUBK model.

6.1. IEUBK model
In the IEUBK model, the default respiratory absorption fraction for inhaled Pb-laden aerosols is 32% for
children. The default of 32% represents an intermediate value between 25% and 45% for young children
living in non-point source areas and 42% for those living near point sources SRC (2020). The range of
estimates was largely due to differences in aerosol size distributions between near point sources and
non-point source areas. The respiratory absorption fractions were estimated as the sum of the products
of the fraction of particle mass in a size bin, particle deposition fraction for that size bin in each
respiratory region, and the absorption fraction of particles deposited in each respiratory region. The
assumed absorption fractions were 1.0 for the alveolar region and 0.4 for the tracheobronchial and
nasopharyngeal regions. Running simulations to mimic the IEUBK model in the AALM does not require
use of the respiratory module spreadsheet. Users may simply go to the Media tab and set the exposure
concentration, periods of outdoor exposure (expressed as hours/day), and relative bioavailability to 1.0.
In the Lung tab, the alveolar region deposition fraction should be set to 32% to mimic 32% absorption in
the IEUBK model. The dissolution rate for the alveolar and interstitial regions should be set to 1.0 to
mimic somewhat fast movement to plasma. Figures 33 and 34, respectively, show the setup of Media

and Lung tabs within the AALM to mimic the IEUBK model.
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Figure 33. Media Tab in AALM to Mimic IEUBK Respiratory Intake?

Air
Concentration (ug/m?)|Number of Ages| Ages (years) 0 1 2 3 4 5 6
7 Source 1 0.033 0.036 0.039 0.042 0.042 0.042 | 0.042
Intake Mumber of Ages| Ages (years) 0 1 2 3 4 5 6
7 Intake (m>/day) 3.22 497 6.09 6.95 7.68 8.32 8.89
Fraction, Source 1 1 1 1 1 1 1 1
|RBA | RBA, Source 1 | 1 |

2This scenario is for an outdoor air concentration of 0.10 pg/m?3. Within the Source 1 row, the indicated air
concentrations are time-weighted averages based on IEUBK defaults assuming that the indoor concentration is
30% of the outdoor concentration and that children spend 1 hr (0 yr), 2 hr (1 yr), 3 hr (2 yr), and 4 hr (3-6 yrs)
outdoors per day. For example, 0.033 pg/m? at age 0 yr is calculated as (0.1 ug/m® *1 hr + 23 hr*0.3*0.1 pg/m?®)/24
hr. The intake rates are also the IEUBK defaults. The RBA is set to 1 to simulate 32% absorption in conjunction with
entries into the Lung Tab.

Figure 34. Lung Tab in AALM to Mimic IEUBK Respiratory Uptake ?

Lung Parameters X e

Clear All Done

Variable Unit Source 1 Description

DepFraclLET i 0|Fraction of inhaled air deposited in Extra-Thoracic region.
DepFraclLTB i 0|Fraction of inhaled air deposited in Tracheo-Bronchial region.
DepFracLalv f 0.32|Fraction of inhaled air deposited in Alveclar region.
RLETplas| 1/day 0|Loss rate from Extra-Thoracic region to plasma.
RLETstom| f1/day 100|Loss rate fram Extra-Thoracic region to Gl tract (stomach).
RLTBplas| 1/day 0|Loss rate from Tracheo-Bronchial region to plasma.
RLTBLET| A1/day 2.771Loss rate from Tracheo-Bronchial region to Extra-Thoracic region.

—

RLalPlas| 1/day Loss rate from Alveolar region to plasma.

RLaWLTB| 1/day 0.00198|Loss rate from Alveolar region to Tracheo-Bronchial region.
RlLalvlint| 1/day 0.00099]|Loss rate from Alveolar region to Interstitial region.
RLintPlas| 1/day Loss rate from Interstitial region to plasma.

—

2To mimic IEUBK, the variable for deposition in the alveolar region is set to a fraction of 0.32. Note that the first
order loss rate from the alveolar and interstitial regions into plasma is set to 1.0. The rates of transfer from other
compartments to plasma are set to zero. The transfer rates among respiratory compartments are AALM defaults.
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6.2. CalEPA and DoD models

Two physiologically based models have been developed for assessment of occupational exposures to Pb

(Sweeney, 2021; CalEPA, 2013). Although the pharmacokinetic basis of these models differs, CalEPA

model and DoD model [i.e., Sweeney (2021)] are discussed together here due to their similarity and

their approach to assessing respiratory uptake of Pb-laden dust. The CalEPA model assumes inhaled Pb
particles deposited in the alveolar region of the lung are completely absorbed into the blood within a
day. Particles deposited in the head and tracheobronchial region are assumed to be cleared to the Gl
tract where their absorption fraction is assumed to be 0.30.%* This 30% Gl absorption value is a 24-hour
time-weighted average absorption assuming 50% absorption over 10 hours of fasting, 19% absorption
over 10 hours with liquids between meals, 12% absorption over 2 hours with intake with solid foods,
and 2 hours in which no Pb is swallowed [see Section B.3.3 on p. 82 of CalEPA (2013)]. Based on the
patterns of deposition and subsequent absorption in simulations of measured aerosol size distributions
of Pb in occupational scenarios, CalEPA determined that it was appropriate to assume an overall
absorption fraction of 0.30 for inhaled Pb-laden particles. Developed for the DoD, Sweeney (2021)
adopted the absorption fraction of 0.30 for inhaled Pb-laden particles used by CalEPA (2013). In review
of the DoD modeling, NASEM (2020) supported an absorbed fraction of 0.3 from inhaled Pb as a health-

protective estimate. In a recent comprehensive review and analyses (Vork et al., 2023), the 0.3

absorption fraction was confirmed to represent a plausible mid-point value for an expanded range of

theoretical particle size distributions [i.e., an expanded range relative to the original work in CalEPA

(2013)] deposited in the upper and lower regions of the respiratory tract considering intake during

sedentary and outdoor activity breathing scenarios.

Occupational studies have shown that absorbed fractions of Pb from inhaled Pb-laden particles can vary.

Lach et al. (2015) reported Pb particle diameters were generally in the range of 0.1 to 10 um at an

indoor firing range. Applying the approach and parameters of CalEPA (2013), NASEM (2020) estimated

an absorbed fraction of 0.231 for Pb aerosols at the indoor firing range. A study of battery workers also
supports an absorbed fraction of roughly 0.30. Assuming the particle size distribution (mass median
aerodynamic diameter, 14.1 um; geometric standard deviation, 1.5) and particle deposition fractions in

the respiratory tract (head, 0.971; tracheobronchial, 0.026; alveolar, 0.006) for battery workers from

1 The 30% Gl absorption value is a 24-hour time-weighted average (TWA) absorption assuming 50%
absorption over 10 hours of fasting, 19% absorption over 10 hours with liquids between meals, 12% absorption
over 2 hours with intake with solid foods, and 2 hours in which no lead is swallowed [see CalEPA (2013) Section
B.3.3 on p. 82]. The TWA absorption of 30% equals (50% x 10hr + 19% x 10hr + 12% x 2hr + 0% x 2hr) / 24hr.
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Table B-3 of CalEPA (2013), an absorbed fraction of 0.31 of Pb from inhaled particles is predicted as [(GI
absorption)x(head + tracheobronchial deposition fraction) + (lung absorption)x(alveolar deposition
fraction)] (i.e., 0.31=0.30 x (0.971 + 0.026) + 1.0 x 0.006). Using personal particle samples (open-face

sampler) collected on battery workers, Dartey et al. (2014) found bioaccessibility of Pb from particles in

simulated gastric fluid was 90% (median, n = 30) and bioaccessibility in an artificial lung lining fluid
(Hatch solution) was 5.2% (median, n = 27). Using these bioaccessibility data, the absorbed fraction is
reduced to 0.27 (i.e., 0.27 =0.30 x 0.90 x (0.971 + 0.026) + 1.0 x 0.052 x 0.006). In this case of battery

workers, assuming an absorption fraction of 0.3 appears reasonable.

To simulate CalEPA and DoD model scenarios in the AALM, the Media tab must be changed relative to
the IEUBK simulation for the age range, aerosol concentration, and intake rates that would apply to
workers as illustrated in Figure 35. Within the AALM Lung tab (see Figure 34), the respiratory results can
be simulated by changing the 0.32 deposition fraction in the alveolar region (DepFracLalv) for the IEUBK

simulation to a value of 0.30 to mimic CalEPA and DoD.

Figure 35. Media Tab in AALM to Mimic CalEPA and DoD Respiratory Intake 2

Air
Concentration (ug/m®)|Number of Ages| Ages (years) 0 5 15 20 25 45
6 Source 1 0.01 0.01 0.01 0.01 343 0.01
Intake Number of Ages| Ages (years) 0 5 15 20 25 45
G Intake (m>/day) 5.3 7.7 11.5 13.0 12.0 13.0
Fraction, Source 1 1 1 1 1 1 1
|RBA | RBA, Source 1 | 1 |

This scenario is for a worker exposed to an air Pb concentration of 50 pug/m? from 25-45 years of age with
background exposures outside this age range of only 0.01 pug/mé. The concentration of 34.3 ug/m?3is a time-
weighted 8-hr workday average for a 5-day workweek and 50 weeks of work a year with zero exposure outside of
work. Within the Intake row, the indicated rates are 24-hr rates for the activity of sitting except for age of 25-45
years where the intake is for 8 hours of light exercise.

6.3. Leggett (1993)
Leggett (1993) simulated lung absorption/elimination kinetics based largely on the Chamberlain et al.

(1978) study results for human subjects inhaling clean (not excessively carbonaceous due to a fuel rich
mixture) automotive exhaust from combustion of fuel containing 2*Pb-labeled tetraethyllead. The
elimination of Pb from the lungs into the blood was described by Leggett (1993) as a four-compartment
exponential decay (fraction, half-time; 0.20, 1 hr; 0.35, 3 hr; 0.35, 9 hr; and 0.10, 48 hr). The model
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assumes for submicron particles that 95% of Pb deposited in the respiratory tract will be absorbed
directly into the blood with the remaining 5% transported by mucociliary clearance to the Gl tract. It was
suggested that the fraction of deposited particles cleared by mucociliary clearance would be greater for
vapors and for larger particle sizes associated with occupational exposures. Thus, absorption into the
blood is initially a rapid process with 50% absorption by 4 hours and 80% absorption by 15 hours. The
remaining Pb is more slowly absorbed into the blood with an additional 15 hours to reach 90%
absorption and 6 days to reach 99% absorption of the Pb deposited in the lung. The Leggett (1993) lung
kinetics are most appropriate for airborne Pb prior to the phase-out of leaded gasoline, in part, because
the size of airborne Pb has shifted from <2.5 um prior to the phase-out of leaded gasoline to somewhere

between 2.5 pm and 10 um after the phase-out (Cho et al., 2011).

The Leggett (1993) lung kinetics can be modeled in the AALM as a three-compartment exponential
decay (lung region, fraction, half-time; ET, 0.50, 2.17 hr; TB, 0.40, 8.58 hr; Alv, 0.10, 47.9 hr) with a
goodness of fit of 1.00 between the four-compartment and three-compartment predictions the time of
aerosol inhalation until 160 hours post inhalation when lung retention became less than 1%.? Leggett
(1993) suggest that the total lung deposition fraction was about 40%. Multiplying the fractions in each

compartment of the exponential decay by 0.40 yields the deposition fraction in each lung compartment.

6.4. ICRP model

The ICRP provides estimates of particle deposition fractions [Annex 4 of ICRP (1994)] and
recommendations for calculating particle dissolution specific for Pb in Table 9.2 of ICRP (2017). Due to
limitations and uncertainties associated with the ICRP (1994) deposition fractions contained within
Annex F for Pb particle forms, it is highly recommended that particle deposition fractions be estimated
using the AALM respiratory module (see Chapter 2 for usage instructions and examples). The particle
deposition fractions in Annex F are for an aerosol having a density of 3 g/cm?3, shape factor of 1.5, and a
geometric standard deviation (GSD) which increases from 1.0 at 0.001 pm to 2.1 at 0.1 um and plateaus
at a GSD of 2.5 at ~1 um [see Section D.13 of ICRP (1994). Given that the density of Pb compounds is
typically 6 g/cm? or greater, reliance on Annex F.4. ICRP may underestimate the deposition of particles

between 0.1 and 1 um if their size was based on aerodynamic properties Gebhart (1992). Additionally,

12 The goodness of fit was calculated as one minus the model sum of squares error (SSE) divided by the
total sum of squares (SSY). The SSE equals the residual sum of squares (i.e., the sum of squared original [4-
compartment] minus new [3-comparment] predicted values). The SSY equals the total sum of squares (i.e.,
the sum of squared original values minus average of original values).
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increasing aerosol polydispersity increases the deposition of particles between 0.4 and 2 um and

decreases deposition of particles outside this size range Diu and Yu (1983).

Particle dissolution rates in the respiratory tract have a dramatic effect on AALM predicted blood Pb
levels. The ICRP (1994) classifies the absorption of materials from particles deposited in the respiratory
tract as Type F (fast), M (moderate), and S (slow). In most cases where dissolution rates are not known,
the ICRP has recommended use of a Type M classification to not overestimate or underestimate
absorption of materials from the lungs. In Section 7.2, Figures 46 and 47 provide an example of the
effect of absorption classifications on predicted blood levels. In consideration of the experimental
evidence, the ICRP (2017) in Table 9.2 recommends classifying most forms of inhaled Pb (i.e., Pb
dichloride, dibromide, difluoride, hydroxide, nitrate, and oxide) as having Type F absorption and so are
assumed to dissociate to an absorbable form at a rate of 100 day (10-minute half-time). Type M

classification for Pb-particles was recommended in Table A.17 of ICRP (2002). The ICRP (2017) has no

specific Pb forms recommended as Type M but recommends modeling Type M particles as having bi-
phasic dissociation kinetics with 20% absorbed at a rate of 3 day™ with the remaining 80% absorbed at a
rate of 0.005 day. A Type S classification is recommended ICRP (2017) for mineral dusts containing Pb
with dissociation of Pb from 1% of particles at a rate of 3 day™* and from 99% of particles at a rate of
0.0001 day* (7000-day half-time).

The Media tab illustrated in Figure 35 for the CalEPA and DoD models would similarly be used to mimic
the ICRP (1994) model for particles that are rapidly absorbed (Type F). Figure 36 shows the setup of Lung
tab for particles that are rapidly absorbed (Type F). The deposition fractions in Figure 36 are for an adult
male (habitual mouth-breather) exposed during light exercise (intake rate of 1.5 m3/hr) to a mass
median diameter of 1.0 um (geometric standard deviation of 2.5, particle density of 6 g/cm?, and shape
factor of 1.5) as calculated by the AALM respiratory module spreadsheet. The deposition fractions are
0.314 (ET), 0.087 (tracheobronchial, TB), and 0.186 (alveolar, Al). For an adult male during light exercise
(intake rate of 1.5 m3/hr) with nasal breathing, the ICRP (1994) Annex Table F.5 provides the deposition
fractions of 0.610 (ET), 0.030 (TB), and 0.083 (Al). = The ICRP predicts greater ET, but less thoracic
(TB+Al) deposition due to the nasal breathing. For an adult male sedentary worker (intake rate of 1.2
m3/hr) with habitual mouth breathing, the ICRP (1994) Table F.1 provides the deposition fractions of
0.252 (ET), 0.093 (TB), and 0.170 (Al). Although these deposition fractions for workers are more like the

AALM respiratory module spreadsheet predictions, the ICRP predictions are based on a combination of

13 Deposition fractions are for a 2.0 um MMAD converted from a 1.0 um MMD by Eq. 4 in Section 1.3.
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1/3 time sitting and 2/3 time engaged in light exercise. As stated above, it is recommended that particle
deposition fractions be estimated using AALM respiratory module spreadsheet. The transfer rates to
plasma in Figure 36 for Type F absorption are 100 day. Additionally, on the Media tab for Air, the RBA
should be set to 1.0 for Type F particles.

Figure 36. Lung Tab in AALM to Mimic ICRP Uptake of Type F particles?

X -~
Lung Parameters Done

VEUETE Unit Source 1 Description

DepFracLET i 0.314|Fraction of inhaled air deposited in Extra-Thoracic region.

DepFracLTB i 0.087|Fraction of inhaled air deposited in Tracheo-Bronchial region.

DepFracLalv i 0.186|Fraction of inhaled air deposited in Alveolar region.
RLETplas| 1/day 100|Loss rate from Extra-Thoracic region to plasma.

RLETstom| 1/day 100]|Loss rate from Extra-Thoracic region to Gl tract (stomach).
RLTBplas| 1/day 100|Loss rate from Tracheo-Bronchial region to plasma.
RLTBLET| 1/day 2.77|Loss rate from Tracheo-Bronchial region to Extra-Thoracic region.
RLalvPlas| 1/day 100|Loss rate from Alveolar region to plasma.

RLalvlTB| 1/day 0.00198|Loss rate from Alveolar region to Tracheo-Bronchial region.
HLallLint| 1/day 0.00099|Loss rate from Alveolar region to Interstitial region.
RLintPlas| 1/day 100|Loss rate from Interstitial region to plasma.

2The deposition fractions are for an adult male (habitual mouth-breather) exposed during light exercise to an
aerosol having a mass median diameter of 1.0 um (geometric standard deviation of 2.5, particle density of 6 g/cm?,
and shape factor of 1.5). For comparison with ICRP deposition fraction tables, the mass median aerodynamic
diameter is 2.0 um. The transfer rates among respiratory compartments are AALM defaults. The transfer rate of
100 day* is the absorption rate of rapidly absorbed (Type F) particles from respiratory compartments into plasma.

Figures 37 and 38, respectively, show the setup of Media and Lung tabs within the AALM to mimic the
ICRP (1994) model for particles that are absorbed at a moderate rate (Type M). Notice from these
figures that it is necessary to specify two sources for air in the Simulation Control tab. The
concentrations in Figure 37 for Sources 1 and 2 are identical. Per Table 9.2 of ICRP (2017), Type M
dissociation has 20% absorbed at a rate of 3 day! with the remaining 80% absorbed at a rate of 0.005
day*. Accordingly, within Figure 37, notice that Source 1 has a fraction of 0.2 and Source 2 has a fraction
of 0.8. The alimentary absorption for Type M particles is recommended to be 0.04. With 12% absorbed
in the adult Gl tract in the AALM, the air RBA should be set to 0.333 (i.e., 0.04/0.12) for both Source 1
and 2. Within Figure 38, the dissolution rate for Source 1 is 3 day™* and Source 2 is 0.005 day™.

To simulate the absorption of ICRP Type S particles, the Media and Lung tabs are illustrated in Figures 39

and 40. Type S particles have absorption from 1% of particles at a rate of 3 day* and from 99% of
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particles at a rate of 0.0001 day™* (7000-day half-time). Within Figure 39, Type S dissolution, the Source
1 fraction is 0.01 and the Source 2 fraction is 0.99. Within Figure 40, the Type S dissolution is setup to
have a Source 2 as 0.0001 day. The dissolution rate 0.12 for Source 1 in Figure 40 is the same for Type
M and Type S particles. The alimentary absorption for Type S particles is recommended to be 0.002.
With 12% absorbed in the adult Gl tract in the AALM, the air RBA should be set to 0.017 (i.e.,
0.002/0.12) for both Source 1 and 2.

Figure 37. Media Tab in AALM to Mimic ICRP Intake of Type M particles?

Air

Concentration (ug/m®) | Number of Ages Ages (years) 0 5 15 20 25 45
6 Source 1 0 0.01 0.01 0.01 343 0.01
Source 2 0 0.01 0.01 0.01 34.3 0.01
Intake Number of Ages Ages (years) 0 5 15 20 25 45
6 Intake (m*/day) 5.3 7T 115 13.0 12.0 13.0
Fraction, Source 1 0.2 02 0.2 0.2 0.2 0.2
Fraction, Source 2 0.8 0.8 0.8 0.8 08 08
[rBA RBA, Source 1 0.333
RBA, Source 2 0.333

This scenario is for a worker exposed to an air Pb concentration of 50 pg/m?® from 25-45 years of age with
background exposures outside this age range of only 0.01 ug/m?2. The concentration of 34.3 pg/mq is a time-
weighted 8-hr workday average for a 5-day workweek and 50 weeks of work a year with zero exposure outside of
work. Within the Intake row, the indicated rates are 24-hr rates for activity of sitting except for age of 25-45 years
where the intake is for 8 hours of light exercise. The source fractions for moderately soluble particles (Type M) are
the fraction (0.2) that is rapidly absorbed and the fraction (0.8) that is more slowly absorbed.
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Figure 38. Lung Tab in AALM to Mimic ICRP Uptake of Type M particles?

X &

Lung Parameters

Clear All Done
Variable Unit Source 1 Source 2 Description
DepFracLET i 0.314 0.314|Fraction of inhaled air deposited in Extra-Thoracic region.
DepFracl TB i 0.087 0.087|Fraction of inhaled air deposited in Tracheo-Bronchial region.
DepFracLaly| i 0.186 0.186|Fraction of inhaled air deposited in Alveolar region.
RLETplas| 1/day 3 0.005|Loss rate from Extra-Thoracic region to plasma.
RLETstom| 1/day 100 100|Loss rate from Extra-Thoracic region to Gl tract (stomach).
RLTBplas| 1/day 3 0.005|Loss rate from Tracheo-Bronchial region to plasma.
RLTBLET| 1/day 207 2.77|Loss rate from Tracheo-Bronchial region to Extra-Thoracic region.
RLalvPlas| 1/day 3 0.005|Loss rate from Alveolar region to plasma.
RLalvLTE| 1/day 0.00198[ 0.00198(|Loss rate from Alveolar region to Tracheo-Bronchial region.
RLalvLint| 1/day 0.00099( 0.00099|Loss rate from Alveolar region to Interstitial region.
RLintPlas| 1/day 3 0.005|Loss rate from Interstitial region to plasma.

2This scenario is for a mass median diameter of 1.0 um (geometric standard deviation of 2.5, particle density of 6
g/cm?, and shape factor of 1.5). For comparison with ICRP deposition fraction tables, the mass median
aerodynamic diameter is 2.0 um. The transfer rates among respiratory compartments are AALM defaults. The
transfer rates of 3 and 0.005 day™* are the absorption rates to plasma of moderately absorbed (Type M) particles
for Source 1 (0.2 fraction with relatively rapid absorption) and Source 2 (0.8 fraction with relatively slow
absorption), respectively.

Figure 39. Media Tab in AALM to Mimic ICRP Intake of Type S particles?
Air

Concentration (ug/m®) | Number of Ages Ages (years) 0 5 15 20 25 45
6 Source 1 0 0.01 0.01 0.01 343 0.01
Source 2 0 0.01 0.01 0.01 343 0.01
Intake Number of Ages Ages (years) 0 5 15 20 25 45
6 Intake (m*/day) 53 77 115 13.0 12.0 13.0
Fraction, Source 1 0.01 0.01 0.01 0.01 0.01 0.01
Fraction, Source 2 0.99 0.99 0.99 0.99 0.99 0.99
[RBA RBA, Source 1 0.017
RBA, Source 2 0.017

2This scenario is for a worker exposed to an air Pb concentration of 50 pg/m?® from 25-45 years of age with
background exposures outside this age range of only 0.01 ug/m?2. The concentration of 34.3 pg/mq is a time-

weighted 8-hr workday average for a 5-day workweek and 50 weeks of work a year with zero exposure outside of
work. Within the Intake row, the indicated rates are 24-hr rates for activity of sitting except for age of 25-45 years
where the intake is for 8 hours of light exercise. The source fractions for moderately soluble particles (Type S) are
the fraction (0.01) that is rapidly absorbed and the fraction (0.99) that is more slowly absorbed.
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Figure 40. Lung Tab in AALM to Mimic ICRP Uptake of Type S particles?

X fnd
Lung Parameters Cloar All Done
Variable Unit Source 1 Source 2 Description
DepFracLET f 0.314 0.314|Fraction of inhaled air deposited in Extra-Thoracic region.
DepFracLTB f 0.087 0.087|Fraction of inhaled air deposited in Tracheo-Bronchial region.
DepFracLalv f 0.188 0.186|Fraction of inhaled air deposited in Alveolar region.
RLETplas| 1/day 3 0.0001|Loss rate from Extra-Thoracic region to plasma.

RLETstom| 1/day 100 100|Loss rate from Extra-Thoracic region to Gl tract (stomach).
RLTBplas| 1/day 3| 0.0001|Loss rate from Tracheo-Bronchial region to plasma.
RLTBLET| 1/day 207 2.77|Loss rate from Tracheo-Bronchial region to Extra-Thoracic region.
RLalvPlas| 1/day 3| 0.0001|Loss rate from Alveolar region to plasma.

RLalvLTB| 1/day 0.00198| 0.00198|Loss rate from Alveolar region to Tracheo-Bronchial region.
RLalvLint| 1/day 0.00099| 0.00099|Loss rate from Alveolar region to Interstitial region.
RLintPlas| 1/day 3| 0.0001|Loss rate from Interstitial region to plasma.

&This scenario is for a mass median diameter of 1.0 um (geometric standard deviation of 2.5, particle density of 6
g/cm?®, and shape factor of 1.5). For comparison with ICRP deposition fraction tables, the mass median
aerodynamic diameter is 2.0 um. The transfer rates among respiratory compartments are AALM defaults. The
transfer rates of 3 and 0.0001 day* are the absorption rates to plasma of moderately absorbed (Type S) particles
for Source 1 (0.01 fraction with relatively rapid absorption) and Source 2 (0.99 fraction with relatively slow
absorption), respectively.

7. Evaluation of Prolonged Pb Inhalation Exposures

There are marked differences between AALM and the models discussed in Sections 6.1 and 6.2 for
inhaled Pb. For example, CalEPA effectively assumes all material deposited in the pulmonary region
moves quickly into plasma. By contrast, the AALM respiratory module recognizes the gradual
accumulation of particle burden in the pulmonary region and interstitial tissues with gradual movement

into plasma depending on deposited particle size, density, and dissolution rate.

7.1. Methods

We evaluated the performance of the AALM for simulating blood Pb levels (BLL) resulting from
inhalation exposures to particulate aerosols of Pb oxides. Data for these evaluations came from two
studies in which human subjects were exposed to measured concentrations of Pb aerosols in whole

body chambers (Gross, 1979; Griffin et al., 1975). Methods used to simulate Pb exposures in these two

studies are described below.

Model performance was primarily assessed by goodness of fit (GFr?) of observed to predicted blood Pb

concentration. The GFr? was calculated as one minus the model sum of squares error (SSE) divided by
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the total sum of squares (SSY). The SSE equals the residual sum of squares (i.e., the sum of squared
observed minus predicted values). The SSY equals the total sum of squares (i.e., the sum of squared
observed values minus mean of observed values). In typical linear regressions, when a model is fitted to
a data set, the resulting correlation coefficient (r?) must be nonnegative since the least square fitting
procedure assures SSE < SSY. When GFr? is computed on excluded data (i.e., data not used to fit the
model), SSE can exceed the SSY. In this case, when SSE > SSY, GFr? (which is not a squared number) can

be negative, indicating that the mean of the data is a better predictor than the model.

Model performance for the Gross (1979) subjects was also assessed by comparison of the AALM’s
dissolution approach to ICRP (2017) recommendations for Pb. For the Griffin et al. (1975) study, linear
regression was used to compare the last observed and predicted BLLs during the exposure period.

Additionally, for both the Gross (1979) and Griffin et al. (1975) studies, the Pearson correlation

coefficient (r) was computed across the full time course of each subject’s observed and predicted BLLs.*
The Pearson correlation coefficient was squared (i.e., r?) for comparison with our goodness of fit analysis
(i.e., GFr?) of each subject’s BLL time course. The F-stat to test for significance of the r? is given by
Equation 26.

Fo o = r?/df;
ST 1 -r2)/df,

Equation 26

Where: df; is degrees of freedom one which is the number of independent variables (i.e., one) and df; is
degrees of freedom two which is the number of observations minus one. The statistical significance of
the correlation was calculated in Microsoft Excel as FDIST(Fstar,df1,df2). An alternative Excel formula

giving the same result is 1-F.DIST (Fstat,df1,df2, TRUE).

7.1.1. Gross (1979)
Evaluation of AALM using Gross (1979) observations. Gross (1979) compiled data from studies

conducted in the Kettering Laboratory over the period from 1937 to 1972 (Kehoe Balance Studies). In
these studies, adult subjects were exposed to aerosols of Pb oxide for periods of up to 1-2 years. The Pb

oxide was referred to by Gross (1979) and Kehoe (1961) as Pb sesquioxide (Pb20s) based on X-ray

14 The Pearson correlation coefficient is the same as the correlation coefficient obtained from linear
regression.
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diffraction. However, based on electron diffraction results of Griffin et al. (1975) the Pb oxide form was

reported to be primarily PbO,. Exposures were conducted in a whole-body chamber at frequencies that
varied from 3 to 6 days per week and 3 to 12 hours per day. Chamber air Pb concentrations were
measured, and aerosol particle sizes were characterized by light microscopy for particles 0.75 pum or
larger and by electron microscopy for smaller particle sizes. Table 1 of Gross (1979) provided subject
age, race, and occupation. Table 3 of Gross (1979) provided chamber aerosol concentrations, exposure
duration (hours/day and days/week), experimental measurements of particle deposition, and minute
ventilation during exposures. Blood Pb levels and rates of excretion of Pb in feces and urine were
periodically measured during a control period (C), during four air Pb exposure periods (E1, E2, E3, E4),
and during a post-exposure period (PE) following cessation of the air Pb exposures. Duplicate diets
obtained periodically during each study provided estimates of dietary Pb intakes prior to, during and
following chamber exposures.® The BLL measurements were reported in time series plots which were
digitized for use in this analysis (DataThief Ill). Subjects LD and JOS from the Gross (1979) report were
selected for AALM simulations because these two subjects showed clear increases in BLLs above their
control levels during the chamber exposure periods and clear declines in BLLs following cessation of
chamber exposure. Parameter values used in AALM simulations of the Gross (1979) exposures are

summarized in Table 5 (JOS) and Table 6 (LD). The bases for these values are described below.

Chamber air Pb exposures. Table 3 of Gross (1979) provided chamber exposure concentrations (ug/mq)
for each of four sequential exposure periods (E1, E2, E3, E4). The average daily exposures were 3, 6, 9,

and 11.9 hours/day for 3.5 days/week for periods E1, E2, E3, and E4, respectively.

Aerosol particle size. Table 3 of Gross (1979) reported the CMD to have a 50""-percentile of 0.05 um and
90"-percentile of 0.17 um. This was reported to correspond to a MMD of 0.26 pm. We estimated a GSD
of 2.6 based on the count median of 0.05 um and 90™ percentile of 0.17 um, ¢ which is consistent with
the GSD of 2.5 recommended in D198 of ICRP (1994) as the upper bound for ultrafine aerosols
generated by vapor condensation. For our estimates of particle deposition and dissolution, we used a

MMD of 0.26 um, GSD of 2.5, and density of 9 g/cm? for Pb oxide.’

15 A duplicate diet refers to an equal portion of that eaten by an individual that is taken for analysis of Pb
content (experimental estimate of dietary Pb intake).

16 GSD = exp{[In(0.05)-1n(0.17)]/[2(0.50)-z(0.90)]} = exp(1.224/1.282) = 2.6

17 We assumed an approximate density of 9 g/cm? for lead oxide. The density for Pb oxides may range from
8.9 10 9.6 g/cm3 (see Table 4.2 of ATSDR (2020).

66


https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/15492
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/53825
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/53825
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/53825
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/53825
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/53825
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/53825

Particle absorption. Lead aerosols of Pb oxide were generated by burning tetraethyl Pb mixed with
propane or natural gas. ICRP (2017) recommends that all Pb particles, including Pb oxides, should be
assigned to the F class. The ICRP (1995) has previously recommended in 158 that most elements be
classified as Type M since it is the least likely to largely over- or under-estimate dissolution and
absorption into the blood. Type M classification for Pb was recommended in Table A17 of ICRP (2002).
Dissolution rates of 1076, 10-°, and 10* g/cm?® per day were used to simulate poorly to highly soluble
particles. Comparisons were also conducted for ICRP (2017) classes of slow (S), moderate (M) and fast

(F) particle type classifications for Pb.

Ventilation rate. Table 3 of Gross (1979) reported ventilation minute volumes measured in the exposure
chambers for each exposure period. The chambers were cubical rooms, 10 feet in each dimension and
were equipped as office-laboratories where the subjects carried out data handling tasks or simple
laboratory procedures. Subjects JOS and LD were reported to have an average minute ventilation rate
across all exposure periods of 18.0 and 17.8 L/min, respectively. These reported minute volumes, if
accurate, would reflect moderate to heavy exercise, whereas the activities described in the Gross (1979)
report are better characterized as “at rest” and corresponding minute volumes were probably much
lower than 18 L/min. Table 6-1 of U.S. EPA (2013) shows that a resting exposure of healthy adult male
subjects is associated with a minute ventilation rate of 4 L/min per body surface area in m2. Assuming a
typical adult male body surface area of 2.0 m?, the resting minute ventilation is 8 L/min, approximately
half of the values reported by Gross (1979). Thus, the reported ventilation rates are not associated with
rest, they are 2.2-2.3 times greater. It is possible that the minute ventilation rates reported in Table 3 of
Gross (1979) were the volume expired into a bag divided by the approximate time of the respiratory
particle deposition measurements. The apparatus used to measure particle deposition from Figure 13 of
Kehoe (1961) is illustrated within Appendix A.2. (Experimental measurement of aerosol deposition). The
apparatus shows no equipment for measurement of respiratory flow rates nor are any such devices
discussed by Kehoe (1961). Based on the above considerations, a minute volume of 9.0 L/min during
exposure was assumed in the simulations to represent males sitting at rest (V1=0.75 L, f=12 min'%; i.e.,
intake of 9 L/min) consistent with particle deposition fraction calculations (see Table 2 in Section 1.2).
The ventilation rates when subjects were not being exposed are unimportant since the inhalation

exposure concentration for Pb was assumed to be zero during these periods.

Dietary Pb intake. Table 4 of Gross (1979) provided data (mean, SD, range) for dietary Pb intakes based

on duplicate diets measured in each experimental period (control, each exposure period, post-

67


https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/7263584
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/77365
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/6571472
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/7263584
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/53825
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/53825
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/1508492
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/53825
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/53825
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/202227
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/202227
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/53825

exposure). The mean intakes for each period were used to represent the dietary intakes for each period.
Dietary intakes for ages prior to the start of the study were calculated as the time-weighted average
across the entire study adjusted for age-dependent energy requirements [see p. 234 of U.S. EPA
(20244a)]. This approach is consistent with the approach used to apportion dietary Pb intakes by age in
the AALM. While the resulting values assigned to ages before the study cannot be verified with
observations, these levels do not appreciably affect blood Pb kinetics observed during exposure, in part,
because of the relatively long control period (300 to 600 days) prior to the air Pb exposure periods and
because additional non-dietary intake was required to achieve the subjects baseline blood Pb

concentration observed during the control period preceding the air Pb exposures.

Non-dietary Pb intake. Table 4 of Gross (1979) provided data on the rates of Pb excretion in feces. The
balance (fecal minus dietary) for JOS and LD were substantially positive during the control period. For
subject JOS, the dietary intake during the control period was 112 pg/day and the fecal excretion rate
was 237 pg/day. For subject LD, the dietary Pb intake during the control period was 139 pg/day and the
fecal excretion rate was 262 pg/day. These results indicate that non-dietary sources contributed to fecal
Pb excretion. This is reasonable given that the studies were conducted during the period 1937 to 1973,
when ingestion of surface dusts contaminated with Pb from leaded paint and from surface deposition of
oxidation products of leaded gasoline would have made a substantial contribution to total Pb intake.
The relatively high control period blood Pb levels (~20 pg/dL) are evidence that the subjects experienced

much higher Pb intakes than typically experienced in the U.S. today (Egan et al., 2021). We selected a

non-dietary Pb intake that, when combined with the reported dietary intake, predicted the mean BLL
observed during the control period. Since there is no reason to expect the non-dietary Pb intake to
correlate with other contributions to Pb intake, we assigned this intake to all experimental periods of
the study and for ages prior to the start of the study (beginning at birth). The value was inputted into
the AALM as a constant other Pb intake.

Gastrointestinal Pb absorption fraction (AF1) and RBA. The default value for AF1 (12% in male adults)
was assumed for all simulation since no data were reported in Gross (1979) that allowed estimation of
the absorption fraction. No observational data were available to estimate a value for the GI RBA of
inhaled Pb cleared from the respiratory tract and swallowed. A value of 0.2 was assumed which yields a
Gl absorption fraction of 0.024 (i.e., 0.12 x 0.2), which is an intermediate value between the 0.04
recommended for Type M and 0.002 for Type S forms of Pb in Table 9.2 of ICRP (2017). An RBA of 1.0

was assigned to food Pb and other Pb. If the non-dietary Pb intake was derived from soil or surface dust
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Figure 45. Simulation of Gross (1979) Subject LD (nasal breathing)

O LD observations
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Specifics: Simulation is for LD inhaling (nasal breathing while sitting) a 0.26 um MMD (GSD=2.5) aerosol
with a density of 9 g/cm3. Goodness-of-fit (GFr?) for each dissolution rate were 0.613 for 10~2 g/cm? per
day, 0.610 for 10~ g/cm? per day, and 0.575 for 10~° g/cm? per day. Pearson correlation r? were
between 0.624 and 0.628. Data are all blood observed Pb levels (open circles), averages for discrete
periods (closed circles) with bars showing +/- 7.4 pug/dL (approximate average standard deviation), and
AALM simulations (lines).
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Figure 46. Comparison of ICRP types to AALM for Subject JOS (oronasal breathing)
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Specifics: Simulation is for JOS inhaling (oronasal breathing while sitting) a 0.26 um MMD (GSD=2.5)
aerosol with a density of 9 g/cm?®. The ICRP F and M type particles had goodness-of-fit (GFr?) of 0.619
and 0.432, respectively. The GFr? was negative for ICRP S type particles and the corresponding AALM
simulations. Pearson r? were 0.677, 0.584, and 0.355 for ICRP F, M, and S type particles, respectively.
Data are all blood observed Pb levels (open circles), averages for discrete periods (closed circles) with
bars showing +/- 7.4 pug/dL (approximate average standard deviation), ICRP simulations (red lines), and
AALM simulations (black lines).
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Figure 47. Comparison of ICRP types to AALM for Subject LD (oronasal breathing)
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Specifics: Simulation is for LD inhaling (oronasal breathing while sitting) a 0.26 pm MMD (GSD=2.5)
aerosol with a density of 9 g/cm?. The ICRP F and M type particles had goodness-of-fit (GFr?) of 0.561
and 0.513, respectively. The GFr? was negative for ICRP S type particles and the corresponding AALM
simulations. Pearson r? were 0.631, 0.669, and 0.150 for ICRP F, M, and S type particles, respectively.
Data are all blood observed Pb levels (open circles), averages for discrete periods (closed circles) with
bars showing +/- 7.4 pg/dL (approximate average standard deviation), ICRP simulations (red lines), and
AALM simulations (black lines).

87








https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/15492
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/15492







The Pearson correlation coefficients in Table 13 were statistically significant (p<0.05) in 26 of 31
subjects. The goodness of fit metrics were statistically significant (p<0.05) in 15 of 31 subjects. Negative
correlations in 9 subjects indicate that the mean of the observed data was a better predictor of blood Pb
levels than the model. The remaining seven subjects had a positive, but not statistically significant
goodness of fit. For Study 1 subjects, it can be seen in Table 13 that most of the nonsignificant and low
p-values (0.11>p>0.05) for the goodness of fit were generally brief exposures less than three months.
Only Subject 1-3 exposure of 124-days did not have a significant correlation between predicted and
observed blood Pb (GFr?=0.13, p=0.10 ) due to an over prediction of response, however, a significant
Pearson correlation (r?=0.74, p=0.001) was observed. Subject 2-2 also showed a visible time course that
was not significant by the goodness of fit test (negative GFr?) due to being greater than predicted, but
also had significant Pearson correlation (r’=0.83, p<0.001). Plots for each subject’s time course of
observed and predicted blood Pb data are provided in Appendix A.3. Some example time course plots
are pulled forward from the appendix for a discussion of results. Figure 50 illustrates the time course for
one of eleven subjects in which the goodness of fit was 20.60. Figures 51 and 52, respectively, show
time course plots for which correlations between observed and modeled blood Pb concentrations were
not significant and the model could not be expected to produce accurate predictions given the data
provided. In one instance, observed responses continued to increase beyond the exposure period, while
the other showed no change in observed blood Pb levels during the exposure period. Although it would
have been reasonable to omit subjects with brief exposures or that demonstrated time courses with
observed blood Pb levels reflecting no change during the exposure period or other aberrant
observations, we have included all subjects in Table 13 and Appendix A.3 to illustrate the full variability

in both the experimental results and the ability to predict results.
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Figure 50. Example of a well predicted time course
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Figure 51. Example time course where observed blood Pb increased beyond the
exposure period

45 -

L Subject 1-21
40 - e .
§ 35 o ° o .
g [ ) [ ]
=307 GFr2=-1.7
S 25 4 r2=0.08
—
T 20
o
m 15
10 4 T T T T "
0 50 100 150 200 250
Study Day

Figure 52. Example time course where observed blood Pb did not increase during
exposure period
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7.3. Conclusions
We have evaluated the performance of the AALM for predicting BLLs associated with exposures to Pb

oxide particulate aerosol. A requirement for this performance evaluation were studies in which
exposures were sufficiently documented to allow reliable estimation of the inhaled doses of Pb as well

as other major exposure sources contributing to blood Pb (e.g., diet). The Griffin et al. (1975) and Gross

(1979) studies were particularly useful because they provided data on individual subject BLLs prior to,
during and following exposures to well characterized Pb oxide aerosols; and also estimated dietary Pb
intakes in the same subjects. These studies observed the accrual and elimination phases of blood Pb
associated with the onset and cessation of inhalation exposures, allowing assessment of blood Pb
kinetics during the period in which inhalation exposure dynamics dominated the blood Pb dynamics.

Collectively, the simulations of subjects from the Griffin et al. (1975) and Gross (1979) studies indicate

that the AALM reproduced the dynamics of BLLs observed during and following a period of daily

exposures to aerosols to Pb oxide.

Several uncertainties apply to these evaluations. The most important uncertainty is related to the

inhalation exposures, particularly for the Griffin et al. (1975) study. In that study, although cascade

impactor samples were collected to assess the particle size distribution, 66% to 78% of the total Pb mass
was captured on breakthrough filters following the last stage of the impactor which had a 50% cut-size
of 0.18 um. Thus, the median particle size was below the ability of the impactor to characterize.
Similarly, Gross (1979) provided limited information about the aerosol size distribution. It is also unclear
during the prolonged exposures how well the subjects were monitored. For example, Subjects 1-11, 2-1,
and 2-6 showed no apparent increase in their blood Pb levels during the inhalation exposure period. It is
feasible that these individuals wore some type of protective face covering during the experiments or

resided in an area of the chamber receiving disproportionally low aerosol concentrations.

There was also uncertainty related to inter- and intrasubject variability in the estimated dietary Pb
intakes and absence of confident estimates of non-dietary Pb intake. In the AALM simulations, we used
the measured mean experimental period dietary intakes and extrapolated dietary intakes to younger
years based on age-dependent energy requirements. The dietary intakes combined with a constant non-
dietary Pb intake determined for each subject individually achieved agreement between the predicted
preexposure mean BLL and the observed preexposure mean BLLs. Repeated measurements of dietary
Pb intakes showed relatively high variability within experimental periods. For example, for the Gross

(1979) subject JOS, the dietary standard deviation was approximately 50% of the mean. For subject LD,
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the variability was even greater, ranging from 50% to 130% of the mean. In the Griffin et al. (1975)

study, the standard deviation was of 42% of the mean.

The non-dietary intake in the Griffin et al. (1975) study during the exposure period is expected to be

from ingestion of surface dusts within the exposure chamber due to prolonged exposures of 23
hours/day for up to 124 days. The surface dust loading and concentration likely varied during the study;
although, this could not be estimated for inclusion in AALM simulations and therefore was assumed to
be constant. The fecal-dietary balance measured in the Gross (1979) study, could not be used to
estimate the non-dietary Pb intake during the inhalation exposure periods, because the balance during
inhalation exposure would be affected by mucociliary clearance of inhaled Pb to the gastrointestinal
tract. Thus, non-dietary intake was used to match predicted and observed BLLs prior to air exposures

and was maintained at the preexposure intake value during the air exposure and post-exposure periods.

The Griffin et al. (1975) study had several important attributes not present in the Gross (1979) study.

The exposures in the Griffin et al. (1975) study were nearly continuous with exposure interruptions of

only one hour of each 24-hour period. This reduced the uncertainty in the exposure concentration used
in the AALM, compared to the Gross (1979) study in which exposure frequencies ranged from 3 to 11.9
hours/day and 3.5 days per week. Unlike the Gross (1979) study in which exposures (air Pb and dietary

Pb) varied between subjects, the Griffin et al. (1975) study provided data for a small group of subjects

who experienced the same exposures; this offers an opportunity [not yet explored] for evaluating

performance of the AALM relative to observed interindividual variability in BLL.

Our overall conclusion is that the AALM performed well at predicting the BLLs observed in these two
studies. This conclusion is based on four quantitative evaluations: (1) goodness of fit between predicted

and observed BLLs in each subject of both the Gross (1979) and the Griffin et al. (1975) studies, (2)

Pearson correlation coefficient between predicted and observed BLLs in each subject in the Griffin et al.
(1975) study, (3) linear regression between last observed and predicted BLLs for each subject in the
Griffin et al. (1975) study, (4) comparison of the AALM’s dissolution approach versus the ICRP (2017)

recommendations.

The most rigorous critical evaluation was our goodness of fit between each individual’s predicted and
observed BLLs. Figures 42-45 showed a strong goodness of fit between observed and predicted BLLs in
the Gross (1979) study particularly at the dissolution rates of 102 and 10~* g/cm? per day. For the Griffin
et al. (1975) study, Table 13 shows the goodness of fit between the full time course of observed and
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predicted blood leads was statistically significant in 15 of 31 subjects. Determining the goodness of fit is
a much more critical test than a Pearson correlation coefficient which showed a statistically significant
association between the predicted and observed BLLs in 26 of 31 subjects. For example, Subject 1-3 had
an r? of only 0.13 (p=0.10) even though the increase and decrease in predicted and observed BLLs is well
aligned. However, a Pearson correlation coefficient (r?) for Subject 1-3 among the 22 pairs of predicted
and observed BLLs is 0.66 (p<0.001). As another example, Subject 2-2 had an r? of -0.2, however, the
Pearson correlation coefficient among the 19 pairs of predicted and observed BLLs is 0.83 (p<0.001).
Thus, our reliance on goodness of fit was a far more critical evaluation of the model than use of Pearson
correlation coefficients. Figure 49 also showed that regardless of exposure concentration or duration,
there was a good overall correlation (r>=0.73) with a slope of 0.77 between observed and predicted end

of exposure BLLs.

These results support confidence in applications of the AALM for simulating BLLs associated with
inhalation exposures to submicron Pb oxide aerosols. It was only possible to evaluate the exposures of
adult males. This potentially limits model applicability to females and other lifestages. Additional
evaluations of other particle sizes and other types of Pb particulates (e.g., sulfides, carbonates) would be
valuable for assessing the more general applicability of the AALM for simulating BLLs resulting from

exposures to air Pb from both occupational and environmental sources.
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Appendices

Al Size Distributions Reported for Workplace Aerosols
In their original work, CalEPA (2013) used size distributions available from the literature (see table

below) to assess deposition within the respiratory tract with subsequent absorption of Pb into the
blood.

Workplace Pb Aerosol Size Distributions

Industrial Operation MMAD (um) GSD

Cutting (n=14)2 4.63 2.08

Furnace (n=13)2 2.06 6.51

Grinding (n=10)2 4.17 2.7

Pouring (n=13)? 244 6.38

Secondary Smelting (n=6)" 4.9 5.0

Radiator Manufacturing (n=42)® 1.3 9.6
Battery Manufacturing (n=44)° 14.1 15

Lead Powder Manufacturing (n=25)° 15.1 1.7

@ Data from Liu et al. (1996) as obtained from Table B-4 of CalEPA (2013)

b Data from Park and Paik (2002) as obtained from Table B-1 of CalEPA (2013). A
combined (n=117) average aerosol distribution was reported in Table B-1 as having 5.8
pum MMAD with 6.3 GSD.
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A.2. Experimental measurement of aerosol deposition

Bennett
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l High Velocity Respiratory Valve
Pl (Rubber Diaphragms)
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Precipitator
Two Way
Valve

Plastic Tubing

Douglas Bag
200 Liters

To Power

Adapted from Figure 13 of Kehoe (1961) — Schematic representation of equipment and method for
determining the proportion of particulate Pb exhaled by subjects
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A.3. Griffin et al. (1975) study

The time courses for all 31 subjects in the Griffin et al. (1975) study are provided in this appendix.
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A4, MPPD setup to create AALM deposition fraction databases
Deposition fractions for the AALM respiratory module were estimated using the MPPD (version 3.04)
model. After starting the MPPD program, simulation conditions are entered through the Input Data
menu option (illustrated below). In the appendix subsections that follow, Section A.4.1 shows Airway
Morphometry, Section A.4.2 shows Exposure Condition, and Section A.4.3 shows Inhalant Properties for
deposition calculations and running a simulation. Section A.4.4 covers viewing and saving of MPPD
results. Section A.4.5 leads users through setting up their own custom deposition scenarios.

MPPD Startup screenshots with Input Data selected.

IMPPD v3.04 - m] X

File InputData| Calculations Report Resuits Plot Results Help Get Started

Il Airway Morphometry

Inhalant Properties »

Exposure Condition »

Deposition/Clearance »

MULTIPLE-PATH PARTICLE DOSIMETRY MODEL
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A.4.1. Lung Morphology and static volumes
This section details airway morphology model, functional residual capacity (FRC), and upper respiratory
tract volume (URT) used for MPPD particle deposition simulations. All simulations use the Yeh/Schum
Symmetric human morphometric lung model. The FRC and URT volumes are a function of the age and
sex of the individual were considered.

MPPD screenshots for adult male (left) and female (right) morphometry

i Airway Morphometry x| @ Airway Morphometry e
Species |Human |" Species ‘Human |v|
Model |Yehf Schum Symmetric |" Model ‘Yehf Schum Symmetric |"|

i
FRC |3300. | mi FRC 2681 | mi
URT Volume |50, | mi URT Volume |20 | ol
[_oetaun_|_sew | [ petaun_| e |

Functional residual volume and upper respiratory tract volumes (Data from Section 1.2,
Table 1)

Age Sex FRC (mL) URT (mL)
Adult (30 years) Male 3301 50
Female 2681 40
Adolescent (15 years) Male 2677 45
Female 2325 39
Child (10 yrs) Male 1484 25
Female 1484 25
FRC, functional residual capacity; URT, upper respiratory tract volume. Data from |ICRP
(1994) Table 15.
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A.4.2. Breathing Conditions during exposure
Breathing patterns chance with age and activity. Breathing patterns affect both particle deposition
fractions and dose rates. Typically, only tidal volume (TV) and breathing frequency (f) are varied for
MPPD simulations.

MPPD screenshot for Adult Male Exposure (Light Exercise illustrated)

% Exposure Scenario *
Acceleration of Gravity |981.D | cmis®
Body Orientation |Upright | b d ‘

Body Orientation: a e

Body Orientation: B e

Body Orientation: v e

Aerosol Concentration |1. | mg/m*
Breathing Frequency |2IZI | per minute
Tidal Volume [1250 | mi
Inspiratory Fraction |D.5 |

Pause Fraction |D. |

Breathing Scenario |DronasaI-Mouth Breather ‘V|
| Default | Help ‘

Tidal Volume and Breathing Frequency used for MPPD simulations (Data from
Section 1.2, Table 2)

Sitting Light Exercise Heavy Exercise
TV, mL f #min TV, mL f #/min TV, mL f, #/min
Child Male 333 19 583 32 841 44
Child Female 333 19 583 32 667 46
Adolescent Male 533 15 1000 23 1352 36
Adolescent Female 417 16 903 24 1127 38
Adult Male 750 12 1250 20 1923 26
Adult Female 464 14 992 21 1364 33

V7, tidal volume; f, breathing frequency; Data from Table B.15 of ICRP (1994).

All simulations used an “Oronasal-Mouth Breather” breathing scenario (also termed as Breathing Habit).
This breathing scenario was chosen since it is more conservative (greater intrathoracic particle dose)
than nasal or oronasal-normal augmenter breathing scenarios.
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A.4.3. Particle properties and deposition calculations
Aerosol size distributions are typically lognormal and may be measured and described in various ways.
The term monodisperse is typically used to describe an aerosol distribution in which particles have quite
similar diameters as indicated by a geometric standard deviation (GSD) of <1.15. A polydisperse aerosol
contains a larger spread in particle sizes. Large GSD of >3-4 may indicate that a single GSD is represent a
multimodal aerosol distribution.

When an aerosol distribution is described by counting particles, the median size is called the count
median diameter (CMD). On the other hand, when the distribution is based on particle mass in an
aerosol, the median size is called the mass median diameter (MMD). Impaction and sedimentation of
particles in the respiratory tract depend on a particle’s aerodynamic diameter (dae), which is the size of
a sphere of unit density that has the same terminal settling velocity as the particle of interest. The size
distribution is frequently described in terms of Dae as the mass median aerodynamic diameter (MMAD),
which is the median of the distribution of mass with respect to aerodynamic equivalent diameter.
Alternative descriptions should be used for particles with actual physical sizes below ~0.5 um because,
for those sized particles, aerodynamic properties become less important and diffusion becomes ever
more important. For these smaller particles, their physical diameter or CMD are typically used because
diffusivity is not a function of particle density.

For consideration of particle mass dose delivered to respiratory tract, all calculations within the AALM
respiratory module spreadsheet should be represented by the MMD of the distribution. Conversion of
CMD and MMAD to MMD may be completed in the “Dae <--> De” tab of the AALM respiratory module
spreadsheet (see Equations 3 and 4 in Section 1.2). A later section of this document (Comparison of
MPPD and AALM respiratory module) shows MPPD and AALM respiratory module calculations. For these
comparisons, all simulations were for an adult male and the activity of sitting. These simulations are
considered as a quality assurance check of calculations in the AALM respiratory module spreadsheet. It
was not necessary to consider females, other ages, or activities because all calculations are performed
using the same sets of equations.

For single runs used in this document (see Appendix A.4.4 and A.5), typically only density, diameter, and
the GSD were varied (see screenshot below). Most runs used a MMD. For some simulations, estimates
were completed using a CMD or a MMAD to show examples of conversions from CMD and MMAD to
MMD. All runs used an aspect ratio of one (spherical particle).

The final Input Data item is Deposition/Clearance (see screenshot below). Subsequently, from the MPPD
Calculations menu item, select Accept Settings, and then select Run. For AALM respiratory module
calculations, the Deposition Only was selected. The MPPD (version 3.04) clearance kinetics are from
ICRP (1994) Annex E. The AALM version 3.1 uses more recent clearance kinetics based on ICRP (1994)
Annex E and ICRP (2015) Annex A as discussed in Chapter 5 (see Figure 22).

A-17


https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/6988
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/6988
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/6571369

MPPD Screenshot Setup for Single run (density = 1 illustrated)

& Particle Properties X

Density 1.0 glem* < Enter particle density

Aspect Ratio  [1.0 =1 for spherical
Single
Diameter |2 | pm Multiple < Enter particle diameter
Multimodal
i) CMD " MMD i) MMAD & Use MMD
Inhalability Adjustment < Use Inhalability Adjustment

GSD {diam.) |2 < Enter GSD

GSD (length) (1.0
Correlation 0.0

[] Equiv. Diam. Model

Diff. Diameter [1.0 | pm
Sed. Diameter lwi i
imp. Diameter 1.0 | pm
Int. Diameter lwi i

MPPD Screenshot to set Deposition Only Calculations

=
‘ (FIMPPD v3.04
| File I'llllﬂﬂl| Calculations Report Results Plot Results

| ¥ Nrway Morphometry J Deposition Message x
Inhalant Properties »
Exposure Condition » - @ Deposition Calculations Only
i Deposition/Clearance r}“ & Deposition Only ‘
- Dep. + Clearance
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Multiple runs were needed for database files (e.g., AdultFemale.xlsx) for use in AALM respiratory
module calculations. All multiple runs used a CMD with a GSD=1 and with an inhalability adjustment. For
a GSD=1, the deposition fractions estimated for a CMD are identical to those using an MMD. Each
multiple run output was setup to estimate deposition fraction estimates for 301 particle sizes between
0.001 and 100 pm in the extrathoracic (ET), tracheobronchial (TB), and pulmonary (PU) regions.
Deposition fractions were calculated for the particle densities 0f 0.5, 1, 2, 3,4, 5,6, 7, 8,9, 10, 11, and
12 g/cm?®. It was necessary to complete runs separately for all ages and activities. For example, for adult
females, 39 multiple runs were required to account for all activity levels (i.e., sitting, light exercise, and
heavy exercise) and particle densities. Within each database file (e.g., AdultFemale.xlsx) used for
deposition calculations, there are hidden tabs for each activity and density that was modeled. For
example, the hidden tab “LightEx,p3” indicates an activity of light exercise and particle density of 3
g/cm?3. Each hidden tab has lung volumes and breathing conditions within first 22 rows of MMPD output
(see how output was generated in Appendix A.4.4).

MPPD Screenshot Setup for Multiple runs (density = 12 illustrated)

e

Density 12 T < Enter particle density

AspectRatio |1.0 | =1for spherical
single
Diamet Multipl .
lameter b — < Select Multiple, then select “0.001
Multimodal um — 100 pm” and set “Number of Size
. Intervals” to 300.
Inhalability Adjustment < Use Inhalability Adjustment

GSD (diam.)
GSD (length)
Correlation

[] Equiv. Diam. Model

Diff. Diameter 1.0 |pm
Sed. Diameterlmi wm
imp. Diameter 1.0 | pm
Int. Diameter lﬂli wm
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A “QA tests” tab in each database file illustrates deposition fractions in each region (i.e., ET, TB, and PU)
of the respiratory tract as a function of particle size and density. Users may select the activity (Cell B3)
and particle sizes (Cells B6:B24) to be plotted. The QA tests tab was used to quickly inspect data for any
anomalies/inconsistences as a function of particle size or particle density that may have occurred due to
incorrectly implementing MPPD runs or improper recording of runs in the database files.

A.4.4. Viewing and saving MPPD results
After a simulation has been run, the MPPD model will display a message box stating that calculations
have completed, press [OK] so that the main menu bar can be accessed. The MPPD results appearing in
Appendix A.5 are screenshots of regional deposition plots. As illustrated below, those plots were
generated by selecting Plot Results > Region Deposition > Regional Fraction.

MPPD Screenshot to Generate Regional Deposition Fraction Plots

#IMPPD v3.04 = o X
File Input Data Calculations Report Results | Plot ResultsJ Help Get Started

Deposition Distribution »
Regional Fraction Regional Deposition »
Lobar Fraction Tissue Regions Deposition »

Fraction Vs. Generation No. Deposition Vs. Diameter »
Mass / # Vs. Generation No. Deposition Vs. Time »
Mass / # Rate Vs. Generation No. Clearance/Retention »
Mass / # Per Area Vs. Generation No. » |Visualizations »

Mass / # Flux Vs. Generation No.

MPPD

MULTIPLE-PATH PARTICLE DOSIMETRY MODEL

A-20



To save results of a simulation, as was done to create the database files for the respiratory module,
select Report Results > Create as shown below.

MPPD Screenshot to Create Report

imMPPD v3.04 - 0 X
File Input Data Calculations | Report Resuits | Plot Results Help Get Started

Create

View

Create Detailed Report

A screen will appear for users to enter a File Name. Name files in a manner that will help retrieve the
results in the future. In the example below, the results being saved are for an adult female engaged in
light exercise that inhaled an aerosol having a density of 9 g/cm?.

MPPD Screenshot to Save Report

(31 Create Report X

Save In: IEMPPD l" E

File Name:  |AdultFemale_LEx_pJ| |

Files of Type: ’Parameter Files (*.rpt) [ v l

save || cancer |
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The table below illustrates the results for an adult female that inhaled an aerosol with a density of 9

g/cm? while engaged in light exercise. Notice that the density of the aerosol is not included, making it

important to include this information in the filename. For quality control, other information can be
verified. The FRC (row 9) and upper respiratory tract volume (row 15) can be verified as being for an

adult female by comparison to values in Section A.4.1. The tidal volume and breathing frequency (row

14) can be verified against values in Section A.4.2 as being for an adult female engaged in light exercise.
Not appearing in the MPPD output, Head Dep (column K) was calculated as the sum of columns C and F.
Rows 34 through 324 (hidden for illustrative purposes) are values for other particle size.

MPPD Screenshot of Report from AdultFemale.xIxs

A B C D E F G H 1

1 MPPDv3.04 © 2016 by Applied Research Associates, Inc.

2 |-->Llung morphometry <--

3 |Lung Geometry: Humansymmetric

4 |Mumber of segments: 24

5 |Scaling tree by (TLC ---> FRC): 0.784

6 |TLC=5558.09 ml

7 |FRC=2681.00 ml

g |Scaling tree by ({1+TV/2FRC)*1/3): 1.058

9 |Calculated FRC = 2681.00 ml

10 | Lung (distal} volume =3177.00 ml

11 |Volume of conducting airways: 141.37 ml

12

13 |----- = Breathing Parameters and Times <-------

14 |Breathing Frequency: 21.0 #/min  Tidal volume: 992.0 ml

15 |Nasopharyngeal dead space: 40.0 ml

16 |--> Regional Deposition <--

17

18 | Inhalation time: 1.43 sec  Exhalation time: 1.43 sec

19 \Volumetric inhalation flow rate at trachea: 694.4 ml/sec

20 \Volumetric exhalation flow rate at trachea: 694.4 ml/sec

21 Time spent in the head during inhalation: 0.058 sec

22 |Time spent in the head during exhalation: 0.058 sec

23

24 |Deposition results for monodisperse particles from 0.001 to 100 micrometers:

25

26

27 Diameter Diameter | Head Dep Inh Dep  Pause DepHead Dep ExhDep TBDep  PU Dep
28 lum (inh) (exh)

29 0.001 1 0.76 0.212 1] 0.018 0.004 0.216
30 0.001 1 0.745 0.226 1] 0.019 0.004 0.23
31 0.0011 1 0.729 0.239 1] 0.02 0.004 0.243
32 0.0011 1 0.713 0.253 1] 0.021 0.005 0.257
33 0.0012 1 0.6e97 0.266 1] 0.022 0.005 0.271
325 B5.7696 0.012 0.012 0 1] 1] 1] 1]
326| 89.1251 0.01 0.01 0 1] 1] 1] o
327 92.6119 0.008 0.008 0 1] 1] 1] o
328 96.2351 0.007 0.007 0 1] 1] 1] o
329 100 0.005 0.005 0 1] 1] 1] 1]
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A.4.5. Creating custom particle deposition calculations
There may be occasions where a user desires to calculate deposition for conditions outside those
discussed within this section. For example, all simulations used an “Oronasal-Mouth Breather” breathing
habit. This breathing habit was chosen as a default since it is more conservative (greater intrathoracic
particle dose) than nasal or oronasal-normal augmenter breathing habits. If a user desired to simulate
nasal breathing or oronasal-normal augmenter breathing, a custom input file would need to be created
by the user. To create a custom file for deposition calculations, the user must run the MPPD program as
described in the above subsections and changing the desired setting to match their scenario.

Herein, a condition will be set up to have an adult male breath nasally while sitting and exposed to an
aerosol having a density of 9 g/cm®. Under the main menu item Input Data, the user should set the
Airway Morphology, which by default is for an adult male. Press [OK] to return to the main menu. Next
under Input Data, the Inhalant Properties are entered. The Density should be changed from 1 g/cm®to 9
g/cm3. Select Multiple, the select “0.001 um — 100 pm” and set “Number of Size Intervals” to 300. Use
the Inhalability Adjustment by checking the box located next to it. Press [OK] to return to the main
menu. Next, under Input Data, the Exposure Condition should be specified as Constant Exposure.
Breathing conditions for exposure scenario then need to be entered. The tidal volume needs to be
changed from 625 ml for rest to 750 ml for sitting. The Breathing Scenario, by default in the MPPD is
Nasal, the desired condition for this case. Press [OK] to return to the main menu. Lastly, under Input
Data, set Deposition/Clearance to Deposition Only. Under the Calculations menu item, accept the
conditions and run the simulation. Finally, under the Report Results menu item, select Create to output
results and enter the desired filename.

The user must import the MPPD output into the “Custom.xIsx” Excel spreadsheet. This spreadsheet has
one sheet with an MPPD output example and nine sheets with instructions to import new custom
simulations. The MPPD output may be opened in Notepad or another program for opening text files. It is
recommended that all information in the top 24 lines of text (simulation information) be copied and
pasted in cell Al of the spreadsheet. Next, select and copy all values from lines 29-330 of the MPPD
output. Select cell A29 in the spreadsheet, and paste using Text Import Wizard. On the first page of the
Text Wizard, leave the default as Delimited and press the <Next> button. The delimiter is by default
Space, Tab should also be selected, then press <Finish>. The data will be located in cells B29:K329, select
and Cut the cells, move the cursor to cell A29 and paste. In cell K29, type the equation =C29+F29 then
copy this equation across the range from K29 to K329. This is summing head deposition from inhalation
(column C) and exhalation (column F). Save the Custom.xlIsx Excel file with the desired sheet active (i.e.,
visible or open). Users may create as many sheets for custom runs as they desire. However, only the
active sheet when the spreadsheet is opened will be used for the custom calculations. Open Custom.xlsx
to assure that the MPPD simulation that is desired is the sheet appearing when the file is opened. If the
desired sheet is not active, select the desired sheet to make it active, then save and close the
spreadsheet.

The deposition fraction and dissolution calculations will be calculated in RespDep_17Jun2025.xIsx.
Within this spreadsheet on the Exposure Scenario tab, set cell B4 to Custom. Ensure that the breathing
conditions (Vt and f) for the custom simulation run in the MPPD model are entered into the README tab
in cells D19 and E19, respectively. On the Exposure Scenario tab, enter the aerosol MMD, GSD, density,
and dissolution rate. Unlike typical simulations for males or females at a selected age range in cell B4,
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the density will not be used in deposition fraction calculations but will be used to calculate first-order
dissolution rates. Thus, it is important to ensure that the density entered on the Exposure Scenario tab
matches that used in the MPPD simulation.

Run macro on the Exposure Scenario tab (see Figure 7; macro button is located in cells H4:17) to
calculate the deposition fractions and first-order dissolution rates. After the macro completes, the
deposition fractions and dissolution rates will become visible as after any other simulation completes.
However, hovering over the Excel icon at the bottom of the computer screen will show that
CalcCustom.xlIsx is minimized. Users may inspect this file on the “QA test” tab to ensure that the
deposition fractions within each region of the respiratory tract appear as expect. Users should exit
CalcCustom.xIsx without saving or save to another filename. Saving the results within CalcCustom.xlsx
will not damage the file or interfere with future runs. However, it its initial state, CalcCustom.xIsx has 1's
inserted as all MPPD simulation output so that users can assure their results were correctly imported via
the “QA test” tab.

For the simulation described above, three plots of the deposition fractions as a function of particle size
for each region of the respiratory tract are provided below. The simulation is for an adult male inhaling
an aerosol having a density of 9 g/cm? while breathing through the nose during a low activity level
(sitting; Vt, 750 mL; f, 12 min?).

ET region

Deposition Fraction

0.001 0.010 0.100 1.000 10.000 100.000
Particle Diameter (um)
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Deposition Fraction

Deposition Fraction

TB region

0.6 -

0.001 0.010 0.100 1.000 10.000 100.000
Particle Diameter (um)

PU region

04 -
0.35

0.001 0.010 0.100 1.000 10.000 100.000
Particle Diameter (um)
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A.5.

Comparison of MPPD and AALM respiratory module

A.5.1. Monodisperse CMD and MMD calculations at unit density
MPPD runs (Adult male, MMD=0.1 pm, GSD=1.01, Density=1 g/cm?)

Sat, 010872022, 05:59:18 Ph EST

Fegion: Entire Lung

Species & hodel Info:
SpeciesiGeometry: Human Swmmetric
FRC “wolume: 330000 ml
Head “lume: 50.00 ml
Breathing Route: mouth breather

Breathing Parameters:

Tidal “alume: 750.00 ml
Breathing Frequency: 12.000 1/min
Inzpiratory Fraction: 0.50
Pausze Fraction: 0.00
Particle Properties:
Diameter: ChA0: 01000 pm
G0 1.00
Concentration: 1.00 mg/m™3

Sat, 0108/202%, 06:00:37 Ph EST

0.3826—
03478
03061
=
=]
5 02205 0.2015
[T
=
=]
2 p1s3ob
3 01103
00765
0.0356
Lo
Head TB F Total
Region
Region: Entire Lung
03826
03478
03061
=
=]
[y
=
=
2 g1s30b
3 0.1103
0.07E5—
0.0356
. 1l
Head TB F Total
Region

AALM Respiratory Module
MMD=0.10 um, GSD=1.01, Density=1.0 g/cm?

ET B PU
0.2026

0.0302 0.1108

Total
0.3436

For a density of 1.0, both the CMD
and MMD give the same MPPD

results.

Species & hiodel Info:
Species!Geometry: Human Symmetric
FRC “blume: 2300.00 ml
Head “lume: 50000 mi
Breathing Route: mouth breather

Breathing Parameters:

Tidal wilume: 750.00 ml

Breathing Frequency: 12.00 1/min
Inspiratory Fraction: 0.50

Fause Fraction: 0.00

Particle Properties:

Diameter: hhdD: 01000 pm
GE0:1.00
Concentration: 1.00 mg/m®™

Reasonable agreement between MPPD and AALM respiratory model is observed.
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MPPD runs (Adult male, MMD=1.0 um, GSD=1.01, Density=1 g/cm?)

Sat, 01082022, 05:55.44 Ph EST

0.27 86

0.2229

01671

01114

Diepoasition Fraction

0.0557]

0.a

0.2736

0.2229

01871

IRRNE

Cepasition Fraction

0.0557)

0o

AALM Respiratory Module

Region: Entire Lung

Species & hiodel Info:
Species/Geometny . Human Symmetric
FRC “ilume: 3300.00 ml
Head “blume: 50.00 ml
Breathing Route: mouth breather

Breathing Parameters:

Tidal blurme: 750.00 mi

Breathing Frequency: 12.00 1/min
Inzpiratory Fraction: 0.50

Fause Fraction: 0.00

Farticle Properties:

Diameter: ChiD: 1.00 pm
GED:1.00
Concentration: 1.00 ma/m™

Sat, 0182022, 05:57:00 Phd EST

0.2432
011498
0.0a08
0.0527
Head TE P Total
Regian
Region: Entire Lung
0.2532
011498
0.0808
0.0527
Head TE F Tatal
Region

MMD=1.0 um, GSD=1, Density=1.0 g/cm?

ET
0.0810

0.0529

B PU
0.1200

Total
0.2539

For a density of 1.0, both the
CMD and MMD give the same

MPPD results.

Species & hodel Info:
Species/Geometry: Human Symmetric
FRC “wolume: 3300.00 ml
Head wolume: 50000 ml
Breathing Route: mouth breather

Breathing Parameters:

Tidal wolume: 750000 ml
Breathing Frequency: 12.00 1/min
Inspiratory Fraction: 0.50

Pause Fraction: 0.00

Particle Properties:

Diarmeter: b0 1.00 pm
G30:1.00
Concentration: 1.00 mg/m™

Reasonable agreement between MPPD and AALM respiratory model is observed.
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MPPD runs (Adult male, MMD=2.0 pm, GSD=1, Density=1 g/cm®)

Fri, 01072022, 05:38:20 Phd EST

09770

0.4616

0.3462

Ceposition Fraction

01154

0.0

05770

0 4616

0.3462

0.2308

Cepaosition Fraction

IRREE

0o

AALM Respiratory Module

0.2308-

Region: Entire Lung

Species & hodel Info:
SpeciesiGeometry: Human Symmetric
FRC %wilume: 330000 ml
Head “bolume: 50.00 ml
Breathing Foute: mouth breather

Breathing Parameters:

Tidal “wolume: 750.00 ml

Breathing Frequency: 12.000 1/min
Inzpiratary Fraction: 050

Pause Fraction: 0.00

Particle Properties:

Diameter: Cha0: 2.00 pm
GS0:1.00
Concentration: 1.00 mg/m*3

Fri, 0072022, 0G:14:37 P EST

0.52445
B 0.07ro
Head TE F Total
Region
Fegion: Entire Lung
B 0.5245
B 00770
Head TE F Total
Regian

MMD=2.0 um, GSD=1, Density=1.0 g/cm?
ET B PU

0.2177

0.0771 0.2293

Total
0.5241

For a density of 1.0, both the CMD
and MMD give the same MPPD
results.

Species & hodel Info:
Species/Geometry: Human Symmetric
FRC “wolume: 3300.00 ml
Head “wolume: 50.00 ml
Breathing Route: mouth breather

Breathing Parameters:

Tidal “whlume: 750.00 ml
Breathing Frequency: 12.00 1/min
Inzpiratory Fraction: 0.50
Pausze Fraction: 0.00
Particle Properies:
Diameter: hiviD: 2.00 pm
GE0: 1.00
Concentration: 1.00 mg/m™3

Reasonable agreement between MPPD and AALM respiratory model is observed.

A-28



MPPD runs (Adult male, MMD=8.45 um, GSD=1, Density=1 g/cm?)

Fri, 0JDF2022, DE:00:25 P EST

ns1a5—

06147

0.4093

Deposition Fraction

02049

0o

1.0 -

0.8195—

06147

04098

Ceposition Fraction

020449

0.0

AALM Respiratory Module

Region: Entire Lung

Species & hodel Info:

SpeciesGeometry : Human Symmetnc

FRC “dolurme: 3300.00 mi
Head “Alume: 50.00 ml

Breathing Route: mouth breather

Breathing Parameters:
Tidal “wolume: 750.00 ml

Breathing Frequency: 12.00 1fmin

Inzpiratory Fraction: 0.50
Fause Fraction: 0.00

Particle Properties:
Diameter: Chil: 245 pm
GS0: 1.00

Concentration: 1.00 mg/m*

Fr, 0/07/2022, 05:57:04 PM EST

059313
0.6937
01618
0.07ar¥
Head TB P Tatal
Region
Fegion: Entire Lung
0.9313
0.6937
01614
0.07s7
Head TE P Tatal
Region

MMD=8.45 um, GSD=1, Density=1.0 g/cm?

ET
0.6941

0.1620

B PU
0.0755

Total
0.9316

Species & hiodel Info:

Specizs/Geometry: Human Symmetric

FRC ‘wolume: 3300.00 ml
Head “wblume: 50000 ml

Breathing Route: mouth breather

Breathing Parameters:
Tidal “wblume: 750.00 mi

Breathing Frequency: 12.00 1/min

Inspiratory Fraction: 0.40

Fause Fraction: 0.00
Particle Properties:
Diameter: hiiD: 8.45 pm
GE0:1.00

Concentration: 1.00 mg/m™

For a density of 1.0, both the CMD
and MMD give the same MPPD
results.

Reasonable agreement between MPPD and AALM respiratory model is observed.
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A.5.2. Polydisperse CMD and MMD calculations at unit density
MPPD runs (Adult male, MMD=0.1 pm, GSD=2, Density=1 g/cm®)

0.4102

03281

01641

Depaosition Fraction

0.0820—

0.0 j

04105

03284

02467

01642

Ceposition Fraction

nosz

0o

AALM Respiratory Module

0.2461—

0.040v

Fegion: Entire Lung

0.2080

0124

Sat, O1OEML02E, 06:15:08 PR EST

03729

Species & hodel Info:
Species/Geometry: Human Symmetric
FRC “olume: 220000 ml
Head “wblume: 50000 ml
Breathing Route: mouth breather

Breathing Parameters:

Tidal “olume: 750,00 mi

Breathing Frequency: 12.00 1/min
Inspiratory Fraction: 0.50

Fause Fraction: 0.00

Particle Properties:
Diarmeter: Chil: 0.0237 pm
G50 2.00

Head

0.0408

i

TB P

Fegion

Region: Entire Lung

0.208z2

Tatal Concentration: 1.00 mg/m*:

Sat, 01/02/2022, 06:02:05 Ph EST

0.373z2
For polydisperse aerosols, it is

necessary to convert from CMD
_ to MMD and in the “Dae <--> De”
coaeroesmans- o symmase 1A Of the AALM respiratory

FRC olume: 2200.00 mi

Head blume: 50100 mi module. For a CMD=0.0237 pm
Breathing Route: mouth breather and a GSD:2, the MMD:O.].O l.,lm.

Breathing Parmmeters:
Tidal lume: 750,00 ml i
Breathing Frequensy: 12.00 1/min Converted values give very

Inzpiratory Fraction: 0.60 ..

Fause Fraction: 0.00 Slmllar MPPD reSU|tS.
Particle Properties:

Diameter: WbdD: 01000 prm

Gs0:2.00

Head

01242 I
TB P

Fegion

Total Coneentration: 1.00 mg/m™3

MMD=0.1 um, GSD=2, Density=1.0 g/cm?
ET
0.0408

0.1238

B PU

0.2078

Total
0.3725

Reasonable agreement between MPPD and AALM respiratory model is observed.
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MPPD runs (Adult male, MMD=0.423 um, GSD=2, Density=1 g/cm?3)

0.2440

0.1 960

01470

0.o9a0

Cepaosition Fraction

0.0490

n.04ay

0o

0.2440

01960

01470

0.0980

Deposition Fraction

0.0490

0o

AALM Respiratory Module

Region: Entire Lung

01125

0.0615

Sat, 0022022, 060550 P EST

02227

Species & hiodel Info:
Species/Geometry: Human Symmetric
FRC “ilume: 3300.00 ml
Head “lume: 50.00 ml
Breathing Foute: mouth breather

Breathing Parameters:

Tidal “olume: 750.00 ml

Breathing Frequency: 12.000 1/min
Inzpiratory Fraction: 0.50

Fauze Fraction: 0.00

Particle Properties:

Diameter: Cha0: 01000 pm

Head

0.0asy

1

TE P

Regioh

Region: Entire Lung

01125

00615

GE0: 2.00

Total Concertration: 1.00 mg/m's

Sat, 010852022, 06:10:17 P EST

02228

Species & hodel Info:
Species/Geometry 1 Human Symmetric
FRC “olume: 3300.00 mil
Head “Alume: 50.00 ml
Breathing Route: mouth breather

Breathing Parameters:
Tidal “lume: F50.00 ml
Breathing Frequency: 12.00 1/min
Inspiratery Fraction: 0.50
Pausze Fraction: 0.00

Particle Properties:
Diameter: hl0: 04220 pm

Head

TE P

Fegion

G5O 200

Tatal Concentration: 1.00 mg/m*?

MMD=0.423 um, GSD=2, Density=1.0 g/cm?
ET
0.0483

0.0612

B PU
0.1114

Total
0.2209

For polydisperse aerosols, it is
necessary to convert from CMD to
MMD and in the “Dae <--> De” tab
of the AALM respiratory module.
For a CMD=0.10 um and a GSD=2,
the MMD=0.423 pum.

Converted values give very similar
MPPD results.

Reasonable agreement between MPPD and AALM respiratory model is observed.
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MPPD runs (Adult male, MMD=1.0 pm, GSD=2, Density=1 g/cm®)

Sat, 01/0E2022, O6:230:46 Phi EST

0.366S

0.2933

0.2199

0.1466

Dreposition Fraction

0.0733

0.0

0.3660

02928

0.2196

01464

Deposition Fraction

0.0732

0.0

AALM Respiratory Module

Region: Entire Lung

Species & hiodel Info:
Species/Geometry: Huoman Swmmetric
FRC “wilume: 3300.00 mil
Head ‘wolume: 50.00 ml
Breathing Route: mouth breather

Breathing Parameters:

Tidal wolume: 750.00 ml
Breathing Frequency: 12.00 1/min
Inspiratory Fraction: 050
Pause Fraction: 0.00
Particle Properties:
Diameter: ChiD: 02370 pm
GE0: 2.00
Concertration: 1.00 mgfm"3

Sat, 01082022, 0637 47 P EST

0.3332
01459
01237
0.0636
Head TE F Total
Region
Region: Entire Lung
0.3328
01458
01234
0.06345
Head TE P Total
Region

MMD=1.0 um, GSD=2, Density=1.0 g/cm?

ET
0.1212

0.0631

B PU
0.1455

Total
0.3298

Species & Model Info:
Species/Geometry: Human $ymmetric
FRC “ilume: 3300.00 ml
Head “blume: 50,00 ml
Breathing Foute: mouth breather

Breathing Parametears:

Tidal “olume: 750000 ml

Breathing Frequency: 12.00 1/min
Inzpiratory Fraction: 0.50

Fause Fraction: 0.00

Particle Properties:

Diameter: hd: 1.00 pm
GED:Z.o0
Concentration: 1.00 mgdm™3

For polydisperse aerosols, it is
necessary to convert from CMD to
MMD and in the “Dae <--> De” tab
of the AALM respiratory module.
For a CMD=0.237 um and a
GSD=2, the MMD=1.0 um.

Converted values give very similar
MPPD results.

Reasonable agreement between MPPD and AALM respiratory model is observed.
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MPPD runs (Adult male, MMD=2.0 pm, GSD=2, Density=1 g/cm®)

Sat, 0102/202%, DE20.57 Ph EST

Fegion: Entire Lung

Species & Model Info:
Species/Geometry: Homan Symmetric
FRC wolume: 330000 ml
Head “wblume: 50.00 ml
Breathing Route: mouth breather

Breathing Parameters:
Tidal “Aolume: T50.00 ml
Breathing Frequency: 12.00 14min
Inspiratory Fraction: 050
Fause Fraction: 0.00
Particle Properties:
Diarmeter: Chil: 04730 pm
GED: 200
Concentration: 1.00 mg/m™3

Sat, 010EME02E, 05:11:16 Phd EST

05907
04370
0.47 26
=
E
ERIRLLE o
fre
5 0.2584
@
o 02383 0.1931
ai}
o
01181 0.0855
oo .
Head TE F Total
Fegion
Region: Entire Lung
0.5908—
05371
04737~
=
=
T 03545
e
S 0.2584
‘w
o 02383 01931
a
o
01182 0.0855 I
0.0
Head Total
Fegion

AALM Respiratory Module

MMD=2.0 um, GSD=2, Density=1.0 g/cm?

ET B PU

0.2571 0.1937

0.0857

Total
0.5365

Species & hdodel Info:
SpeciesiGeometry: Human Symmetric
FRC “olume: 220000 ml
Head “ialurme: 50,00 ml
Breathing Route: mouth breather

Breathing Parameters:
Tidal “lurmee: 750.00 ml
Breathing Frequency: 12.00 1/min
Inzpiratory Fraction: 0.50
Pauze Fraction: 0.00
Farticle Properties:
Diameter: hdd0: 2.00 pm
GE0: 2.00
Coneentration: 1.00 mg/m"3

For polydisperse aerosols, it is
necessary to convert from CMD to
MMD and in the “Dae <--> De” tab
of the AALM respiratory module.
For a CMD=0.473 um and a
GSD=2, the MMD=2.0 um.

Converted values give very similar
MPPD results.

Reasonable agreement between MPPD and AALM respiratory model is observed.
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MPPD runs (Adult male, MMD=4.23 pum, GSD=2, Density=1 g/cm?)

Sat, 010852022, 05:47:16 Ph EST

0.8298

0 G638

0.43749

0.3319

Deposition Fraction

01660

0.0

0.8300

0.EG40)

0.4380

0.3320

Deposition Fraction

01660

Region: Entire Lung

0o

AALM Respiratory Module

Species & Model Info:
Species/Geometry: Human Symmetric
FRC %wilume: 330000 ml
Head “blume: S0.00 ml
Breathing Route: mouth breather

Breathing Parameters:

Tidal “olume: 750000 ml
Breathing Frequency: 12.00 1/min
Inspiratory Fraction: 0.60
Fause Fraction: 0.00
Particle Properties:
Diameter: Chi0: 1.00 pm
G50: 2.00
Concentration: 1.00 mgdm™3

Sat, O10EE022, 05:43:4% P EST

0.7544
- 04591
01776
= 01177
Head TE P Total
Region
Region: Entire Lung
0.7546
|- 0.4593
0177s
= 01178 I
Head TB F Total
Region

MMD=4.23 um, GSD=2, Density=1.0 g/cm?
ET TB PU

0.4618

0.1178

0.1821

Total
0.7618

Species & hModel Info:
Species/Geometry: Human Symmetrc
FRC “olume: 3300.00 ml
Head “wolume: S0.00 ml
Breathing Route: mouth breather

Breathing Parameters:

Tidal “Aolume: 750,00 ml

Breathing Frequency: 12.00 1/min
Inspiratory Fraction: 0.50

Pauze Fraction: 0.00

Particle Properties:

Diameter: htdl: 423 pm
GE0:2.00
Concentration: 1.00 mg/m*3

For polydisperse aerosols, it is
necessary to convert from CMD to
MMD and in the “Dae <--> De” tab
of the AALM respiratory module.
For a CMD=1.0 um and a GSD=2,
the MMD=4.23 um.

Converted values give very similar
MPPD results.

Reasonable agreement between MPPD and AALM respiratory model is observed.
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MPPD runs (Adult male, MMD=8.45 um, GSD=2, Density=1 g/cm?)

Fri, 010772022, D5:42:48 Ph EST

Region: Entire Lung

Species & hodel Info:
SpeciesfGeometny: Human Symmetric
FRC %ilume: 3300.00 ml
Head “holume: 50.00 ml
Breathing Route: mouth breather

Breathing Parameters:

Tidal blurme: 750.00 mi

Breathing Frequency: 12.00 1/min
Inzpiratory Fraction: 0.50

Pausze Fraction: 0.00

Particle Properties:
Diameter: ChD: 2.00 pm
GE0: 2.00
Concentration: 1.00 mg/m™3

Sat, 01/02/2022, 051345 P EST

0.9214—
0837y
07372
06122
=
=2
= 046528
i
=
=2
% 0.3686
o
)
=]
01843 01138 01068
0o
Heard Total
Region
Region: Entire Lung
09215~
0.8377
07373
06121
=
=2
o 06520
e
=
2
2 03888
o
)
O
0.a
Head Total

AALM

Region

Respiratory Module

MMD=8.45 um, GSD=2, Density=1.0 g/cm?

0.61

ET
44

TB
0.1222

PU
0.1028

Total
0.8395

Species & hodel Info:
Species/Geometry . Human Symmetric
FRC “ilume: 3300.00 ml
Head “wolume: 50.00 ml
Breagthing Route: mouth breather

Breathing Parameters:

Tidal “olume: 75000 ml
Breathing Frequency: 12.00 1Jmin
Inspiratory Fraction: 0.50
Pause Fraction: 0.00
Particle Properties:
Diameter: hhdD: .45 pm
GE0: 200
Concentration: 1.00 mgim™

For polydisperse aerosols, it is
necessary to convert from CMD to
MMD and in the “Dae <--> De” tab
of the AALM respiratory module.
For a CMD=2.0 um and a GSD=2,
the MMD=8.45 um.

Converted values give very similar
MPPD results.

Reasonable agreement between MPPD and AALM respiratory model is observed.
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MPPD runs (Adult male, MMD=12.7 um, GSD=2, Density=1 g/cm?)

Sat, MDS2022, 05:25:55 PM EST

Region: Entire Lung

Species & Model Info:
SpeciessGeometry: Human Symmetric
FRC “olume: 3230000 ml
Head “Alume: S0.00 ml
Breathing Foute: mouth breather

Breathing Parameters:
Tidal “lume: 750.00 ml
Breathing Frequency: 12.00 14min
Inspiratory Fraction: 050
Fause Fraction: 0.00
Particle Properties:
Diameter: ChAD: 2.00 pm
GE0:z2.00
Concentration: 1.00 mgim®3

Sat, 010852022, 05:38:50 PM EST

0.8765—
0.7968
P02 gagn
=
=
= 05258
[N
=
=
% 03508
o
= 1]
O
04783 0.1007
. 0.06M1
. |
Head TB F Total
Region
Fegion: Entire Lung
0.8765—
0.7968
072 (gD
=
2
® 05259
[T
=
=2
2 03508
o
i)
o
01783 4007
. 0.0601
. [ |
Head TB F Tatal
Region

AALM Respiratory Module

MMD=12.7 um, GSD=2, Density=1.0 g/cm?

ET
0.6406

B PU

0.1042 0.0561

Total
0.8009

For polydisperse aerosols, it is
necessary to convert from CMD to
MMD and in the “Dae <--> De” tab
of the AALM respiratory module.

Si::ic::jtii:::tfyl'n:{ol.;man Symmetrc For a CMD:3O IJ.m and a GSD:Z,
FRC “lume: 3300 00 ml the MMD=12.7 pm.

Head ‘walume: 50.00 ml
Breathing Route: mouth breather

bresthing Parsmetars: Converted values give very similar
Tidal “wilume: T50.00 ml M PPD reSU|tS

Breathing Frequency: 12.00 1/min
Inspiratory Fraction: 050
Pause Fraction: 0.00
Particle Properties:
Diameter: hii0: 12.7 pm
GE0: .00
Concentration: 1.00 mg/m"2

Reasonable agreement between MPPD and AALM respiratory model is observed.
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MPPD runs (Adult male, MMD=16.9 um, GSD=2, Density=1 g/cm?)

Sat, 01A0SA2022, 05:40:20 PM EST

0.8007,

0.6405

0.4804

0.3203

Cepaosition Fraction

01601

0o

0.5007

0.6405

0.4804

0.3203

Depaosition Fraction

0160

0o

AALM Respiratory Module

Fegion: Entire Lung

Species & hiodel Info:
Species/Geometry : Human Symmetric
FRC “wolurme: 3300.00 mi
Head “dolume: S0.00 mi
Breathing Foute: mouth breather

Breathing Parameters:
Tidal “rlume: 75000 ml
Breathing Frequency: 12.00 1/min
Inzpirstory Fraction: 050
Pausze Fraction: 0.00
Particle Properties:
Diameter: Chil: 4.00 pm
GEO: 2.00
Concertration: 1.00 mg/m®

Sat, 010852022, 0542735 P EST

0.rava
0.6094
0.08vo
- 0.0315
|
Head TE P Total
Region
Region: Entire Lung
0.72749
06094
0.0870
- 00315
||
Head TE P Total
Region

MMD=16.9 um, GSD=2, Density=1.0 g/cm?

ET
0.6209

0.0847

TB PU
0.0322

Total
0.7378

Species & hodel Info:
SpeciesiGeometry: Human Symmetric
FRC “olume: 2200.00 ml
Head “ilume: S0.00 ml
Breathing Route: mouth breather

Breathing Parameters:
Tidal “alurme: 750,00 mi
Breathing Frequency: 12.00 1/min
Inspiratory Fraction: 0.50
Pause Fraction: 0.00
Particle Properties:
Diameter: bbdD: 169 pm
G50: 2.00
Concentration: 1.00 mg/m®

For polydisperse aerosols, it is
necessary to convert from CMD to
MMD and in the “Dae <--> De” tab
of the AALM respiratory module.
For a CMD=4.0 um and a GSD=2,
the MMD=16.9 pm.

Converted values give very similar
MPPD results.

Reasonable agreement between MPPD and AALM respiratory model is observed.
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MPPD runs (Adult male, MMD=21.1 pum, GSD=2, Density=1 g/cm?)

Sat, 01/08/2022, 05:44:19 P EST

0.7285—

05828

0.4371

02914

Dieposition Fraction

01457

0o

0.7 286

05828

0.4371

02914

Ceposition Fraction

01457

0o

Fegion: Entire Lung

Species & hdodel Info:
Species/Geometry: Human Symmetric
FRC “aolume: 3300.00 mi
Head ‘wblurme: S0.00 ml
Breathing Route: mouth breather

Breathing Parameters:

Tidal “olume: 750.00 ml
Breathing Frequency: 12.00 1imin
Inspiratory Fraction: 0.50
Pause Fraction: 0.00
Particle Properties:
Diameter: Chi0: 5.00 pm
GE0: 2.00
Concentration: 1.00 mg/m™2

Sat, 010872022, 05:45:45 Ph EST

0.6623
| 05728
0.0723
- 0.0171
—
Head TE P Tatal
Fegion
Region: Entire Lung
0.6623
05730
0.0723
- 0.0171
—
Head TE P Total
Region

AALM Respiratory Module
MMD=21.1 um, GSD=2, Density=1.0 g/cm?

ET
0.5840

B PU Total
0.0682 0.0193 0.6682

Species & hdodel Info:
SpeciesiGeometry: Human Symmetric
FRC “wolume: 3300000 ml
Head “ialurme: 50,00 ml
Breathing Route: mouth breather

Breathing Parameters:

Tidal “ilume: 750000 ml

Breathing Frequency: 12.00 1/min
Inspiratory Fraction: 0.50

Pausze Fraction: 0.00

Particle Properties:
Diameter: hid0: 21.1 pm
GED: 200
Concentration: 1.00 mg/m"3

For polydisperse aerosols, it is
necessary to convert from CMD to
MMD and in the “Dae <--> De” tab
of the AALM respiratory module.
For a CMD=5.0 um and a GSD=2,
the MMD=21.1 um.

Converted values give very similar
MPPD results.

Reasonable agreement between MPPD and AALM respiratory model is observed.

A-38



A.5.3. Polydisperse CMD and MMD calculations with density > 1 g/cm?
MPPD runs (Adult male, MMD=1.0 pm, GSD=2, Density=2 g/cm®)

Wied, D1/12/2022, 052725 Phd EET

0.486%,

0.3895

0.2921

Deposition Fraction

0.0974

0.0

0.4864

0.3891

02918

Ceposition Fraction

0.0873

01948

01945

0o

AALM Respiratory Module

Region: Entire Lung

Species & hiodel Info:
Species/Geometry: Human Symmetric
FRC “olume: 3300.00 ml
Head ‘wolume: 50.00 ml
Breathing Route: mouth breather

Breathing Parameters:
Tidal “olume: 75000 ml
Breathing Frequency: 12.00 1/min
Inzpiratory Fraction: 0.50
Pause Fraction: 0.00
Particle Properties:
Diameter: ChiD: 02370 pm
GE0:2.00
Concentration: 1.00 mg/m™3

hbon, D1ADS2022, 071633 A EST

0.4426
01838 01821
0.07Es
Head TE F Total
Region
Region: Entire Lung
0.4421
01834 n.18z0
0.0767
Head TE P Taotal
Region

MMD=1.0 um, GSD=2, Density=2.0 g/cm?

ET
0.1810

0.0764

B PU
0.1805

Total
0.4379

Species & hiodel Info:
SpeciesiGeometry: Human Swmmetric
FRC “olume: 2200.00 ml
Head “ilume: 50,00 ml
Breathing Route: mouth breather

Breathing Parameters:
Tidal “olume: 750,00 ml
Breathing Frequency: 12.00 1/min
Inspiratory Fraction: 0.50
Fauze Fraction: 0.00
Particle Properties:
Diameter: Wid0: 1.00 pm
GED: .00
Concentration: 1.00 mg/m™3

After particle density is specified
in MPPD’s “Particle Properties”
page and following conversion
between CMD and MMD in the
“Dae <--> De” tab of the AALM
respiratory module, very similar
MPPD results are obtained.

Reasonable agreement between MPPD and AALM respiratory model is observed.
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MPPD runs (Adult male, MMD=1.0 um, GSD=2, Density=3.5 g/cm?)

Wied, D1 2/202F, 05:38:00 Prd EST

0.5807,

0.4725

0.3544

0.2363

Deposition Fraction

011

0.0

0.59m

04721

0354

0.2360

Deposition Fraction

IR REE

0o

AALM Respiratory Module

Region: Entire Lung

Species & hodel Info:
Species/Geometry: Human Symmetric
FRC “olume: 3300.00 ml
Head “wilume: S0.00 ml
Breathing Foute: mouth breather

Breathing Parameters:

Tidal wilume: 750.00 ml

Breathing Frequency: 12.000 1/min
Inspiratory Fraction: 0.50

Pauze Fraction: 0.00

Particle Properties:

Diameter: Chib: 02370 pm
GE0:2.00
Concentration: 1.00 mgim*3

bon, 011052022, 05:28:03 P EST

0.5370
02442
= 0.2031
- 0.08497
Head TE F Total
Fegion
Region: Entire Lung
B 05365
0.2438
= 0203
— 0.08496
Head TE F Total
Region

MMD=1.0 um, GSD=2, Density=3.5 g/cm?

ET B PU

0.2411 0.2025

0.0895

Total
0.5331

Species & hodel Info:
Species/Geometry 1 Human Symmetric
FRC “olume: 3300.00 mil
Head “wlume: 50.00 ml
Breathing Route: mouth breather

Breathing Parameters:

Tidal “olume: T50.00 ml
Breathing Frequency: 12.00 1/min
Inspiratory Fraction: 050
Fause Fraction: 0.00
Particle Properties:
Diameter: bl 1.00 pm
GE0: 2.00
Concentration: 1.00 mg/m*3

After particle density is specified
in MPPD’s “Particle Properties”
page and following conversion
between CMD and MMD in the
“Dae <--> De” tab of the AALM
respiratory module, very similar
MPPD results are obtained.

Reasonable agreement between MPPD and AALM respiratory model is observed.
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MPPD runs (Adult male, MMD=1.0 pm, GSD=2, Density=11.34 g/cm?)

Wed, 011202022, 05:43:17 PM EST

Fegion: Entire Lung

Species & hiodel Info:
Species/Geometry: Human Symmetric
FRC “wilume: 3300.00 ml
Head “wblume: 50000 ml
Breathing Route: mouth breather

Breathing Parmameters:
Tidal “walurme: PA0.00 ml
Breathing Frequency: 12.00 1imin
Inzpirgtory Fraction: 0.40
Pause Fraction: 0.00
Particle Properties:
Diameter: ChiD: 02370 pm
GSO:z.o0
Concentration: 1.00 migdm ™2

hbon, 0141002022, 05:32:57 Pr EST

0.7917-
07107
06334
=
=
T 04750
=2 02872
=
=
T 03167
=
[}
] 0.2026
01583 0.11a9
00 .
Head TB P Total
Region
Region: Entire Lung
07013
0.7103
0.6330-
=
=
S n4748-
= 10,3967
=
£
T 3165
o
=1}
] 0.2027
01583 0.1199 I
Head TB F Total
Region

AALM Respiratory Module

MMD=1.0 um, GSD=2, Density=11.34 g/cm?®

ET B PU
0.3838 0.1180 0.2106

Total
0.7124

Species & hodel Info:
Species/Geometry: Human Symmetric
FRC “olume: 3200.00 ml
Head “ilume: S0.00 mi
Breathing Route: mouth breather

Breathing Parameters:
Tidal “islurme: 750.00 ml
Breathing Frequency: 12.00 1/min
Inzpiratory Fraction: 0.50
Pausze Fraction: 0.00
Particle Properties:
Diameter: biiD: 1.00 pm
GE0: 2.00
Concentration: 1.00 mgim™3

After particle density is specified
in MPPD’s “Particle Properties”
page and following conversion
between CMD and MMD in the
“Dae <--> De” tab of the AALM
respiratory module, very similar
MPPD results are obtained.

Reasonable agreement between MPPD and AALM respiratory model is observed.
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A.5.4. Monodisperse MMAD and MMD calculations at density > 1 g/cm?3
MPPD runs (Adult male, MMD=1.03 um, GSD=1, Density=3.5 g/cm?3)

Tue, O1LA1202E, 11:18:12 A EST

08770

04616

03462

Deposition Fraction

011464

0o

AALM Respiratory Module

0.2308-

Region: Entire Lung

B 0.5245
B 0.0770
Head TB F Total
Fegion

MMD=2.0um, GSD=1.01, Density=1.0g/cm3

Species & hiodel Info:
Species/Geometry: Homan Symmetric
FRC “olume: 2200.00 ml
Head “wblume: S0.00 ml
Breathing Route: mouth breather

Breathing Parameters:

Tidal “olume: F50.00 ml
Breathing Frequency: 12.00 14min
Inzpiratory Fraction: 050
Pauze Fraction: 0.00
Particle Properties:
Diarmeter: hivla0: 2.00 pm
GE0: 1.00
Concentration: 1.00 mg/m™3

Tue, 0112022, 11:14:47 A4 EST

ET B PU Total
0.2177 0.0771 0.2293 0.5241
Region: Entire Lung
08754
A2
04503
=
=2
g 03452
e
=
2 0.2342
2 0230z 02078
o
o
o
01151 0.0810
Head TB F Total
Region

AALM Respiratory Module

MMD=1.03um, GSD=1.01, Density=3.5g/cm3

ET
0.2068

B
0.0810

PU
0.2327

Total
0.5206

Species & hodel Info:
Species/Geometry: Homan Symmetric
FRC “wolume: 3300.00 ml
Head “olurme: §0.00 ml
Breathing Route: mouth breather

Breathing Parameters:

Tidal “Aolume: F50.00 ml

Breathing Frequency: 12.00 1/min
Inspirstory Fraction: 0.50

Pause Fraction: 0.00

Particle Properties:

Diarmeter: a0 1.0 pm
GS0:1.00
Coneentration: 1.00 mg/m®"2
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An MMAD can be run in the
MPPD model and the AALM
respiratory module with a
density=1.0 g/cm?,

Similar results are obtained
between the MPPD and AALM.

MMAD may be converted to
MMD in the “Dae <--> De” tab of
the AALM respiratory module. At
a density of 3.5 g/cm?, an
MMAD=1.0 pm converts to an
MMD of 1.03 um.

Similar results are obtained
between the MPPD calculations
and with the AALM.



MPPD runs (Adult male, MMD=2.1 um, GSD=1.01, Density=3.5 g/cm?)

0.9125

0.7300-

Deposition Fraction

0.1825

0.0

0.5475

0.36480

Tue, O1A1/2022, 11:21:0% &t EST
Region: Entire Lung

0.8296

Species & Model Info:
Species/Geometry: Human Symmetric
FRC ilume: 2300.00 ml
Head “olume: S0.00 ml
Breathing Route: mouth breather

0.4505

Breathing Parameters:
Tidal “wlume: #50.00 ml
Breathing Frequency: 12.00 1imin
Inzpiratory Fraction: 040
Fause Fraction: 0.00

0.2561

01229

TB P

Particle Properties:
Diameter: kA0 .00 pm
GS0: 1.00
Concentration: 1.00 mgim®3

Head Total

Region

AALM Respiratory Module
MMD=4.0um, GSD=1.01, Density=1.0g/cm3

ET B PU Total
0.4507 0.1232  0.2562 0.8301
Tue, 01A1/2022, 11:33:40 A0 EST
Region: Entire Lung
0.9096—
0.82649
07277~
E Species & hodel Info:
E 0.5458— SpeciesGeometry: Human Symmetric
el 0.4430 FRL “lume: 330000 mi
g Head “ilume: 50,00 ml
% Breathing Route: mouth breather
2 03639 Breathing Parameters:
2 0.2587 Tidal “hlume: 750,00 ml
Breathing Frequency: 12.00 1Jmin
Inzpiratory Fraction: 0.50
D9 01252 Fauze Fraction: 0.00
Particle Properties:
Diameter: hd0: 210 pm
0.0 GS0: 1.00
Head TE F Total Concentration: 1.00 mgdm™:
Region
AALM Respiratory Module
MMD=2.1um, GSD=1.01, Density=3.5g/cm3
ET B PU Total
0.4413 0.1248  0.2582 0.8242
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An MMAD can be run in the
MPPD model and the AALM
respiratory module as an MMD
with a density=1.0 g/cm?.

Similar results are obtained
between the MPPD and AALM.

MMAD may be converted to MMD
in the “Dae <--> De” tab of the
AALM respiratory module. At a
density of 3.5 g/cm?, an
MMAD=4.0 um converts to an
MMD of 2.10 pm.

Similar results are obtained
between the MPPD calculations
and with the AALM.



A.5.5. Polydisperse MMAD and MMD calculations at unit density
MPPD runs (Adult male, MMD=2.0 um, GSD=2, Density=1 g/cm®)

Tue, 011152022, 09:18:32 A EST

05908~

04727~

03545

02363

Cepoasition Fraction

01182

0o

0.5908—

0.4727)

0.3545

0.2363

Ceposition Fraction

01182

0.0

AALM Respiratory Module

Regioh: Entire Lung

Specizs & hodel Info:
Species/Geometry: Homan Symmetric
FRC “olume: 3200.00 ml
Head “wolume: 50.00 mi
Breathing Route: mouth breather

Breathing Parameters:

Tidal whlume: 750000 ml
Breathing Frequency: 12.00 1/min
Inspiratory Fraction: 050

Pause Fraction: 0.00

Particle Properties:

Diameter: hhlasD: 2.00 pm
GE0:2.00
Concentration: 1.00 mg/m™3

Tue, 0141152022, 09:18:07 A4 EST

0.5371
0.2585
01931
0.08545
Head TE F Total
Regian
Region: Entire Lung
0.5371
0.2585
01931
0.0855
Head TE F Tatal
Region

MMD=2.0 ym, GSD=2, Density=1.0 g/cm?3

ET
0.2571

B PU

0.0857  0.1937

Total
0.5365

Whether monodisperse or
polydisperse, MMAD and MMD
are identical at unit density.

Species £ Madel Info: Accordingly, MPPD results are
Species/Geometry: Human Symmetric . .
FRC \blume: 3300.00 i identical whether based on
Head “hlurme: 50.00 mil
Breathing Route: mouth breather M MAD or M M D

Breathing Parameters:
Tidal “olume: 750000 ml
Breathing Frequency: 12.000 1/min
Inspiratory Fraction: 050
Pause Fraction: 0.00
Farticle Properties:
Diameter: hbdD: 2.00 pm
GED:Z.o0
Concentration: 1.00 mgim™3

Reasonable agreement between MPPD and AALM respiratory model is observed.
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A.5.6. Polydisperse MMAD and MMD calculations at density > 1 g/cm3
MPPD runs (Adult male, MMD=1.03 um, GSD=2, Density=3.5 g/cm?)

0.5908

0.4727]

0.3545

02363

Deposition Fraction

naz-

n.o

0193
0.0855 I

Region: Entire Lung

0.2585

Tue, 017172022, 02:13:07 A EST

05371

Species & hiodel Info:
Species/Geometry: Human Symmetric
FRC “olume: 3200.00 ml
Head “wolume: 0000 mi
Breathing Foute: mouth bregther

Breathing Parameters:

Tidal “wolume: T40.00 ml

Breathing Frequency: 12.00 1/min
Inspiratory Fraction: 0.50

Pause Fraction: 0.00

Particle Properties:

Diameter: hiiD: 2.00 pm
GS0:2.00

Head

Fegion

AALM Respiratory Module
MMD=2.0 ym, GSD=2, Density=1.0 g/cm?

ET B PU
0.2571 0.0857 0.1937
Region: Entire Lung
0.5997—
0.4798—
0.3598—
0.2507

Ciepasition Fraction

0.2398— 0.2038
01198 0.0906 I
0o

Total Concentration: 1.00 mgim*s

Total
0.5365

Tue, 0112022, 10:49:12 A EST

0.5452 MMAD may be converted to
MMD in the “Dae <--> De” tab of
the AALM respiratory module. At

. a density of 3.5 g/cm?, an
Species & hiodel Info:
Species/Geometry: Human Symmetric MMAD:20 I_,lm Convel‘ts to an

FRC “lume: 3300.00 ml

Head ‘blume: 50,00 mi MMD of 1.03 pm.

Breathing Route: mouth breather

Breathing Parameters : H H H
e P Similar results are obtained
Breathing Frequency: 12.00 1/min between the MPPD calculations
Inspiratory Fraction: 0.50

Pause Fraction: 0.00 and with the AALM.

Particle Properties:
Diameter: hiiD: 1.03 pm
GE0: 2.00

Head

Region

AALM Respiratory Module
MMD=1.03 um, GSD=2, Density=3.5 g/cm?
ET

0.2481

B PU
0.0906 0.2036

Total Concentration: 1.00 mg/m*s

Total
0.5422
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MPPD runs (Adult male, MMD=2.96 um, GSD=3, Density=4 g/cm?)

0.78490,

06312

0.4734)

0.3146

Deposition Fraction

01578

0.0

Tue, 01411420232, 12:13:45 P EST
Region: Entire Lung

07173

0.4908 Species & hodel Info:
— Species/Geometry: Human Swmmetric
FRC “olume: 3200.00 ml
Head “olume: 50000 ml
Breathing Foute: mouth breather

Breathing Parameters:
Tidal wilume: 750.00 ml
Breathing Frequency: 12.00 1/min
01271 Inzpiratory Fraction: 0.50
0.0598 Pause Fraction: 0.00

Particle Properties:
Diameter: hiD: §.00 pm
GE0:3.00

Head TE F Total Concentration: 1.00 mgdm®3

Region

AALM Respiratory Module
MMD=6.0um, GSD=3.0, Density=1.0g/cm3
ET TB PU Total
04877 01030 0.1269  0.7176

Tue, 0171142022, 12:26:10 PM EST
Region: Entire Lung

0.7964— 07240
06371~
E 0.4884 Species & hiodel Info:
E 047749~ Species/Geometry: Human Symmetric
I FRC “whlume: 3300.00 ml
g Head ‘wolume: 50,00 ml
E Breathing Route: mouth breather
2 03186~ Breathing Parameters:
2 Tidal “blume: 7000 mi
Breathing Frequency: 12.00 1/min
01593 01318 Inzpiratory Fraction: 0.50
! 01038 Pause Fraction: 0.00
Particle Properties:
Diarmeter: WiviD: 296 pm
0.0 G50:3.00
Head TE P Total Concentration: 1.00 mgim*s

Region

AALM Respiratory Module
MMD=2.96um, GSD=3.0, Density=4.0g/cm?3
ET B PU Total
0.4862 0.1068  0.1320 0.7250
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MMAD may be converted to MMD
in the “Dae <--> De” tab of the
AALM respiratory module. At a
density of 4.0 g/cm?, an
MMAD=6.0 um converts to an
MMD of 2.96 um.

Rather results are obtained
between the MPPD calculations
and with the AALM.



A.6. Examples implementing the Respiratory module and AALM

A.6.1. Example 1 (Filename: Input_RM_Ex1.txt)
This example recreates the simulation for Subject JOS from Gross (1979) with oronasal breathing of an
aerosol (MMD of 0.26 um, GSD=2.5) having a particle density of 9 g/cm?® and dissolution rate of 1.0x10™*
g/cm? per day (i.e., high solubility) that is illustrated in Figure 42 of Section 7.2.1. By importing the
example file (Input_RM_ex1.txt) in the AALM’s Simulation Control tab all simulation inputs will be
populated. Users are encouraged to run the simulation after reviewing a bit of additional background
data which are provided below to help users understand the origin of the air-related input data.

Within the spreadsheet (ResDep_17Jun2025.xlsm) for the respiratory module, the aerosol exposure
condition is set up for Activity 1 below. Users can enter data for up to 3 activities. Calculations for each

Sex  Male activity are independent of calculations for other activities.
Ao Al Calculations are only conducted for activities having a
Actity 1 |Sitting o Py duration of greater than 0 h/day. As described in Table 5 of
Aerosol 1a Aerosol 1b___Total Section 7.1.1, the value of 1.5 h/day was calculated for the
Cone f;gmgb(’ﬁ; o B subject’s first air exposure period as 3 h/day x (3.5
GSD 26 1.01 days/week) / (7 days/week). As will be described below,

Density (g/cm®)
Dissolution (g/cm?/day)
Dp range. um[: £

1.00E-0

9.00

this time is used to estimate the m3/day of aerosol that the
subject inhales during each of their four exposure periods.

Below are spreadsheet’s deposition and dissolution outputs for the above exposure scenario.

Depaosition Qutput Dissolution Output
Deposition Fractions ET B PU
ET B PU Total Activity 1 GM Dp (um)  0.590 0.222 0.270
Activity 1 0121 0.098 0.203 0.42 Dissolution rate (day™) 1.43E+00 3.79E+00 3.12E+00

The above deposition fractions for the ET, TB, and PU regions are typed into the first three rows of the

AALM’s Lung tab as shown below. The first-order dissolution rates for these lung regions (i.e., ET, TB,
and PU) are values entered by users for the variables RLETplas, RLTBplas, RLalvPlas, respectively.
RLintPlas is set equal to RLalvPlas. A description of each parameter is provided in right most column of
the Lung tab. Figure 22 in Chapter 5 is the source for RLETstom, RLTBLET, RLalvLTB, and RLalvLint which
are default values for lung clearance.

VELELE Unit Source1 Description
DepFraclLET f 0.121|Fraction of inhaled aerosol deposited in Extrathoracic region.
DepFracLTB f 0.098|Fraction of inhaled aerosol deposited in Tracheobronchial region.
DepFracLalv f 0.203 |Fraction of inhaled aerosol deposited in Alveolar region.
RLETplas| 1/day |1.43E+00|Loss rate from Extrathoracic region to plasma.
RLETstom| 1/day 100|Loss rate from Extrathoracic region to Gl tract (stomach).
RLTBplas| 1/day |3 79E+00|Loss rate from Tracheobronchial region to plasma.
RLTBLET| 1/day 2.77|Loss rate from Tracheobronchial region to Extrathoracic region.
RlalPlas| 1/day |3 12E+00|Loss rate from Alveolar region to plasma.
RLalwLTB| 1/day 0.002|Loss rate from Alveolar region to Tracheobronchial region.
RLalvLint| 1/day 0.001|Loss rate from Alveolar region to Interstitial region.
RLintPlas| 1/day |3.12E+00|Loss rate from Interstitial region to plasma.
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It is also necessary to enter infromation about the aerosol exposure concentrations and intake rates into
the AALM’s Media tab for Air. For the activity of sitting, the rate of air intake is 0.54 m*/h which is
calculated as Vr (tidal volume, L) x f (breathing frequency, breaths/minute) x (60 minutes/h) / (1000
L/m?3) or 0.75 L x 12 breaths/minute x (60 minutes/h) / (1000 L/m3). This information is provided in the
README tab of the respiratory module’s user interface spreadsheet (i.e., ResDep_17Jun2025.xlsm). The
lead concetrations for each of the four exposure periods were provided in Table 5 of Section 7.1.1.
Those lead concentrations in the air are entered into the AALM’s Media tab for Air at the corresponding
ages for which they occurred. The intake rates (m3/day) for each exposure are also entered for the same
corresponding ages. The intake rates are (0.54 m3/h) x (exposure period duration, h/day) x (3.5
days/week) / (7 days/week), where the exposure durations were 3, 6, 9, and 11.9 h for exposure periods
1, 2, 3, and 4, respectively. The bottom row of the inputs for Air contains the relative bioavailability
(RBA) of lead associated with particles that are cleared to the Gl tract. An RBA of 0.2 was assumed which
yields a Gl absorption fraction of 0.024 (i.e., 0.12 x 0.2), which is an intermediate value between the
0.04 recommended for Type M and 0.002 for Type S forms of Pb in Table 9.2 of ICRP (2017).

Clear Air Reset Air

Concentration (ug/m®) | Number of Ages | Ages (years) 33.08 | 3338 | 33.38 | 33.41 | 3342 | 33.99 | 34.00 | 34.30
12 Source 1 [ o 0 0 148 148 157 157 148 148 147 147 0
\ Intake [ Number of Ages | Ages (vears) 0 30 33.07 | 33.08 | 33.38 | 33.38 | 3341 | 3342 | 33.99 | 3400 | 34.30 | 34.30
| 12 Intake (m¥/day) 6 1206 | 1206 | 0810 | 0810 | 1620 | 1620 | 2430 | 2430 | 3213 | 3213 [ 000
Fraction, Source 1 1 1 1 1 1 1 1 1 1 1 1 1
[rBA RBA Sourced | 02

After running this simulation, a plot of blood lead concentrations (see below) can be viewed via the
AALM’s Explore Data tab.

50.0 -
45.0 1

S

35.0 -
30.0 A
25.0 -
20.0 -
15.0 A
10.0 -
5.0 4
0.0

Blood Lead {ug/dL)

32.0 32.5 33.0 33.5 34.0 34.5 35.0
Age (years)
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https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/7263584

A.6.2. Example 2 (Filename: Input_RM_Ex2.txt)
This example recreates the simulation for Subject JOS from Gross (1979) with nasal breathing of an
aerosol (MMD of 0.26 pm, GSD=2.5) having a particle density of 9 g/cm? and dissolution rate of 1.0x10*
g/cm? per day (i.e., high solubility) that is illustrated in Figure 43 of Section 7.2.1. By importing the
example file (Input_RM_Ex2.txt) in the AALM’s Simulation Control tab all simulation inputs will be
populated. Users are encouraged to run the simulation after reviewing a bit of additional background
data which are provided below to help users understand the origin of the air-related input data.

Within the spreadsheet (ResDep_17Jun2025.xIsm) for the respiratory module, it is important to notice

that here Age has been set to “Custom” for this scenario. This means that an MPPD simulation was

conducted for a condition other than the default for the respiratory module which is oronasal breathing
and for a lung volume and breathing patterns that were

Sex

Age Custom specified by the user that could correspond to either sex,
any age, or activity. In this case the simulation was for nasal
Activty 1 for 15nday  breathing with all other conditions the same as in Example

Aerosol 1a Aerosal 1b Total

1. The MPPD output may be viewed in the file Custom.xlsm.
For custom runs, users must enter the particle density used
in the MPPD run into the respiratory module user interface.
For more information about creating custom simulations,
see Section A.4.5.

Conc (ug-Pb/m?)
MMD (um})

GSD

Density (g/cm®)

Dissolution (g/cm?/day) )

Dp range, pm|:

Below are spreadsheet’s deposition and dissolution outputs for the above exposure scenario.

Deposition Output Dissolution Qutput
Deposition Fractions ET B PU
ET B PU Total Activity 1 GMDp(um) 0584 0.199 0.241
Activity 1 0.202 0.030 0.186 0.48 Dissolution rate (day) 144E+00 4.24E+00 = 3.49E+00

The above deposition fractions for the ET, TB, and PU regions are typed into the first three rows of the
AALM’s Lung tab as shown below. The first-order dissolution rates for these lung regions (i.e., ET, TB,
and PU) are values entered by users for the variables RLETplas, RLTBplas, RLalvPlas, respectively.
RLintPlas is set equal to RLalvPlas. A description of each parameter is provided in the right most column
of the Lung tab. Figure 22 in Chapter 5 is the source for RLETstom, RLTBLET, RLalvLTB, and RLalvLint
which are default values for lung clearance. Relative to ononasal breathing in Example 1, total
deposition increased mainly because deposition fraction in the ET region substantially increased while
deposition fractions decreased in the TB and PU regions.
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VELELE Unit Source 1 Description

DepFraclLET f 0.202|Fraction of inhaled aerosol deposited in Extrathoracic region.
DepFraclL TB f 0.09|Fraction of inhaled aerosol deposited in Tracheobronchial region.
DepFracLalv f 0.186|Fraction of inhaled aerosol deposited in Alveolar region.
RLETplas| 1/ay |1 44E+00|Loss rate from Extrathoracic region to plasma.
RLETstom| 1/day 100|Loss rate from Extrathoracic region to Gl tract (stomach).
RLTBplas| 1/ay |4 24E+00|Loss rate from Tracheobronchial region to plasma.
RLTBLET| {1/day 2 77|Loss rate from Tracheobronchial region to Extrathoracic region.
RlLalvPlas| 1/day |3 49E+00|Loss rate from Alveolar region to plasma.
RLawLTB| 1/day 0.002|Loss rate from Alveolar region to Tracheobronchial region.
RLalvLint| 1/day 0.001|Loss rate from Alveolar region to Interstitial region.
RLintPlas| 1/day | 3.49E+00|Loss rate from Interstitial region to plasma.

The below information about the aerosol exposure concentrations and air intake rates in the AALM’s
Media tab for Air is identical to Example 1. Changing the route of inhalation from oronasal to nasal does
not affect these exposure conditions.

Clear Air Reset Air
| concentration (ugim?) | Number of Ages Ages (years) 3338 | 3338 | 3341 | 3342 | 3300 | 3400
12 Source 1 [ o 0 0 148 148 157 157 148 148 147 147 0
I Intake | Number of Ages Ages (years) 0 30 3307 | 3308 | 3338 | 3338 | 3341 | 3342 | 3300 | 3400 | 3430 | 3430
[ 12 Intake (m*/day) [3 1206 | 12906 | 0810 | 0810 | 1620 | 1620 | 2430 | 2430 | 3213 | 3213 | 000
Fraction, Source 1 1 1 1 1 1 1 1 1 1 1 1 1
[rBA RBA, Source1 | 02

After running this simulation, a plot of blood lead concentrations (see below) can be viewed via the
AALM'’s Explore Data tab. Notice that the blood lead concentrations during air lead exposure periods are
slightly lower than for oronasal breathing in Example 1. This decrease in blood lead is primarily due to
the reduction in deposition with in the alveolar (i.e., PU) region.

50.0 1

45.0 A
__40.0 A
35.0 -
30.0 1
25.0 -
20.0 -
15.0 -
10.0 A
5.0

0.0 T T T T T d
32.0 32.5 33.0 33.5 34.0 34.5 35.0

Blood Lead (ug/dL

Age (years)
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A.6.3. Example 3 (Filename: Input_RM_Ex3.txt)
This example is for a male worker that is assumed to be exposed to an aerosol composed of lead oxide
particles (MMD of 2.0 um, GSD=2.5) having a particle density of 9 g/cm?® and dissolution rate of 1.0x10™
g/cm? per day (i.e., high solubility). The work-related exposure to 50 pg/m? is assumed to start at 20
years of age and last for 20 years. The individual is assumed to have a baseline blood lead of 0.5 pg/dL at
the start of employment. Exposures occur 5 days/week with a two week vacation each summer and a
one month operation shutdown without exposures at the end of each year. Each day of work the
individual spends approximately 4 hours engaged in light activity which is modeled as sitting and 2 hours
of light exercise. By importing the example file (Input_RM_Ex3.txt) in the AALM’s Simulation Control tab
all simulation inputs will be populated. Users are encouraged to run the simulation after reviewing a bit
of additional background data which are provided below to help users understand the origin of the air-
related input data.

Within the spreadsheet (ResDep_17Jun2025.xIsm) for the respiratory module, the aerosol exposure
condition is set up for two activities below. For both activities, the aerosol concentration, size, and other
characteristics are assumed constant. The activity levels are assumed to be sitting for 4 h/day and light
exercise for 2 hours a day.

Male
Adult

Sex
Age

Total Durali_q_n of Daily Exposure

Located to the right of the input parameters. The

6onday  spreadsheet provides breathing conditions and intake rates
Actiity 1 Sitting for 4.0 hiday (m®/day) that are excerpted below. The total air intake
Aerosol fa Aerosol 1b___Total during exposures 5.16 m3/day, 2.16 m3/day during the
Cone (ug-Pb/m*) 50.0 0.0 50,0 .. . 3 . . .
MMD (um) 2 1 activity of sitting and 3.0 m*/day during light exercise.
esb Although, light exercise only accounts for a third of
Density (g/cm™) . . .
Dissalution (g/crfday) exposure time, it accounts for 58% (i.e. 3/5.16x100) of the
Dp range, um daily intake. Conversely, although two-thirds of the
Actvity 2 LightEx wor 20meay  EXPOsUre time is spent sitting, it only accounts for 42% (i.e.
Aerosol 2a Agrosol 2b __ Total 2.16/5.16x100) of the daily intake.
Conc, pg-Pb/m® 50.0 0.0:HHHH500
MMD (um) 2 4
GSD Breathing conditions . .
Density (glcms) Vi, L f, #/min B, m7h B, m“/day
Dissolution (g/cm?/day) Activity 1 0.750 12 054 2.16
Dp range (um) Activity 2 1.250 20 1.50 3.00

Below are spreadsheet’s deposition and dissolution outputs for the above exposure scenario.

Dissolution Qutput
Deposition Output ET TB PU
Deposition Fractions Activity 1  GM Dp (um)  2.662 2.0: 1.184
ET B PU Total Dissolution rate (day™) 3.17E-01 4.15E-01 712E-01
Activity 1 0.518 0.119 0.140 0.78 Activity 2 GM Dp (um)  2.799 2219 1.274
Activity 2 0.516 0.104 0.145 0.76 Dissolution rate (day™) 3.01E-01 3.80E-1 6.62E-01

Since the exposure scenario consists of two activities, it is entered into the AALM as two air sources. The
above deposition fractions for the ET, TB, and PU regions are typed into the first three rows of the
AALM'’s Lung tab as shown below. The first-order dissolution rates for these lung regions (i.e., ET, TB,
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and PU) are values entered by users for the variables RLETplas, RLTBplas, RLalvPlas, respectively.
RLintPlas is set equal to RLalvPlas. A description of each parameter is provided in the right most column
of the Lung tab. Figure 22 in Chapter 5 is the source for RLETstom, RLTBLET, RLalvLTB, and RLalvLint
which are default values for lung clearance.

Variable Unit Source 1 Source 2 Description
DepFracLET f 0.518 0.516|Fraction of inhaled aerosol deposited in Extrathoracic region.
DepFracl TB f 0.119 0.104|Fraction of inhaled aerosol deposited in Tracheobronchial region.
DepFracLalv f 0.14 0.145|Fraction of inhaled aerosol deposited in Alveolar region.
RLETplas| 1/day 3 1TE-01] 3.01E-01|Loss rate from Extrathoracic region to plasma.
RLETstom| 1/day 100 100|Loss rate from Extrathoracic region to Gl tract (stomach).
RLTBplas| 1/day 4 15E-01| 3.80E-01|Loss rate from Tracheobronchial region to plasma.
RLTBLET| 1/day 277 2 77|Loss rate from Tracheobronchial region to Extrathoracic region.
RLalvPlas| 1/day 7.12E-01| 6.62E-01|Loss rate from Alveclar region to plasma.
RlLawlLTB| 1/day 0.002 0.002|Loss rate from Alveolar region to Tracheobronchial region.
RLalvLint| 1/day 0.001 0.001]|Loss rate from Alveolar region to Interstitial region.
RLintPlas| 1/day 7.12E-01| 6.62E-01|Loss rate from Interstitial region to plasma.

It is also necessary to enter infromation about the aerosol exposure concentrations and intake rates into
the AALM’s Media tab for Air. Since the exposure scenario consists of two activities, it is entered into the
AALM as two air sources for which the concentration and masks are identical. Masks are applied to
block out periods when exposures do not occur. Masks 1 and 4 block exposures for two weeks of
vacation starting at the seventh month of the year. Mask 2 and 5 block expsoures for a month operation
shutdown at the end of each year. Masks 3 and 6 block out the weekend which is assumed to be the last
two days of each week. As discussed above, the total air intake during exposures is 5.16 m3/day. The air
intakes outside the 20 year exposure period are not relevant since the exposure concentration is set to
0.0 ug/m3. The fraction of intake atributed to each source is set equal to their fraction of the total
intake, this being 42% while sitting (Source 1) and 58% while engaged in light exercise (Source 2). At the
bottom the inputs for Air is the relative bioavailability (RBA) of lead associated with particles that are
cleared to the Gl tract.

Air
T
Concentration [ugfm3] Number of Ages Ages (years) 0 10 20 40
4 Source 1 0 0 50 0
Source 2 0 0 50 0
) First day Last day
Mask # Source Period (days) blocked biocked
1 1 365 210 224
2 1 365 335 365
3 1 7 6 7
4 2 365 210 224
5 2 365 335 365
6 2 7 6 7
Intake Number of Ages Ages (years) 0 10 20 40
4 Intake (m*/day) 9.5 11.52 516 10
Fraction, Source 1 1 1 0.42 1
Fraction, Source 2 0 0 0.58 0
RBA RBA, Source 1 0.2
RBA. Source 2 0.2
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After running this simulation, a plot of blood lead concentrations (see below) can be viewed via the
AALM’s Explore Data tab. The below left illustrates the baseline blood lead for 5 years prior to exposure,
20 years of exposure, and 10 years of decreasing blood lead levels after the air exposure has ceased.
The below right illustrates the last two years of exposure to show the weekly fluctuations in blood lead
to weekends without exposure and the effects of longer two-week and full month removals from the air
exposure.

20.0 q 20.0 -
18.0 A 18.0 A
16.0 1 16.0 4
= =
T 140 A 3 140 1
5 120 | T a0 A
T 100 4 B 100 4
g 3
.g 8.0 1 T 80 1
2 60 - 8 60 -
@ =]
4.0 4.0 4
2.0 A 2.0 A
0.0 T T T T T T 1 0.0 T T T 1
15.0 20.0 25.0 30.0 35.0 40.0 450 50.0 38.0 38.5 39.0 395 40.0
Age (years) Age (years)

It is important to briefly consider the bioavailability of lead from particles that are cleared to the Gl
tract. For this simulation, an RBA of 0.2 was assumed which yields a Gl absorption fraction of 0.024 (i.e.,
0.12 x 0.2), which is an intermediate value between the 0.04 recommended for Type M and 0.002 for
Type S forms of Pb in Table 9.2 of ICRP (2017). With the RBA of 0.2, the average predicted blood lead is
17.4 pg/dL from age 39 to 40 years. Decreasing this RBA to 0.0 or increasing it to 1.0 yields average
predicted blood lead levels of 16.4 and 21.4 pg/dL from age 39 to 40 years. Thus, the assumed RBA of

lead in the Gl tract can cause a 5.0 pg/dL range in the predicted blood lead levels for this hypothetical
exposure scenario.
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