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Risk assessment of inhaled toxicants has typically focused upon
adults, with modeling used to extrapolate dosimetry and risks from
lab animals to humans. However, behavioral factors such as time
spent playing outdoors may lead to more exposure to inhaled toxi-
cantsin children. Depending on the inhaled agent and the age and
size of the child, children may receive a greater internal dose than
adults because of greater ventilation rate per body weight or lung
surface area, or metabolic differences may result in different tissue
burdens. Thus, modeling techniques need to be adapted to children
in order to estimateinhaled dose and risk in this potentially suscep-
tiblelife stage. This paper summarizes a series of inhalation dosim-
etry presentations from the U.S. EPA’s Workshop on Inhalation
Risk Assessment in Children held on June 8-9, 2006 in Washing-
ton, DC. These presentations demonstrate how existing default
models for particles and gases may be adapted for children, and
how more advanced modeling of toxicant deposition and interac-
tion in respiratory airways takes into account children’s anatomy
and physiology. These modeling effortsidentify child-adult dosime-
try differencesin respiratory tract regions that may have implica-
tions for children’s vulnerability to inhaled toxicants. A decision
framework is discussed that considers these different approaches
and modeling structuresincluding assessment of parameter values,
supporting data, reliability, and selection of dose metrics.

INTRODUCTION

The level of injury produced by inhaled toxicants depends
upon the dose received by the lungs and internal organs. This
dose is a function of numerous factors including (1) type of
inhaled material, (2) region of the respiratory tract affected, (3)
individual’s ventilation rate, (4) type of breathing (ora vs.
nasal), and (5) anatomical features such as airway diameter,
branching pattern and regiona surface area (USEPA, 1994).

Address correspondence to Gary L. Ginberg Connecticut Dept. of
Public Health, 410 Capitol Ave., Mail Stop 11 CHA, Hartford, CT
06134; Phone: 860-509-7750; Fax: 860-509-7785. E-mail: gary.
ginsberg@po. state.ct.us

A number of these host-specific factors (e.g., airway architec-
ture and ventilation rate) vary with age such that children gen-
erally inhale more air per body weight and respiratory tract
surface area than adults (USEPA, 2002; Foos, et a., 2007).
This can lead to child-adult differencesin delivered dose, elim-
ination, and toxicity. Models that estimate children’ s dosimetry
are needed in assessing children’ sinhalation exposure and risk.
Such efforts may point out whether higher delivered dose is a
reason that children appear to be particularly sensitive to
inhaled particles (Schwartz, 2004; Ha, et a., 2003) and gases
(Gent, et al., 2003).

While our main focus is upon dosimetry in the respira-
tory tract, it is important to recognize that some inhaled
gases are not extracted into tissues of the nose or conducting
airways but penetrate distally to the pulmonary region
where systemic absorption takes place. Due to greater venti-
lation rate and immature metabolism in young children
(Makri et al., 2004), there may also be child-adult dosimetry
differences for inhaled toxicants that are systemically
absorbed (Nong, et al., 2006). Therefore, both local and sys-
temic dosimetry may need to be simulated in children’s
inhalation models depending upon the nature of the inhaled
material.

Fortunately, there are a variety of models available to ssimu-
late inhalation dosimetry of particles and gases and these mod-
els are generally adaptable to children’'s physiologic and
anatomical parameters. However, due to data gaps for critical
parameters such as airway architecture, available models are
limited in detail and may miss important local areas of high
deposition that may differ across age groups. Further, there are
few datasets for the calibration or verification of children’s
models, particularly for young children where child-adult dif-
ferences are expected to be greatest.

This paper summarizes presentations from an inhalation
dosimetry session that was part of atwo-day workshop on chil-
dren’s inhalation exposures and risks sponsored by the U.S.
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EPA (June 8 — 9, 2006, Washington, DC). The session
described research to adjust default modeling approaches for
children’ sinhalation parameters, included a discussion of more
detailed models for inhaled particles and gases and a presenta-
tion of a decision analytical framework for evaluating chil-
dren’s dosimetry models. The presentations are summarized in
Table 1 and in the following sections. An introductory section
describing general principles of respiratory dosimetry as
affected by anatomical factors and the type of inhaled material
is included. These principles provided the scientific basis and
background for the workshop.

REGIONS TARGETED BY INHALED TOXICANTS

Figure 1 shows a simplified representation of the respiratory
tract divided into broad regions that receive deposition from
different categories of inhaled materials. These regions have
been demarcated based on major differences in size, structure,
and function (U.S. EPA, 1994). These differencesin turn exert
dramatic effects on dosimetry in each region. The most proxi-
mal region, the upper respiratory tract, aso referred to as the
extrathoracic region (ET), consists of the nose, larynx and
pharynx. Large particles having a mass median aerodynamic
diameter (MMAD) of > 10 um impact on the walls and bifur-
cation points of the ET (U.S. EPA, 1994). Thisregion is coated
by mucus which protects the epithelium from gas absorption
(and can aternatively result in toxic reaction products) or
transport deposited particles out of the respiratory tract. This
latter pathway results in secondary absorption in the GI tract.
Smaller particles ranging in size from 2.5 to 10 um penetrate
beyond the ET to the trachea and bronchi, referred to as the
tracheobronchial (TB) region (U.S. EPA, 1994). These

conducting airways decrease in diameter and have an increas-
ing number of branch points with increasing distance from the
trachea. There are approximately 15 branch points or genera-
tions between the trachea and the pulmonary region, with the
mucus coating progressively thinning with distance. Particles
depositing in this region are typically cleared by physical dis-
solution or mucociliary action, or are transported to the inter-
gtitium via the lymphatics (ICRP, 1994). The relative
contribution of these various clearance or defense mechanisms
depends on particle size and distribution which a so influences
the location of initial deposition. For example, mucociliary
clearance is less efficient in the deep bronchioles where disso-
lution and lymphatic clearance dominate. As described below,
some models of respiratory tract deposition divide the human
TB region into the upper bronchi extending to generation 8
(BB) and the lower bronchioles (bb) that range below genera-
tion 8 to the terminal bronchioles. These bronchioles have the
capacity for gas exchange with the blood, but most of this
exchange occurs in alveoli in the pulmonary (PU) region. Par-
ticles below 2.5 um and above the nano-size range are most
able to penetrate to the PU region (Cheng, 2003). Clearancein
this region may be by macrophage ingestion, lymphatic drain-
age, or in some cases dissolution. Particles have greater poten-
tial to induce adverse effects in this region due to longer
retention and because macrophage ingestion may initiate an
inflammatory reaction. The size cut points for deposition in the
various respiratory regions are not absolute but provide a rea-
sonable framework for understanding particle dosimetry.

This outline of respiratory architecture is also useful for
describing where reactive (Categories 1 and 2) and non-
reactive (Category 3) gases are extracted from the air stream
(Figure 2). In 1994, the EPA introduced a categorization

TABLE 1
Children’s Inhaation Dosimetry Workshop Presentations
Speaker Title Material covered
Ginsberg Default models for inhaled particles and gases run for 3-mo-old

Application of default models to evaluate
child/adult differencesin regiona and
systemic dose

children and adults; includes regional dosimetry in lungs and
systemic dosimetry for Category 3 gases as defined in U.S. EPA
(1994).

Ashgarian Particule dosimetry modeling inthelungs  Multipathway lobar model run for ages 3 mo, 23 mo, 8 yr, 14 yr,

21 yr; clearance and retained dose also simulated
Diffusion-reaction model of reactive gas deposition including amucus
layer run for ozone at ages 0, 4, 8, 12, and 16 yr under varying

activity levels

of children

Ultman Factors influencing the dosimetry of
reactive gasesin children

Kimbell Nasal imaging and computational fluid
dynamics-based dosimetry models

Jarabek The challenge to children’s dosimetry

modeling: creating a context for
comparative analysis and consistent
application in risk assessment

CFD modeling techniques as applied to children

1994 RfC hierarchical framework for model structure evauation;
decision analytical framework for comparison of model structure,
output, reliability and relevance to mode of action, variability and
uncertainties
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FIG. 1. Diagrammatic representation of three respiratory-tract regions.
From U.S. EPA (1994).
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FIG. 2. Gas categorization scheme based on water solubility and reactivity
as major determinants of gas uptake. From U.S. EPA (1994).

scheme for different types of gases that would help motivate
different modeling approaches to describe dosimetry and arrive
at dose estimates for each (U.S. EPA, 1994). The gas category
scheme provides a framework for choosing an appropriate
model structure that captures critical physicochemical proper-
ties of the inhaled gas and its interaction with physiological
characteristics of the various respiratory tract regions. The goal
is a description of the dosimetry of inhaled gases that is com-
mensurate with the available data and level of detail regarding
the mode of action for toxicity (Jarabek, 1995a). Although it
should be recognized that the gas category scheme represents a
continuum and that the same broad model structure may be
applied to all categories, areview of the principles and proper-
tiesinforming category-specific default algorithmsis helpful to
understanding the dominant determinants of gas uptake in each
region (Hannaet al., 2001). The framework motivated many of

the modeling efforts described herein for reactive gases in the
upper respiratory tract (URT) (Andersen and Jarabek, 2001).

Category 1 gases (e.g., chlorine, formaldehyde, vinyl ace-
tate) are either water soluble or reactivet, and are thus scrubbed
out of the inhaled air primarily in the ET region at low expo-
sure concentrations. Such gases typically exhibit a proximal to
distal penetration and toxicity profile with increasing exposure
concentration (U.S. EPA, 1994; Jarabek, 1995a). High levels
of deposition in discrete regions of the nose combined with
high reactivity leads to the potential for localized tissue dam-
age (Morgan, 1994; Kimbell, et a., 1997). Only a small per-
centage of a Category 1 gas penetrates beyond the ET at low
concentrations typical of ambient exposures, with this penetra-
tion greatest during exercise when ventilation rates are the
highest (U.S. EPA, 1994; Nodelman and Ultman, 1999).

Category 2 gases are intermediate in reactivity and water
solubility, which allows them to penetrate more readily beyond
the ET and into the bronchi, and to a lesser extent the PU
region. Some have the potential to accumulate in blood and
thus have systemic as well as local effects, or may also deliver
the toxicant back to the airway tissues from the endothelia side
(U.S. EPA, 1994; Jarabek, 1995a). While not as reactive as
Category 1 gases, Category 2 gases such as ozone (O,) still
attack cellular constituents. Their potential to produce damage
may be enhanced because they penetrate deeper into the air-
ways where the protective mucus layer is thinner (Chang, et a.
1992; U.S. EPA, 1994). However, mucus is not aways effective
as a protective barrier since toxic reaction products can formin
mucus and these penetrate to underlying epithelial tissue
(Ferng, et a. 1997). Category 3 gases, such as the chlorinated
solvents chloroform and trichloroethylene, are non-reactive in
the respiratory epithelium and not water soluble. They are not
scrubbed out in the conducting airways but instead penetrate to
the PU region where they are absorbed into the systemic circu-
lation. Their toxicity istypically related to metabolic activation
in liver and kidneys, or delivery of parent compound to the
CNS.

This outline of particle and gas deposition points to the
importance of the ET region in removing larger particles and
reactive gases from the inhaled airstream. Air traversing the
oral passages encounters less surface area than air that is
inspired nasally, and toxicant removal in the nasal passagesis
more efficient due to smaller airway dimensions (Heyder, et al.
1975). Therefore, the dose that is available to the deeper air-
ways is generally larger from oral as opposed to nasal breath-
ing. Nasal breathing predominates at low to moderate
ventilation rates but is augmented with oral breathing at higher
rates that are associated with exercise and exertion (Niinimaa

1 The U.S. EPA included in its definition of reactivity the ability of
the inhaled gas to serve as a substrate for metabolism in respiratory
tract tissues. For example, vinyl acetate, while not especialy water
soluble, is readily extracted in the URT via carboxylesterase
metabolism and is considered a Category 1 gas.
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et a., 1981; ICRP, 1994; Bennett et a.,2008).Given that chil-
dren’s activity and ventilation patterns are different than those
of adults, it is possible that the oral-to-nasal ratio may be
another age-specific factor that affects inhalation dosimetry.

The manner in which the various factors described above
(particle size, reactivity of gases, ventilation rate, respiratory
surface area, and oral-to-nasal ratio) affect inhalation dosime-
try in children and adults are explored through various model-
ing technigues in subsequent sections.

APPLICATION OF DEFAULT INHALATION DOSIMETRY
MODELS TO EVALUATE CHILD-ADULT DIFFERENCES
IN REGIONAL AND SYSTEMIC DOSE

Risk assessment of inhaled toxicants often involves cross-
species extrapolation of an inhaled dose associated with an
effect observed in a laboratory test species. Models used for
this extrapolation range from rudimentary forms with a mini-
mal number of parameters that accommodate sparse databases,
to more sophisticated structures with detailed mechanistic
descriptions of tissue responses (Jarabek, 1995b). The U.S.
EPA (1994) provided a hierarchical and flexible framework for
evaluating when alternate structures offered advantages to the
default algorithms. Characteristics of models that would be
considered “preferred or optimal” relative to “default” struc-
tures are shown in Table 2 (U.S. EPA, 1994). Considerations
include whether the model utilizes chemical- and species-
specific mechanistic information or rather relies on categorical,
empirical parameters for key determinants such as ventilation
and metabolic rates. For the default descriptions, the U.S.
EPA’ s 1994 reference concentration (RfC) methods introduced
rudimentary models that relied on predominantly empirical

TABLE 2
Hierarchy of Model Structures for Exposure-Dose-Response
and I nterspecies Extrapolation

“Optimal” model structure

« Structure describes al significant mechanistic determinants
of chemical disposition, toxicant—target interaction, and
tissue response

« Uses chemical-specific and species-specific parameters

» Dose metric(s) described at level of detail commensurate to

toxicity data

Default model structure

« Limited or default description of mechanistic determinants of
chemical disposition, toxicant-target interaction, and tissue
response

« Uses categorical or default values for chemical and species
parameters

» Dose metric(s) at generic level of detall

Note. Source: U.S. EPA (1994).

descriptions of particle deposition and gas uptake, but nonethe-
less aso represented reduced forms consistent with more
sophisticated, detailed structures. For example, the gas-phase
mass transfer coefficient used in the RfC methods is analogous
to those used for models of O, and formaldehyde (Hannaet &,
2001; Kimbell et al., 2001a; Overton and Graham, 1989), and
the inhalability adjustments and fractional deposition ago-
rithms are analogous to those used in the ICRP and multiple-
path particle dosimetry (MMPD) particle models described
below. What distinguishes these models is the degree of detail
and data underlying different descriptions (e.g., delineation of
bronchioles and interstitial compartments in the ICRP model,
localized gas flux estimates within the URT for formaldehyde
uptake in the CFD models).

While this framework was useful in developing risk esti-
mates for interspecies extrapolation from lab animal inhala-
tion toxicology studies, the RfC methodology did not
explicitly include adjustments to account for the physiological
and anatomical differences that occur throughout a lifetime.
Potential uncertainty in resultant risk estimates due to vari-
ability across life stages was believed to be addressed by the
various uncertainty factors (UF) applied in operational deriva-
tion of the RfC including those specifically recognized for
intrahuman variability and database deficiencies. However,
recent emphasis on children’s risk (Landrigan, 1999; FQPA,
1996) warrants exploration of modifying available dosimetry
models to account for children’s dosimetry directly, as well as
for evaluating the adequacy of the methodology as a whole,
including the intrahuman and database UF, in light of such
simulations.

At about the same time, the International Commission on
Radiological Protection (ICRP, 1994) developed a respiratory
tract dosimetry model for the assessment of exposure from
inhaled radionuclides. The ICRP approach is more inclusive
than the RfC methodology by utilizing activity patterns for a
wide range of children’s age groups beginning with 3 months
of age as input to the model. Further, as a semi-empirical
model that includes some theoretical and mechanistic algo-
rithms, the ICRP model includes explicit descriptions of vari-
ous particle deposition mechanisms, e.g., particle impaction
(based upon particle size and air velocity) and deposition via
diffusion (based upon diffusion coefficient in air). Because the
RfC methods rely on an empirical model description of deposi-
tion data that did not include particles of the diameter subject
to diffusion as a dominant mechanism of deposition, the RfC
model is not recommended for extrapolation outside that range
(Raabe et al, 1988; U.S. EPA, 1994). As such, the ICRP model
may provide a more reasonable model for the broader range of
particle sizes with which to extrapolate to different ages based
on varying ventilation rates, and may provide better estimates of
regional inhaled dose than the regional empirical descriptionsin
the RfC methods. For example, the ICRP model dividesthe TB
region into the more proximal portion (to generation 8) and the
bronchioles (below generation 8).
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Inclusion of activity patterns and age-specific ventilation
rates to calculate children’s risk using the ICRP model was a
critica component of the Agency’'s effort to update the
National Ambient Air Quality Standards (NAAQS) for particu-
late matter (PM) in 1996, and similar simulation exercises with
these activity patterns were performed with the MPPD model
for the Agency’s 2005 assessment and standard setting. Thus,
exploration of using age-specific ventilation rates in other risk
assessment arenas may benefit from a similar approach.

GENERAL MODELING APPROACH

The default modeling approaches used to compare a 3-
month old infant and adult respiratory tract dosimetry are
depicted in Figure 3.

Particle deposition simulations using the default models and
in the more refined modeling approaches described later in this
paper estimate dose as the amount of toxicant delivered to a
particular region per unit time normalized to surface area. The
rate of clearance from that region to estimate retained dose was
not considered. Thus, delivered rather than retained dose is
described.

Since both the default RFC models and ICRP models were
used to assess particle deposition, comparisons were made not

only across age groups but also across default models. For par-
ticles, deposition was either calculated from the equations in
the RfC methodology or was taken directly from the deposition
fractions provided by the ICRP model and then normalized to
surface area to calcul ate the dose metric compared between the
models. Runs of the RfC model are truncated for particle sizes
below 1 um. These particles are subject to diffusion and are
below the range in which this model was calibrated. The incor-
poration of children’s parameters into these models represents
scaling of the adult architecture and does not necessarily reflect
an accurate comparison of airway structure or morphometry
across life stages. For example, the ICRP model structure was
adapted to that of a 3-month old infant by scaling and calculations
based upon airway cast measurements as shown in Table 3. It was
also run with adult parameters to compare estimates of deliv-
ered dose between children and adults. Three months of age
was chosen as the mid-point for the first 6 months of life, a
time when child-adult differences in ventilation rate per lung
surface areas are likely to be greatest. The adult male parame-
ters of the ICRP were used to calculate the adult estimates
presented (ICRP, 1994).

Both the particle and gas uptake models were run under
nasal breathing, light activity conditions to represent the most
common breathing pattern, athough it is recognized that

USEPA (1994) RfC Default Methodology

ICRP (199%4) Deposition Modz1

¢ Particle size 0.5 to 10 uM ¢ Panticle size 0.001 to 10 uM ¢ Particle size 0.001 to 10 uM
¢ ET. TB, and PU regions ¢ ET. BB, bb, PUregions ¢ ET, BB. bb, PUregions
o Adult parameters o Adult parameters * 3 Month Old Child parameters

ICRP (1994) Deposition Model

) )

Dosimztry Estimates in Adults

Dosimetry Estimates in Adults

l

Dcsimetry Estimates in Chikren

s of Cateoory | and 2 Gase

USEPA (1994) RIC Methodology

¢ ET, BB, bb and PU regions

¢ Adult and child parameters

o Wide range of gas reactivity/solubility
= Mass tmnsfer coefficient (Kgx 1100 co'min

—_—

Estimates of Gas Dose to Respiratory Regions
in 3 Month Old Children and Adults

YoRimetry Ateoory 3 Gases

PBTK Modeling Approach

o Steady state equation for sysemic dosz

¢ Adult and child parameters

e Wide range of partition ceefficients and
hepatic extraction values simulated

B —

Estimates of Arterial Blood Concentration and
Metabolite Dose in Liver for a Range of
Caegory 3 Gases in Children and Adults

FIG. 3. Approach for dosimetry comparisons across default models in 3-mo-old infant and male adult. Modified from Ginsberg et a. (2005).
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TABLE 3
Regional Surface Areas (cm?) and Ventilation Rates in 3-mo-Old Infant and Adult Male
Current analysis RfC methodol ogy?
Region 3mo Adult male Data source Adult male
ETP 0 160 Sarangaoaql eta. (20Q3) based upon age-related 200
changesin crania size from CT scans
TBC upper(BB)¢ 58 283 Phalen et al. (1985) scaling parameters and 3200°
surface area calculations based upon
surface area of acylinder
TB lower(bb)’ 1512 2080 Phalen et al. (1985) scaling parameters as for —e
TB region
PU9Y 37704 777417 Yuand Xu, 1987 equationsfor aveoli number 540,000
and dimension increase with age
Ventilation rate (ml/min) 2372 13800 Rate for light degree of activity (Harvey and 13,800

Hamby, 2002; Sarangapani, et a., 2003)

Note. Adapted from Ginsberg et a. (2005).

aU.S. EPA (1994).

b ET = extrathoracic region of respiratory tract.
°TB = tracheobronchial region of respiratory tract.
9BB = bronchi generations 1-8 as per |CRP (1994).

®RfC methodol ogy does not treat bronchi and bronchiolar regions as separate, so that the surface area shown for TB is the sum of both upper

and lower bronchial regions.
fob = Brionchioles: generations 9 and below as per ICRP (1994).
9PU = pulmonary region of the respiratory tract.

higher ventilation rates and switchover to oral breathing might
lead to deeper penetration of particles and gases in both
children and adults (U.S. EPA, 1994). A wide variety of
particle sizes and gas reactivities were modeled in this screening
exercise to evaluate whether certain combinations of toxicant
properties and respiratory regions might lead to substantial
child-adult dosimetry differences.

Reactive gas modeling for children (3-month old infant) and
male adults was simulated for gases with a variety of reactivi-
ties by using a range for the overall mass transfer coefficient
(Kg) from 1 to 100 cm/min. This parameter is typically mear
sured empirically in isolated regions of the respiratory tract and
takes into account the net transfer of the gas due to convection
and molecular diffusion in the air-phase, water solubility and
chemical reactivity (e.g., hydrolysis), diffusion, and metabo-
lism in the liquid lining and tissue phases, as well as clearance
into the blood (Hanna et al., 2001; Andersen and Sarangapani,
2001). The Kg isthus an empiric measure of total flux from the
air into the mucus or tissue layer and is both a species- and an
age-specific parameter. This is related to the fact that convec-
tion (bulk flow due to ventilation) and diffusion thicknesses
that govern Kg are dictated by airway architecture for the
lumen and tissue.

The Kg is used to predict the amount of toxicant that actu-
aly interacts with cellular constituents and is often the key

input parameter to physiologically-based pharmacokinetic
(PBPK) models that provide more detailed mechanistic
descriptions of reactions within different tissue types as
described in Section 5 below. Category 1 gases such as chlo-
rine, formaldehyde, hydrogen fluoride, and organic acids and
esters have K, values in the upper end of this range and are
scrubbed out of the airstream primarily in the ET region
(Nodelman and Ultman, 1999; Overton, 2001; USEPA,
1994). Category 2 gases such as O; and sulfur dioxide (SO,)
are represented in this modeling framework by a K, value of
20 cm/sec, which leads to 20-30% uptake in the upper air-
ways and the mgjority of the dose deposited in the lower con-
ducting airways (bb region). This is consistent with modeling
estimates of O, uptake in humans and animal inhalation
experiments showing that the majority of O3 uptake is in
more distal regions of the respiratory tract (Miller et al., 1985;
Overton, et a., 1987; Grotberg, et a., 1990; Sarangapani,
et a., 2003; ICRP, 1994).

For non-reactive gases, the steady-state approach described
in the RfC methodol ogy was enhanced by the explicit inclusion
of parameters representing hepatic blood flow and intrinsic
clearance (Sarangapani, et al., 2003; RfC Methodology,
Appendix 1) to describe blood levels of parent compound and
hepatic levels of metabolite. The steady state model was run
with parameters for male adults and 3-month old infants, with
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additional runs conducted for 1-year olds. Details of the
methods and equations used for these simulations are described
elsewhere (Ginsberg, et al., 2005).

The key physiological parameter governing deposition of
particles and gases in the RfC and ICRP default modelsis ven-
tilation rate. If the chosen dose metric is the deposited fraction
normalized to surface area, as proposed in the RfC methods,
then regional surface area is also an important normalizing
parameter in the calculation. The characteristics of the inhaled
material, in particular particle diameter and its distribution, are
key determinants of deposition as well. Parameter values for 3
month old children and adults are presented in Table 3. The
largest difference in ventilation rate per surface area across age
groupsisin the PU region as neonates have relatively few alve-
oli at birth, leading to alarge ratio of air flow per surface area
in the 3 month old deep lung. The opposite situation exists in
the bronchioles (bb region) in that its branched airway struc-
tureis believed to be nearly complete at birth leading to arela-
tively large surface area even at young ages.

DEFAULT MODEL RESULTS FOR YOUNG CHILDREN
Particle deposition modeling results for the major respira-
tory regions are presented as average dose normalized to
regional surface area (ug deposited/cm?/min) in Figures 4 to 7.
Deposition estimates for the ET region show agreement
between the RfC and ICRP models in the larger particle size
range (> 1 um); however, comparisons across models are not
possible below that range. Comparison of predictions for the 3-
month old infant to male adult using the ICRP model did not
revea substantial differences in deposition in the ET region.
Figure 5 shows a generaly similar pattern predicted in the
upper TB region with results for the 2 models and for the 2 age
groups converging in the 1-10 um size range. Ultra fine parti-
cles having a diameter below 0.1 um are predicted to have
nearly 2-fold higher dose in a 3-month old infant than in male
adults. This profile reverses in the bronchiolar region as adult
dosimetry is greater than in the 3-month old for ultrafine
particles (Figure 6). This prediction may be in part due to the
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FIG. 4. Particle deposition predicted by various modelsin the ET region
of 3-mo-old infants and male adults. Dose per surface area units in pg/cm?/
min at an inspired concentration of 1 pg/ml. Simulations used |CRP (1994)
or U.S. EPA RfC methodology (1994) models. Adapted from Ginsberg
et al. (2005).
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FIG. 5. Particle deposition predicted by various models in the upper
trachea/bronchii (bb) region of 3-mo-old infants and male adult. Dose per
surface area units in pg/cm®min at an inspired concentration of 1 pg/ml.
Simulations used ICRP (1994) or U.S. EPA RfC methodology (1994) models.
Adapted from Ginsberg et a. (2005).
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FIG. 6. Particle deposition predicted by various models in the bb
(bronchiolar) region of 3-mo-old infants and male adults. Dose per surface area
units in pg/cm?min at an inspired concentration of 1 pg/ml; particle size in
micrometers. Simulations used ICRP (1994) or U.S. EPA RfC methodology
(1994) models. Adapted from Ginsberg et al. (2005).

scrubbing out of ultra-fine particles in more proximal airways,
which appears to be greater in children, and in part to the high
surface area already developed in 3-month old bronchioles.
Deposition predictions for the PU region shows greater deposi-
tion in a 3 month old infant compared to male adults for
ultra-fine particles (Figure 7). The differential is approximately
2-4 fold. As with the other regions, model output for the 1-10
pum range shows little across age or across model difference.
Thus, if one were modeling particlesin this size class only, the
default RfC algorithm would yield results for adults that would
also be reasonable estimates for young children. However, to
address smaller particles, other models such as the ICRP or
MPPD models would need to be used.

Results from using the default gas dosimetry algorithm
across the spectrum of K, values and for various regions of the
respiratory tract are shown in Figure 8. It should be noted that
for these calculations, the parameter value for K, was assumed
to be the same along the entire respiratory tract, and also to be
the same in adults and children, despite differences that would
occur due to differences in architecture noted above if the Kg
were actually measured. As anticipated for Categories 1 and 2
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FIG. 7. Particle mass deposition predicted by various models in the PU
region of 3-mo-old infants and male adults. Dose per surface area unitsin pg/
cm?/min at an inspired concentration of 1 pg/ml. Simulations used ICRP
(1994) or U.S. EPA RfC methodology (1994) models. Adapted from Ginsberg
et a. (2005).

gases, these calculations predict extraction of high K, gases
occurring mainly in the ET region, with greater penetration of
gases of intermediate reactivity (Category 2). As K, decreases
further to the low end of the range simulated, a substantial por-
tion reaches the PU region. At this low reactivity it is likely
that much of the deposited dose would be systemicaly
absorbed rather than react locally. The modeling of the sys-
temic absorption of gases with low reactivity (Category 3) is
described below.

For interspecies extrapolation of respiratory tract effects,
gas uptake is typically normalized to surface areato calculate

the default regional gas dose (RGD) used in aratio (relative
to the human RGD) as the interspecies dosimetric adjustment
factor (DAF) in the RfC methods. Figure 9 shows estimates
of the RGD for 3 month old children and adults, across the
same range of K, values as shown in Figure 3-6, expressed as
mg/cm?-min for a 1 mg/ml inspired concentration. Overall,
the simulations show estimated RGD values that are greatest
in the ET region where there is the highest rate of gas deliv-
ery per surface area. This is especially pronounced for high
reactivity/solubility gases for which there is little penetration
beyond the initial airway regions. The RGD generaly
declines with increasing distance in the respiratory tract due
to less gas delivery to these regions. The estimated RGD val-
ues for 3 month old children are not markedly different from
adult values. The increased % gas extraction in the bb region
of 3 month old children (Figure 8) is counterbalanced by the
lower rate of gas delivery to this region in this age group.
This leads to RGD values that are somewhat |ower than adult
levels. At the lowest reactivity assessed (K =1 cm/min) the
dose to the PU region becomes greater in 3-month old infants
than male adults but the reverse is true for K =5 cm/min, and
in any case, RGD values in the PU region are still far below
those in more proximal regions. These default modeling
calculations suggest only minor differences in predicted res-
piratory dosimetry of reactive gases when comparing
between 3-month old infants and male adults, but may largely
reflect the assumption that the Kg was the same across the

age groups.
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Kg is mass transfer coefficient in cm/min

ET, BB, bb, PU arerespiratory tract regions as defined in text (ICRP, 1994);
Kg values ranging from 1 to 100 cm/min were modeled

FIG. 8. Percent extraction of reactive gases predicted by RfC methodology (U.S. EPA, 1994) in the respiratory tract of 3-mo-old infants and male adults. From

Ginsberg et al. (2005).
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(2005).

Rather than simulating specific Category 3 gases, Ginsberg
et a. (2005) constructed a matrix of gases having a range of
blood: air partition coefficients and intrinsic hepatic clearance.
All gases were assumed to be substrates for CYP2E1, the
hepatic CY P most commonly involved in metabolizing chlori-
nated solvents and simple aliphatic molecules (Guengerich,
et a., 1991). Therefore, the developmental profile for thisCYP
was used to adjust intrinsic clearance for children at 3 months
(30% adult function, Vieira, et a. 1996; Alcorn and
McNamara, 2002). Figure 10 shows that gases which are
readily extracted by the liver yield nearly a 2 fold more liver
metabolite dose in 3-month old infant than adults. This is
related to the fact that at such high extraction rates, hepatic

blood flow isthe rate limiting step to metabolic clearance, with
this limitation preventing the expression of the metabolic
immaturity in CYP2E1 at this age. In contrast, parent com-
pound blood concentrations are greater in children than in
adults for low extraction chemicals since this is where the
immaturity in CYP2E1 makes the biggest dosimetry differ-
ence. This pattern is accentuated in other simulationsinvolving
clearance by a CYP that is slower to mature (e.g., CYP1A2;
Sonnier and Cresteil, 1998) (data not shown).

The ventilation rates for young children selected in these
model exercises are low relative to those estimated by an alter-
native method for deriving inhalation rates recently published
and presented at this workshop (Foos, et a., 2007; U.S. EPA,

2
1.8
2 1.6 m
S 141
£ O Arterial Blood Conc.
2 08-
E 0:6- | Liver Metabolite
S 8‘2‘ Dose
2]
a Y (“) L“) I a Y (“) o a Y (“) (”) 1
I o I 8] I o
O T I ¥ O @ T T O @ T T I
Blood:Air=150 Blood:Air=10 Blood:Air=1

FIG. 10. Comparison of infant—adult internal dosimetry predicted for a range of Category 3 gases using the steady-state default model as described in U.S.
EPA (1994) and Sarangapani et al. (2003). HC signifies hepatic clearance relative to blood flow; blood:air partition coefficients ranging from 1 to 50 were

modeled. From Ginsberg et a. (2005).
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2006). The newer estimates are based upon basal metabolic
rate and energy expenditure at different levels of activity repre-
sented in the Comprehensive Human Exposure Database
(CHAD) described in a companion paper (Foos, et al., 2007).
These inputs are then used to calculate oxygen (O,) demand
and the ventilation rate needed to support this O, demand. Use
of these updated estimates would generally lead to greater
child-adult differencesin deposition in the exercises performed
herein because of the sensitivity of the model to the ventilation
rate input parameter.

CONCLUSIONS FROM USE OF DEFAULT MODELS

Default models and algorithms were used in the assessment
of risk from inhaled chemical and PM exposures for more than
a decade. While they represent simplistic descriptions of gas
uptake and particle deposition based largely on empirical mea-
surements, they provide a useful default or screening level
analysis of cross-chemical and cross-species differencesin res-
piratory dosimetry. As shown above, they aso were adapted to
provide comparisons across age groups and thus inform risk
assessments of inhaled toxicants in children. The simulations
and calculationsin this section suggest that 3-month old infants
may receive a greater delivered dose of inhaled PM, especially
for ultra-fine particles in the PU region. While reactive gas
dosimetry did not show marked child-adult differences, this
might change if the estimates of child ventilation rates derived
from the alternative method discussed above are validated for
use in dosimetry modeling. Internal dosimetry of Category 3
gases may be greater in children than adults with the difference
(1) depending upon the chemical’s blood:air partition coeffi-
cient, (2) rate of hepatic metabolism, and (3) whether the par-
ent compound or metabolite is of most concern. Estimates of
children’s dosimetry may be improved with the devel opment
of more refined modeling as described in subsequent sections
of this paper, and these improvements need to be incorporated
into generally applicable models that are suitable for risk
assessment.

MULTI-PATHWAY MODELING OF PARTICLE
DOSIMETRY IN THE RESPIRATORY TRACT
OF CHILDREN

Chronic exposure to airborne PM is associated with
increased morbidity and mortality, particularly in sensitive
populations such as the elderly and children (Berglund et al.,
1999; Beyer et al., 1998; Conceicdo et a., 2001; Gauderman
eta., 2002). Most efforts to characterize the fate of inhaled
particles in the lung have focused on adults, and few studies
are available in children. Children present a specia challenge
because the growth and development of the airways are not
fully characterized especialy with respect to the degree that
these vary at a particular age. Given that lung physiology and
geometry differ markedly between children and adults

(Overton and Graham, 1989), it is important to explore dosim-
etry models that predict the deposition and clearance of PM in
the extrathoracic and lower respiratory tract (LRT) airways of
children.

EXTRATHORACIC (ET) PARTICLE DEPOSITION:
MEASUREMENTS AND MODELING IN CHILDREN

Morphometric studies of the ET airways were documented
from cadaver studiesin children (Bosma, 1986). However, the
anatomical dimensions produced from this work are believed
to overestimate nasal airway dimensions in vivo due to decon-
gestion, dehydration, and fixation artifacts (Swift, 1991). Pre-
vious studies in adults using magnetic resonance imaging
(MRI) showed that the average cross-sectional area of airways
in vivo was 33-50% (Guilmette et al., 1989) of that described
in cadaver studies (Montgomery et al., 1979). These differ-
ences make MRI or CT data preferable when available for chil-
dren and adults such as reported in hollow airway models
(Swift 1991; Swift et a. 1994; Janssens et al. 2001). In these
projects, a 4-week old infant (Swift et al., 1994), a 6-week-old
infant (Swift, 1991) and a 9-month-old child (Janssens et a.,
2001) were included. Particle deposition studies in these
hollow airway models were conducted for a variety of
particle sizes using spherical aerosol particles. However, the
model of Janssens et al. (2001) is the only one that includes a
larynx, which is a key anatomical feature for deposition of
inhaled PM.

A number of models are used to predict particle deposition
in the ET airways of young children and adolescents. Xu and
Yu (1986) and Robinson and Yu (2001) simply use adult ET
airway values and do not scale for children and adolescents.
The ICRP (1994) models scale the ET airways as a function of
tracheal diameter, as suggested by Yu and Xu (1987). The
NCRP (1997) model uses an empirical equation derived from
adult clinical data and assumes that children and adults possess
the identical deposition efficiency at equivalent physical exer-
tion levels. Recently, Cheng (2003) proposed empirical equa-
tions for particle losses due to diffusion and impaction in nasal
and oral arways. These equations are based on clinical
measurements in adults and in vitro measurements in hollow
nasal and oral models.

Direct use or rescaling of the adult models based on tracheal
diameter may lead to deposition overprediction and underpre-
diction in the ET and lung respectively, in children (Asgharian,
et a., 2004). While limited, it is best to use existing measure-
ments to construct semi-empirical models of particle deposi-
tion in the ET region of children. For example, deposition
measurements of 1—- to 2— um particles in the nasal airways of
children in two age groups above and below 11 years are
reported by Becquemin et a. (1991). Asgharian et a. (2004)
developed models of ET deposition by impaction by fitting the
above dataset to a functional relationship between particle
deposition efficiency and impaction parameter. Similar
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relationships are desirable for nano-sized and ultrafine parti-
clesin nasal airways and for al size particlesin oral airways.
At this time these remain important data gaps.

LOWER RESPIRATORY TRACT GEOMETRY:
MEASUREMENTS AND MODELS IN CHILDREN

Information on the lung geometry of children for usein par-
ticle deposition models is also extremely limited. A child's
lung is not a scaled-down version of an adult lung, so that
direct measurements are requisite for accurate descriptions of
particle deposition in various age groups. It is generally agreed
that the number of bronchial airways are complete at birth
(Reid, 1984), but the rate of growth of proximal and distal air-
ways changes with age. The alveolar region consists of respira-
tory bronchioles, ducts, and a terminal cluster of alveolar sacs
at birth (Charnock and Doershuk, 1973). The number and size
of alveoli increase with age, with the number stabilizing before
the age of 8 (Dunnill, 1962; Reid, 1984).

Degspite these data limitations, several models of bronchial
airway growth in children were proposed (Xu and Yu, 1986)
using some simplified scaling approaches. These models
assume the same growth rate for al airways, the same as those
of main bronchi. Phalen et al. (1985) proposed a different
model of airway growth from measurements of the right upper
lobe of 20 casts of children’s lungs. They found a relationship
between airway size and subject body length per airway gener-
ation. The children’s geometries used in the ICRP (1994) and
NCRP (1997) dosimetry models are based on the data of
Phalen et a. (1985). Thus, these geometry models may not be
true representations of lung geometry in the sense that they are
based on alimited dataset.

Additional information on children’s lung airway parame-
tersis available. Mortensen et al. (1983) at the Utah Biomedi-
cal Test Laboratory (UBTL) made complete measurements of
tracheobronchial (TB) airway lengths, diameters, and branch
angles for the first 10 generations of the lungs of 11 children
between 3 months and 21 years old. Ménache et al. (personal
communication) developed single-path, whole-lung and lobar
lung models for children based on this dataset and information
on distal airway dimensions published in the peer-reviewed lit-
erature (Weibel, 1963). First, the number of conducting airway
generations was estimated from available information in the
literature (Weibel, 1963; Y eh and Schum, 1980; Horsfield and
Cumming, 1968; Beech et al., 2000). An average of 16 genera-
tions was used for the conducting airways in the typical-path
model. This humber for the lobar model consisted of 15 gener-
ationsin the right upper, right middle, and left upper lobes, and
16 and 17 generations in the left and right lower lobes respec-
tively. In addition, three generations of respiratory bronchioles
and 4 generations of alveolar ducts were selected (Pinkerton
et al., 2000; Weibel, 1963; Yeh and Schum, 1980; Horsfield
and Cumming, 1968; Haefeli-Bleuer and Weibel, 1988; Hislop
and Reid, 1974; Reid, 1984).

Ménache et al. (personal communication; Asgharian, et al.,
2004) then determined airway dimensions for the conducting
and respiratory airways. Measurements from Mortensen et al.
(1983) were used for the first 10 generations of the lobar mod-
els. The airway dimensions of the typical model in the first 10
generations were simply averaged length and diameter values
per generation. For the remaining airway generations,
Ménache et al. (personal communication) used an equation
proposed by Weibel (1963) to estimate the missing dimensions
in each generation. The equation proposed by Weibel (1963)
related airway dimensions (e.g., length and diameter) to gener-
ation number. The coefficients of the equation were obtained
by fitting the equation to the airway dimensions of the first 10
generations plus published airway dimensions of the terminal
bronchioles, respiratory bronchioles, alveolar ducts, and alveo-
lar sacs.

Finally, Ménache et a. (personal communication; Ashgarian,
et a., 2004) used available information to estimate the following
for the respiratory airways at different age groups: number
(Weibel, 1963; Dunnill, 1982; Thurlbeck, 1988), diameter
(Hidlop et a., 1986; Dunnill, 1962; Weibel, 1963), and distri-
bution of aveolar volume (Weibel, 1963; Haefeli-Bleuer and
Weibel, 1988). This resulted in typical-path and 5-lobe
symmetric but structurally different lung geometries for 11 age
groups ranging from 3 months to 21 years. The completed
airway model was uniformly scaled to predicted functional
residual capacity. The expressions derived by Overton and
Graham (1989) were used to estimate lung and breathing
parameters at each age group.

LOWER RESPIRATORY TRACT: PARTICLE DEPOSITION
MODELING IN CHILDREN

A variety of mathematical models were developed to pre-
dict particle deposition in the respiratory tract. The range of
models extends from empirical models that do not incorporate
lung geometry explicitly (Rudolf et al., 1986, 1990; ICRP,
1994), to typical-path models (Y u, 1978) based on symmetric
lung geometry, and mathematically more complex, multiple-
path models that are based on asymmetric lung structure
(Anjilvel and Asgharian, 1995; Asgharian and Anjilvel, 1998;
Asgharian et a., 2001). In addition, there are stochastic lung
deposition models that sequentially generate one airway at a
time along a given lung pathway and cal culate particle deposi-
tion for that airway. By repeating deposition cal cul ations along
many randomly-generated pathways, an average deposition
fraction is calculated statistically (Koblinger and Hofmann,
1985, 1990). While empirical models are accurate and easy to
use, they can not be used to extrapolate outside the range of
measured data (e.g., the range of particles sizes used to mea-
sure deposition efficiency). Typical-path lung models are use-
ful for obtaining average regional and overall deposition of
particles in the lung but do not provide information regarding
distribution of deposited particles in the lung. More detailed
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and site-specific deposition information are gained by using
deterministic and stochastic multiple-path deposition modelsin
which more accurate assessment of the lung structure is
included.

The multiple-path particle dosimetry (MPPD) model calcu-
lates deposition fractions of inhaled particlesin al airways of
the respiratory tract during a single breathing cycle (CHT
Centers for Health Research, 2004). In general, the process of
deposition modeling in the MPPD model consists of 4 steps.
First, lung ventilation is calculated to determine how the
inhaled particles are distributed throughout the lung. For a
uniformly expanding and contracting compliant lung, airflow
rate at any location in the lung is proportional to the volume
distal to that location. Second, the combined deposition effi-
ciency of particlesin each airway by various deposition mech-
anisms is calculated. Deposition efficiency is the fraction of
traveling particles through an airway that are deposited as a
result of external forces exerted on them. Third, particle trans-
port in the lung is simulated by solving the transport equation
shown below to yield particle penetration and deposition. The
transport eguation in a uniformly expanding and contracting
lung is described by the following expression:

9 acy+-2 oy - @)
o (AC)+ ax(Qc)— AC

where A is the airway cross-sectiond area, ¢ is particle concen-
tration, Q is the airflow rate, y is related to particle deposition
efficiency, and x and t are distance adong the airway and elapsed
time respectively. Equation (1) is solved by method of character-
istic to find particle concentration at the exit of the airway.

The last step in deposition modeling involves performing a
mass balance on the particlesin the lung to calcul ate fraction of
inhaled particles that are deposited per airway, generation, region,
and lobe of the lung. Assuming a steady-state, steady-flow
process, the mass balance on the traveling particles in an air-
way during a single breathing cycle (inhalation, pause, and
exhalation) written in the following form:

Myep = Mipji + My = Moy = My @)

where Mgy, is the mass deposited in an airway, m,; is the
mass initially in the airway, m,, and m,, are the masses of
particles that enter and leave the airway at the end of the
breath, respectively, and m,,, is the undeposited mass in the
airway.

The MPPD model for deposition in children is practically
identical to the MPPD model for adults except for the
differences in lung geometry and lung and breathing parame-
ters, which may be due to assumptions regarding scaling. Ear-
lier deposition models for children are based on simplified

typical-path lung structures that were obtained from limited
airway measurements in children’s lungs (Phalen et al., 1985)
and are useful for regional prediction of deposition. The avail-
ability of lobar lung geometry (Ménache et a., personal com-
munication) paved the way for more advanced deposition
modeling in the lungs of children. Asgharian et al. (2004) used
the lung geometries from Ménache et a. (personal communica-
tion) and developed a lobar deposition model for children
based on the multiple-path analogy described above. The
MPPD mode is used below to compare deposition between
children and adults (Asgharian et a., 2004; CIIT Centers for
Health Research, 2004).

RESULTS OF THE MULTIPLE-PATHWAY PARTICLE
DOSIMETRY (MPPD) MODEL IN CHILDREN
Measurements of particle deposition fraction in the thoracic
airways of children via ora breathing was reported by
Becquemin et a (1987;1991), Bennett and Zeman (1998), and
Schiller-Scotland et a. (1994). These datasets, which provide
information for ages 3 monthsto 21 years, were used for verifi-
cation of the MPPD model. Figure 11 is the plot of MPPD
model predictions against these measurements. Each data point
in the figure indicates the predicted deposition fraction against
the measured values in a different subject. The age, lung size,
and lung breathing parameters were different for each subject.
Particle size characteristics were also different in each experi-
ment and were used accordingly to obtain model predictions.
In addition, plotted in the figure is the identity line, the line
which corresponds to a perfect match between MPPD model
predictions and experimental data. The closer the points in
Figure 11 to the identity line, the better the agreement between
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FIG. 11. Comparison of predicted total lung deposition fraction with
experimental measurements.
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predictions and measurements. Overall, a good comparison
between measurements and predictions of lung deposition frac-
tion were observed. However, there was a sight over-predic-
tion of deposition fraction.

Particle deposition models for various ages were exercised
across a wide range of particle sizes, with results expressed as
% deposition or as deposited dose based upon normalization to
lung volume. Predicted particle deposition fractions in the TB
region via nasal breathing were amost the same for particles
from 0.01 to 2 um except for 3-month-old infants, where depo-
sition fractions were noticeably higher for particles smaller
than 1 (Figure 12A). Due to increased nasal deposition with
age (Asgharian et al., 2004), TB deposition was significantly
higher in children for fine and coarse PM. Deposition fraction
of particlesin the aveolar region for all ages showed one peak
for particles smaller than 0.1 um and a second peak for parti-
cles larger than 1 um (Figure 12B). This aveolar deposition
pattern appears to be due to the effects of particle filtering in
the TB region. Despite having similar shapes, the deposition
curves intersected one another, indicating that there was not a
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FIG. 12. Age-related mass deposition fraction via nasal breathing predicted
as a function of particle size in TB (A) and aveolar (PU) (B) regions by the
MPPD model.

clear pattern for deposition fraction with age at a given particle
size for these airway geometry models.

Inspection of various parameters controlling particle deposi-
tion revealed that differences in lobar deposition depended pri-
marily on lobar volume such that the right middle lobe, which
has the least lobar volume, yielded the smallest deposition
fraction and lower lobes with greatest volumes were predicted
to have the largest deposition. In fact, when adjusted lobar dep-
osition fraction (defined as deposition fraction in a lobe
divided by its corresponding lobar volume) was calculated for
different particles sizes in al 5 lobes, aimost a single func-
tional relationship was observed, indicating similar relative
doses among the lobes (Figure 13). In addition, the line repre-
senting the ratio of lung deposition fraction to lung volume
yielded a similar outcome.

Adjusted lung deposition fraction is a unique feature of the
lung for a particular age and thus presents a means for compar-
ing lung dose across age groups. Figure 13 is calculated for an
8-year old but could be estimated for any age group: deposition
fraction for different regions of the lung isthe same for agiven
particle size when normalized with the respective volume of
the region. Thus, a single deposition curve such as that shown
in Figure 13 exists at each age group. This unique feature of
the adjusted lung deposition fraction presents a means for com-
paring lung dose across age groups. Using the MPPD model,
Ménache et al. (personal communication; Ashgarian, et al.,
2004) calculated deposition fraction per lung volume for dif-
ferent ages and particle diameters between 0.01 and 10 um. In
this modeling framework, a clear pattern with age emerged
(Figure 14). At agiven particle size, the adjusted lung deposi-
tion fraction was highest in infants and decreased with age.
The differences in adjusted deposition across ages were related
to the differences in lung volume. Due to faster lung growth at
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FIG. 13. Adjusted mass deposition fraction of particles predicted by the
MPPD model for the entire lung and each lobe of an 8-yr-old child. Deposition
fraction values are unitless, adjusted for lung region volume.
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FIG. 14. Adjusted mass deposition fraction in the lungs of children and
adults predicted by the MPPD model. Deposition fraction values are unitless,
adjusted for lung region volume.

early stages of life, the difference in adjusted deposition was
greater in younger ages. The change in adjusted deposition was
more gradual after the age of 8 years.

Lung injury is related to local rather than regional deposi-
tion. Deposition per surface area is an indicator of local dose.
The datain Figure 14 are transformed to be expressed as mass
deposition rate per lung surface areain Figure 15. This method
of normalization yields a similar trend as the dose/lung volume
results, with 3 month-old children having up to an order of
magnitude greater deposition dose than adults. This trend
occurs at al particle sizes modeled. In each age group, depos-
ited mass per lung surface area is greatest for ultrafine parti-
cles, decreases for fine (1 wm) particles and then increases
again for coarse particles. Regarding crosssmodel com-
parisons, MPPD and ICRP models predict similar regional
deposition fractions of various sized particles in adults
(Ashgarian, et a., 2001).
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FIG. 15. Particle deposition dose of mass per lung surface area at various
ages.

COMMENTS ON PARTICLE CLEARANCE MODELING

Internal doses may be accurately described by particle
deposition aone if the particles exert their primary action on
the epithelial surface (Dahl et al., 1991). For longer term
effects, however, the deposited dose may not be as appropriate
because particles clear at various rates from different lung
compartments so that some dose is retained (Jarabek et al.,
2005). To characterize chronic effects of inhaled particles,
models need to calculate retained dose within the respiratory
tract by accounting for clearance pathways (U.S. EPA, 1994;
1996; 2004). Recent workshops regarding risk assessment
approaches to fiber and particle toxicity recommended that
species-specific toxicokinetic models need to be used to
predict particle clearance and retention in the lungs (ILSI,
2000; Greim et al, 2001).

Current data gaps necessitate the calculation of deposition
and clearance separately in default algorithms, but the two pro-
cesses are coupled and improved models provide for integrated
calculation of retention as the net result of deposition minus
clearance (ICRP, 1994; NCRP, 1997). In order to solve for
deposition, available mechanistic models idealize the particle
transport process by mathematically converting the spread of
particles as one-dimensional penetration in the lung and
3-dimensional deposition in airways by variousloss mechanisms.
In addition, the lung geometry is selected as a dichotomous,
symmetric or asymmetric network of cylindrically-shaped air-
ways. Consequently, dose predictions are reliable at the
regional level for insoluble PM.

The ICRP respiratory tract dosimetry model accounts for
clearance from the respiratory tract as a result of dissolution
of particles or elution of their constituents, followed by
absorption of the dissolved constituents into cells proximate
to the particles, or into the circulatory system for redistribu-
tion or excretion. Current efforts by the ICRP are underway
to compile these critical data for radiological particles
(Bailey et al., 2003). Previous simulation exercises using
realistic dissolution-absorption half-times for different PM
diameter size modes (fine, intermodal, and coarse) used in
support of the NAAQS for PM showed that particle solubility
rates are dominant determinants of retained lung burdens of
inhaled particles of ambient aerosols (U.S. EPA, 1996;
Snipeset a., 1997).

Various assumptions similar to those made for modeling
mucociliary clearance in adults are made to estimate the reten-
tion of insoluble particle in the conducting airways of the child
lung. For example, mucus layer travels at a constant velocity
with an effective thickness that is small compared to lumen
diameter and mucus production rates are the same in all termi-
nal bronchioles. Since tracheobronchial structure of the lung is
complete at birth, modeling of clearance in this region in chil-
dren generally follows that of adults. Because children have
smaller lung geometry, particles have a shorter distance to
travel to be cleared and so may be cleared faster than in adults
for the same mucous velocity (Figure 16). However, mucous
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FIG. 16. Simulated fraction of retained mass (unitless) in the TB region of
children after a 1-h exposure to 1-um particles.

velocity is not necessarily constant across age. Wolff (1992)
reported the tracheal mucus velocities in beagle dogs at dif-
ferent ages. The data showed that the mucus velocity
increased to a maximum value in young adults and then
declined with age. He argued that age-related changes in
canine lung functions are most similar to those in humans.
Thus, mucus velocity in humans may be expected to
increase after birth, reach peak values at puberty, and then
slowly decrease with age. Clearly, additional detailed infor-
mation regarding the change in mucus velocity with age is
required to realistically estimate the retained dose in the
lungs of children.

The MPPD and ICRP models approach clearance in the
pulmonary region in an analogous fashion (Jarabek et al.,
2005). The clearance model is comprised of fast, medium,
and slow compartments to describe the following: mac-
rophage phagocytosis, physical particle translocation on
mucociliary escalator, and clearance to the lymph nodes via
the alveolar instersitium. The clearance rates used for the
fast (Yiag), Medium (Ve @nd slow (ygq,) COMpartments
were 0.02, 0.001 and 0.0001 /day, respectively. The slow
compartment also clears via lymphatic channels (y,) at a
rate of 0.00002 /day. While the entire pulmonary region is
considered as one compartment in the ICRP model, a dis-
tinct alveolar compartment distal to each terminal bron-
chial was assumed in the MPPD model. Accordingly,
particle removal from each alveolar (acinar) region was
calculated independently. Deposition is then apportioned to
the fast (30%), medium (60%), and slow (10%) clearance
compartments. This leads to a more accurate characteriza-
tion of clearance than combining all the alveolar zones into
one and then computing clearance for a single alveolar
region (Jarabek et al., 2005). Simulation exercises using
this model predict a qualitatively similar pattern of retained
dose as that of deposited dose in the TB region (Jarabek
et al., 2005).

CONCLUSIONS FOR MULTI-PATHWAY PARTICLE
DOSIMETRY MODELING

Recent improvements in dosimetry modeling enabled more
accurate prediction of deposition of particles in the lungs of
adults and children. The models were validated by comparing
predicted versus measured deposition in the entire lung of
children at different age groups. However, additional morpho-
metric measurements of airway parameters, particularly in the
deep lung, are needed to refine these modeling estimates.
Further needed are deposition measurements in ET and TB
airways across a spectrum of children’s ages.

Many childhood lung disorders such as asthma occur in
the TB region (Bierbaum and Heinzmann, 2007). Particle
deposition and clearance in this region may be crucial to the
onset or exacerbation of lung diseases. The current results
show that children have the potential for greater total lung
mass deposition of a wide range of inhaled PM, but these
results need better specification in terms of sub-regions
where this across age deposition discrepancy may be greatest.
More refined models that are built upon expanded measure-
ments in children are needed to fully understand the implica-
tions of this research. Further, particle clearance rates should
be included in children’s dosimetry models, because of its
significant impact on predicted doses. The limitations in
mucus-based clearance data are thus another important data
gap.

Thus, based on dosimetric considerations, children may
face an increased health risk from exposure to airborne PM
compared with adults. The risk becomes potentially greater if
children are also more sensitive to a given dose of particles due
to incomplete development of body defense or repair mecha-
nisms. Improved children’s morphologic, deposition and clear-
ance data are needed to improve upon current models.

The particle models presented herein are based on poorly
soluble particles. Key physicochemical input parameters are
particle diameter and distribution. The exercises presented
herein were performed using monodisperse aerosols, but previ-
ous simulation exercises demonstrated that consideration of
polydisperse exercises influence the predicted deposition and
retained dose estimates by at least 2 to 3-fold (U.S. EPA, 1996;
Snipes et a., 1997; Jarabek et al., 2005). Evaluation of the
influence of polydispersity on predictions for children need to
be performed. Other major determinants of deposition and
retention such as hygroscopicity (ICRP, 1994; Schroeter et al.,
2001) and physical dissolution also need to be simulated in age-
appropriate models. Additionally, recent evidence suggests
when different types of particles are compared, inhaled dose
may be more appropriately expressed as particle volume, parti-
cle surface area, or number of particles rather than mass,
depending on the adverse effect being evaluated (Oberddrster
et a., 1994). Different dose metrics vary both based on
whether particle mass or number is used as the internal mea-
sure of dose, and on the normalizing factor (e.g., ventilatory
units, alveolar units, or alveolar macrophages) (Snipes et al.,



Downloaded by [CDC] at 06:19 06 July 2012

INHALATION DOSIMETRY MODELING IN CHILDREN 181

1997; Jarabek et a., 1995). Thus, age-specific datato construct
such dose metrics for children are needed.

FACTORS INFLUENCING THE DOSIMETRY OF
REACTIVE GASES IN THE LOWER RESPIRATORY TRACT
OF CHILDREN

This section focuses on the distribution of reactive gasesin
the conducting airways (tracheobronchial region) of the LRT.
While default models typically divide the airways into a few
well-mixed regions and predict the overall extraction of
reactive gas in each region, other models such as those used in
the regulatory arena for O5 and formaldehyde describe mass
transfer in amore anatomically-accurate lung structure (Miller,
et a., 1985; Overton et al., 1987;2001; Weibel, 1963). This
section extends the default models by considering the genera
tion-by-generation distribution of reactive gases aong a
conducting airway path. Simulations are conducted for both
adults and children by using age-appropriate breathing and
anatomical parameters.

Once distributed by respired air flow among local sites
within the lungs, a reactive gas must diffuse through the
mucus blanket before it reachs the underlying epithelial
cells (Figure 17). Mucus protects these cells by providing
substrates that combine with a reactive gas to form benign
products. On the other hand, some of the substrates present
in mucus might combine with a reactive gas to form second-
ary toxic products. For example,O; is a reactive gas that is
detoxified by endogenous antioxidants such as uric and
ascorbic acid, but also reacts with polyunsaturated fatty
acids to form aldehydes that damage epithelial cell mem-
branes (Bhalla, 1999).

The specific goal of this section was to examine the uptake
distribution of gases of different chemical reactivity along the
gas-mucus, as well as the mucus-tissue, interfaces in the
tracheobronchial tree of children of various ages. The effect of
different ventilation rates associated with different levels of
physical exertion was also considered. To make the computa-
tions concrete, physical-chemical parameter values appropriate
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FIG. 17. Diffusion reaction of ozone within the mucous layer. RH=reactive
substrate; P=reaction product (may or may not be toxic).

for O; were employed, including an environmentally-relevant
inhaled concentration of 0.1 parts per million by volume

(ppm).

MATHEMATICAL MODEL FOR OZONE UPTAKE
IN THE TRACHEOBRONCHIAL REGION

Reactive gas dosimetry was analyzed in a tracheobronchial
tree consisting of 15 generations of symmetrically-branched
airway bifurcations. This modeling exercise began with air
entering the trachea and thus did not simulate reactions possi-
ble in the ET region. Each airway was represented by a con-
vection-diffusion model of the gasfilled lumen and a
diffusion-reaction model of the surrounding mucus layer
(Santiago et al., 2001). The two models were coupled at the
air-mucous interface by an overall mass transfer coefficient
(Kg) that incorporated the diffusion resistances of both the
mucus layer and an adjacent “unstirred” gas layer. The key
assumptions were: a steady flow of inspired gas through the
airway lumen; and a first-order chemical reaction of the gas
within the mucous layer.

Numerical simulations of reactive gas uptake utilized airway
parameters specific to children of different ages. The lengths and
diameters of airway branches (Table 4) as well as lung ventila-
tion rates (Table 5) were taken from Phalen and associates
(1985). Theindividual masstransfer coefficients for reactive gas
transport across the unstirred gas layer (k,) were computed from
one of three established correlations for fully-developed flow
through straight tubes (Treybal, 1980). The correlation used in a
given situation depended on whether the gas flow was turbulent
or laminar and, in the latter case, whether the concentration pro-
file was developing or fully-devel oped.

It was a so necessary to specify parameters within the mucus
layer. The liquid-phase diffusion coefficient (D,=2.66x107°
cm?/sec) and the thermodynamic gas-liquid partition coefficient
for O; (A = 6.9) were adopted from the work of Miller and
coworkers (1985). The first-order reaction rate constant of Oy
with mucus substrates (k,) was estimated as 1198 /s employing
theoretical computations (Miller et al., 1985), 250,000/ sec from
continuous exposure measurements in the nasal cavities (Santi-
ago et a. 2001) and 8x10° /sec from bolus exposure measure-
mentsin the lower airways (Bush et al., 2000). A midrange k, of
10° /sec, corresponding to a moderate reaction rate, was
employed in most of the analysesin this section. To estimate the
mucus thickness (8) in the airways of different aged children, it
was first assumed that the mucus thickness in an adult’s lungs
declinesin alinear fashion from 10 um in the tracheato 0.1 um
in a 15" generation airway; thisis similar to the scheme used by
Miller and associates (1985). The mucus thicknessin aparticular
generation of a child’s lung was scaled down by the ratio of the
child-to-adult airway diameters (Table 6). The individual mass
transfer coefficients across the mucus layer (k) were then com-
puted using the results of the diffusion-reaction model shown
schematically in Figure 18.
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TABLE 4
Airway Lengths (L) and Diameters (D) (mm)
Age (y1)
0 4 8 12 16 18
Gen L D L D L D L D L D L D
0 26.5 5.30 53.5 10.7 65.0 13.0 76.5 15.30 86.50 17.3 89.0 17.8
1 15.8 434 255 8.06 29.6 9.65 33.7 11.24 374 12.6 383 13.0
2 5.96 3.28 9.74 5.77 114 6.82 13.0 7.88 14.36 8.80 14.7 9.03
3 3.89 259 6.75 4.37 7.97 5.13 9.19 5.89 10.25 6.55 10.5 6.71
4 371 1.85 5.60 277 6.41 3.16 7.21 3.55 7.91 3.89 8.09 3.97
5 2.78 141 4.56 217 5.32 249 6.08 281 6.74 3.09 6.91 3.16
6 222 114 341 1.79 391 2.07 4.42 234 4.86 258 497 264
7 1.98 0.85 2.68 1.22 2.98 1.39 3.28 1.55 354 1.69 3.61 172
8 1.92 0.70 235 0.92 254 1.01 272 1.10 2.88 1.18 292 1.20
9 1.75 0.64 224 0.80 244 0.87 2.65 0.94 2.83 1.00 2.88 1.01
10 1.64 0.58 2.02 0.69 218 0.73 234 0.78 248 0.82 252 0.83
11 1.57 0.51 1.89 0.57 2.03 0.59 217 0.61 2.29 0.63 2.32 0.64
12 1.50 0.50 177 0.55 1.89 0.57 2.00 0.59 2.10 0.61 213 0.61
13 143 0.47 1.65 0.50 174 0.52 1.83 0.53 1.91 0.54 1.93 0.55
14 1.36 0.45 1.52 0.47 1.59 0.48 1.66 0.49 1.72 0.50 1.74 0.50
15 1.30 0.43 141 0.44 145 0.44 1.50 0.45 1.54 0.45 1.55 0.45

Note. Source: Computed from the equations of Phalen et al. (1985). Gen=airway generation of a symmetrically bifurcating tracheobronchial
tree. Gen O isthe trachea and Gen 15 corresponds to the terminal bronchioles.

TABLES
Ventilation Rates Used in Reactive Gas Modeling

Minute volume (L)

Age(yr) Weight (kg) Height (cm) Quiet breathing Light exertion Heavy exertion
0 33 50 152 3.00 8.92

4 16.4 104 3.18 6.34 19.00

8 27.0 127 453 9.05 27.10

12 43.0 150 6.56 13.10 39.30

16 63.0 170 9.10 18.20 54.60

18 70.0 175 10.0 20.0 60.0

Note. Source: Phalen et al. (1985).

The overall mass transfer coefficient for the unstirred gas
and mucus layers was computed by combining the individual
mass transfer coefficients (Treybal, 1980).

Kg=(1/ky+1/ky)™

Thefinal resultsfor Kg during quiet breathing for agas with
a moderate reactivity of k=10° /sec is shown in Table 7. in
addition, shown in this table is % overall diffusion resistance

that is attributable to the mucus layer. Notice that for al ages
and all airways, the controlling resistance for reactive gas
uptake isin the mucus layer rather than in the unstirred layer of
the respired air.

RESULTS FOR LRT MODEL OF OZONE UPTAKE

Figures 19 through 21 demonstrate how the flux of Os (i.e.,
amount absorbed per unit time per unit surface area) varies
from generation to generation along the gas-mucous interface
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TABLE 6
Mucous Thickness (um) Scaled From Adults by Relative
Airway Diameter

Age (yr)

Gen 0 4 8 12 16 18

0 298 601 730 860 972  10.00
1 234 435 520 606 680  6.99
2 169 298 352 407 454 466
3 128 216 253 291 323 331
4 0.87 1.30 1.49 167 183 187
5 0.63 0.97 111 126 138 142
6 049 076 08 100 110 112
7 034 049 056 062 068 069
8 027 035 038 042 045 046
9 023 029 031 033 036 036
10 019 023 024 026 027 028
11 016 018 018 019 020 020
12 014 016 016 017 017 018
13 0.12 0.13 0.14 0.14 0.14 0.14
4 011 011 012 012 012 012
15 009 010 010 010 010 010

Note. Gen=airway generation of a symmetrically bifurcating tra-
cheobronchia tree. Gen 0 is the trachea and Gen 15 corresponds to
the terminal bronchioles.In the 18-yr-old lung, mucous thickness
decreased in alinear fashion from 0.1 um in Gen 0to 0.1 in Gen 15
(Miller et a., 1985). For younger lungs, the mucous thickness in a
given Gen was scaled down by theratio of the airway diameter in the
young lung to the airway diameter in the same Gen of the 18-yr-old
lung.

Ny, (molicm?/s)

C=Cgas/r 2 I
Mucous
R=-kC N 8
4 ]I
——
3 .
?%c
D — = R
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FIG. 18. Diffusion-reaction model of gas transport in the mucous layer. In
this quasi-steady-state modl, diffusion D(92C/9z%) is balanced by the
first-order reaction rate R of reactive gas with endogenous substrates. Nm is
the overall flux of reactive gas into the mucous layer, whereas Nt is the flux
reaching the epithelial surface.

(N, and along the mucus-tissue interface (N,) when a constant
concentration of 0.1 ppm isinhaled.

Figure 19 illustrates the sensitivity of N,, and N, to the
reactivity of the gas in mucous (k). For highly reactive gases

(bottom panel), N, is substantial in the proximal conducting
airways where most of the gasis scrubbed out of the airstream,
analogous to what happens in the ET region in models where
this compartment is present. Flux into the tissue (N,) is negligi-
ble in al the conducting airways since the gas is so reactive in
the mucus layer. For slowly reacting gases (top panel), the N,
and N, distributions are quite similar, with a clear maximum in
dose appearing at an intermediate airway generation. For mod-
erately reacting gases (middle panel), the N, distribution was
similar to that observed for highly reactive gases, while the N,
distribution was similar to that observed for slowly reacting
gases.

Figure 20, produced for a moderately reacting gas,
illustrates the effect of different ventilation rates imposed by
different levels of exertion. As exertion increases, the magni-
tudes of N,,, and the peak values of N, rise. Figure 21 illustrates
the effect of age during quiet breathing. As age increases, the
longitudinal distributions of both N, and N, shift distally
toward the respiratory airspaces.

DISCUSSION OF RESULTS FOR OZONE UPTAKE
IN THE LRT

Assuming a moderate reaction rate, virtualy al of the Oy
inhaled by children 0-8 years old was absorbed in the mucus
lining layer of the tracheobronchial tree during quiet breathing
(N; falls to 0 in the terminal airway generation). When gases
have alower reactivity or breathing occurs at higher ventilation
rates, less gas is extracted by the mucus layer so that more gas
penetrates to the respiratory airspaces. Increased penetration of
O, to the respiratory zone also occurs as an individual ages
beyond 8 years. Because the overall mass transfer coefficient is
not sensitive to age (Table 7), this must be attributed to the
increase in the ventilation rate and decrease in the airway
surface-to-volume ratio that occurs with aging.

Under all circumstances, increasing the assumed reactivity
resulted in a higher O; dose to the mucus surface but alower O,
dose to the underlying tissue. If all the products of O;-substrate
reactions were non-toxic, this suggests that a rapidly-reacting
gas might produce less tissue damage than a slowly-reacting
gas. However, if the reaction products were toxic, then the
entire flux of reactive gas across the mucus surface may result
in tissue damage, and a rapidly-reacting gas might produce as
much tissue damage as a slowly-reacting gas.

The shapes of the uptake distributions suggest that there are
focal regions where tissue damage occurs. Longitudinal hot
spots of N, appeared in the distal portion of the conducting
arways when low to moderate chemical reactivity was
assumed. Similarly, N, exhibited peak values under several
circumstances. The magnitudes of these peaks were affected by
ventilation rate but were not particularly sensitive to age.

Although the physicochemical parameters used in the anal-
ysis were appropriate for O;, other gases would behave in a
qualitatively similar way. The diffusion coefficient for O s, in
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TABLE 7
Estimated Overall Mass Transfer Coefficient K, (cm/s) and Percent of the Overall Diffusion Resistance
Due to the Mucous Layer (%) for the Conditions of Figure 20

Age (yr)
0 4 8 12 16 18
Gen Kq % Kq % Kq % Kq % Kq % Kq %
0 0217 92 0201 8 0197 8 0193 82 0192 8 0191 81
1 0220 93 0209 8 0206 8 0204 8 023 8 0203 86
2 0225 9 0218 92 0216 91 0215 91 0214 91 0214 91
3 026 9% 0221 93 0219 93 028 92 0217 92 0217 92
4 0227 9% 0224 95 0224 95 0223 94 0223 94 0228 94
5 0229 97 0225 95 0224 95 0224 95 0224 95 024 %5
6 0230 97 0226 9% 025 95 0225 95 0224 95 0224 95
7 0236 97 0229 9% 0228 9% 0228 9% 0227 9% 0227 9
8 0248 97 0235 97 0232 9% 0281 97 0231 97 081 97
9 0260 97 0242 97 0238 9% 0236 9% 0234 9% 0233 9
10 0278 97 0259 97 0252 97 0248 97 0245 97 0244 97
1 0307 97 0200 97 0284 97 0279 97 0275 97 02713 97
12 0326 97 0308 97 0301 97 0295 97 0291 97 0290 97
13 0357 97 0341 97 0335 97 0329 97 0324 97 038 O
14 0393 97 0379 97 0374 97 0369 97 0364 97 0363 97
15 0439 97 0430 97 0426 97 0423 97 0420 97 0419 97

Note. K, computed from individual gas and liquid phase coefficients as suggested by Treybal (1980). Gen=airway generation of a symmet-
rically bifurcating tracheobronchial tree. Gen 0 is the trachea and Gen 15 corresponds to the terminal bronchioles.
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fact, similar to other reactive gases of environmental concern. Oy
is sparingly soluble, however, and highly soluble/reactive gases
such as chlorine and formaldehyde would undoubtedly be
absorbed more in the URT and more proximally in the lungs.

It is important to point out the limitations associated with
the current work. First, although this analysis focused on the
tracheobronchia tree, the upper airways remove a substantial
amount of inhaled reactive gas before it reaches the lower
airways. Second, the airway lumen model only incorporates
uptake during steady state inspiratory flow. Thus, it does not
consider uptake during expiration and can not account for
the effects of tidal volume or breathing frequency. Third,
because the reaction rate of the inhaled gas is assumed to be
first order, the mucus layer model can not accommodate situa-
tions where the availability of substrate becomesalimiting fac-
tor in the diffusion-reaction process. Fourth, the use of mass
transfer correlations for straight tube flow only provides a
rough approximation of the convective-diffusion occurring in
the lumen of bifurcating airway branches. Fifth, the estimates
of mucus thickness as a function of age were rudimentary. It
was assumed that mucus thickness scales with airway diameter
when it may really depend on other factors more closely asso-
ciated with the dynamics of the mucociliary system. Finally,
our simulations on a specific airway model were completed
based on alimited number of airway casts (Phalen, et al., 1985).

In spite of these limitations, the analysis revealed some
important trends in the uptake distribution of a reactive gas.
Under the current assumptions of anatomy and air flow,
children do not appear to receive markedly different mucus or
tissue flux than adults. Critical gaps remain to befilled, such as
our knowledge of chemical reaction rates and mucus thick-
nesses in the devel oping lung.

NASAL IMAGING AND COMPUTATIONAL FLUID
DYNAMICS-BASED DOSIMETRY MODELS TO REFINE
RISK ASSESSMENTS FOR CHILDREN

Refining children’s inhalation dosimetry estimates will be
aided by models that simulate air flow based upon detailed
three dimensional (3D) anatomical descriptions of the airways.
Computational fluid dynamic (CFD) models were devel oped
as atool to explore respiratory tract deposition of particles and
aerosols in lab animals and adult humans, but efforts to adapt
this methodology to children is just beginning. This section
describes some of the current applications of CFD modeling
and its potential to inform risk assessment for children.

CFD models are composed of an anatomically-accurate grid
or mesh of the airways that is used to solve the equations of
inhaled air and materia transport as shown for the URT in
Figure 22. These solutions alow prediction of localized dose
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FIG. 19. Prediction of flux to the lower respiratory tract for an 8-yr-old inhaling
0.1 ppm of agasof varying reactivities under quiet bresthing conditions.
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FIG. 21. Flux of ozone to mucus (top panel) and tissue (bottom panel)
predicted for children of different ages inhaling 0.1 ppm O; during quiet
breathing. Assumption of moderate reactivity with mucous (k,=10° 7).

FIG. 22. Latera views of the three-dimensiona meshes from computational
fluid dynamics (CFD) models of the nasal passages of an adult male rat (left)
and human (right). (Head outlines provided for reference.)

of inhaled material to airway walls (Kimbell et al., 2001g;
Moulin, et al., 2002). CFD airway geometry is usually derived
from computer-aided tomography (CT) scans, magnetic reso-
nance imaging (MRI) scans, or digital photographs of micro-
scope dlides or sectioned specimens. The description of the
walls of the CFD model includes spatial information on the
distribution of epithelia types and metabolic activity. This
information influences the predicted uptake and distribution of
inhaled material and aids in interpreting modeling results. The
CFD model may aso be linked to a physiologically-based
pharmacokinetic (PBPK) model of tissue disposition if the
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mode of action suggests that including this detail is necessary
for accurate prediction of the dose associated with important
toxicity. PBPK models typically represent regions of the body
as well-mixed compartments based on regional air and tissue
volumes and may also encode information on biochemistry,
metabolism, and the flows of air, blood and other body fluids
to predict dose within compartments.

CFD models of the nasal passages were linked to PBPK or
other dosimetry models in three ways. First, a CFD model for
air-phase transport provides input to a PBPK model for tissue
transport (Figure 23A). An example of this type of linkage is
the estimation of formaldehyde-induced DNA-protein cross
links (DPX) in the rat and human nasal passages. Here CFD
models were used to predict regional wall mass fluxes of form-
adehyde. These predicted fluxes were used as inputs to PBPK
models that in turn predicted DPX formation (Cohen Hubal
etal., 1997; Conolly et a., 2000). Nasal CFD uptake predic-
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Ky Ky

Gas-phase
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tions were also used to calibrate the estimated flux from the
nasal compartment to the lower regions of single-path mass
transfer models of the entire respiratory tract at different flow
rates. The calibrated respiratory tract model was used to predict
formaldehyde uptake in the human lungs for various activity
patterns (Overton et a., 2001).

Second, CFD models were used to provide some of the
parameter values of a PBPK model (Figure 23B). Examples
of such CFD-informed PBPK models include the transport of
acidic vapors (Frederick et al., 1998) and methyl methacry-
late (Andersen et al., 1999). In these models, CFD-derived
air-phase mass transfer coefficients that estimate the amount
of resistance encountered by a gas as it passes from the bulk
airstream to the airway walls were incorporated into the
transport process from air to tissue compartments. Third,
PBPK models are used to optimize parameters that are then
used in the airway wall boundary conditions of CFD models

Reaction
Products

FIG. 23. Linkages between CFD and PBPK models. (A) CFD model predicts flux of inhaled material from the air-phase directly into a PBPK model for tissue
transport. (B) CFD model is used to calculate parameter values that are then used in a PBPK model. (C) PBPK model of arat is fitted to nasal extraction
measurements to optimize the values of parameters that are then used in the airway wall boundary conditions of arat nasal CFD simulation.
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(Figure 6-2C). The model for hydrogen sulfide transport
developed by Schroeter and colleagues (2006a;2006b) is an
example of a PBPK-informed CFD model. First-order and
saturable metabolic parameters were obtained by fitting a
PBPK model for nasal extraction of hydrogen sulfide to data
measured in rats. The fitted parameters were then incorpo-
rated into the airway wall boundary conditions of a CFD
model for hydrogen sulfide transport in the air phase so that
localized wall mass flux predictions could be compared with
lesion distribution data. Nasal CFD models were created for
many species including frogs, rats, rabbits, horses, monkeys,
and adult humans.

Figure 24 shows how different types of anatomical informa-
tion were used as the basis of CFD models for rats, monkeys
and humans. The CFD model develops airflow patterns from
the anatomical mesh, and when combined with mathematical
descriptions of boundary conditions (air/mucus interface) and
chemical-specific diffusivity and mass transfer coefficients,
leads to estimates of gas uptake and particle deposition
(Figure 25). Nasal CFD models are useful in risk assessment
for testing hypotheses about dominant mechanisms of toxicity
(Hotchkiss et a., 1994; Cohen Hubal et al., 1996; Kimbell et
a., 1997; Moulin et al., 2002; Schroeter et al., 2006a), for
extrapolating tissue responses in lab animals to individuals on
the basis of tissue dose (Conolly et al., 2000;2002;2004;
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(
cut .

block face

Kimbell et al., 2001b; Schroeter et a., 2006b), and for explor-
ing effects of interindividual variability in nasal geometry on
dose among adult humans (Segal et a., 2004; Kimbell et al.,
2005a). The need to include children in the study of inter-
human dose variability has motivated the extension of nasal
imaging-based modeling to early life stages.

A first attempt to incorporate age-specific anatomical and
breathing parameters into 3D nasal dosimetry was made by scal-
ing an adult nasal CFD model by nasal volume to represent other
age categories (Kimbell et al., 2005b). In this study, age-specific
ventilation rates for various activity states and hr/day in the
activity (Table 8) were used to predict localized nasal uptake of
inhaled formaldehyde for 5 age groups. 3 months, 1year, 5
years, 10 years, and 15 years old. Together with formaldehyde
uptake predictions for age-specific lung generations and activity
pattern information, these results will be used in aclona growth
model for formaldehyde carcinogenesis to estimate lifetime can-
cer risks and compared with lifetime risk estimates that were
based on adult dosimetry predictions for al life stages.

Improvements in CT and MRI scanning technologies made
it possible to make high-resolution images of the nasal
passages of children on which CFD modelsfor children’s nasal
dosimetry models may be based (Figure 26). However, scans
are relatively rare in children, especialy infants, and archived
scans are often of low resolution and thus of limited utility.

FIG. 24. Nasa CFD model construction. Examples of anatomical data upon which nasal CFD models have been based. For the rat and monkey nasal models
shown here, airway outlines on slides of tissue sections (rats) or tissue block faces (monkey) were photographed and processed by hand-tracing (rat) or image
analysis (monkey). For the human model shown here, MRI or CT images were used. New imaging technologies are making MRI and CT images possible even
for the small, intricate nasal passages of mice and rats. Modified from Kimbell (2006).
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Gas Uptake Particle Deposition

F344 Rat

FIG. 25. CFD dosimetry computation. Examples of CFD modeling results. Predicted patterns of inspiratory airflow are illustrated by streamlines (left panels).
Regional predictions of inhaled formaldehyde uptake (Kimbell et al., 2001a) show highly nonuniform patterns (center panels; red indicates high uptake rates; blue
indicates low uptake rates; reprinted from Kimbell et al. (20018) with permission from Oxford University Press. Estimates of localized nasal particle deposition can
aid understanding of interspecies differencesin responses to particle exposure (right panels, modified from Kimbell (2006).

TABLE 8
Age-Specific Activity Patterns Used in CFD Modeling of Formaldehyde Deposition
Sleeping Sitting Light exercise Heavy exercise
Age Ve (L/min) h/d Ve (L/min) h/d Ve (L/min) h/d Ve (L/min) h/d
3mo 15 17 3.2 7 NA NA
lyr 25 14 3.7 5 5.8 5 NA NA
5yr 4.0 12 5.3 3 95 6 37.0 3
10yr 7.0 10 8.0 3 230 8 48.7 3
15yr 75 10 9.0 4 250 7 50.0 3
Adult®(not at work) 75 8 9.0 8 25.0 8 NA NA
Adult(light work) 75 8 9.0 6% 25.0 92 50.0 12
Adult(heavy work) 75 8 9.0 48 25.0 102 50.0 22

Note. Source: ICRP (1994). = minute ventilation (cyclic breathing). NA=not applicable.

8Adult is defined as male at 21 yr.
bConolly et al. (2004), based on ICRP (1994).

Improved imaging data for children’s nasal airways is critica
for developing areliable CFD approach for predicting toxicant
uptake evaluating inter-individual variability.

Advances in imaging technology and CFD model construc-
tion are leading the way toward more complete anatomical

descriptions and models of the entire respiratory tract (Corley
et a., 2006). Ongoing work in 3 and 6-month old non-human
primates involves the development of 3D reconstructions of
lung and nasal airways to enable localized analysis of O dose
(Carey et d., 2007). The deposition patterns obtained from this
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FIG. 26. A three-dimensional reconstruction from CT scans of the outer
head and nasal passages of a 14-yr-old human female.

modeling will be used to predict the main loci of ozone injury
and help understand the effects of air pollution on the develop-
ing respiratory tract. Scanning anatomical data in humans of
different ages would enable model extrapolation of dose
response seen in animals to humans.

The development of children’s CFD models will alow usto
(1) make localized predictions of dosimeters, (2) study the
effects of interindividual variation in anatomy and breathing
parameters, and (3) make direct comparisons of dose among
species and life stages. The combined CFD/PBPK modeling
approach that has been successful for prediction of adult
inhalation dosimetry will have similar advantages in children:
multiscale levels of dose resolution including cellular, organ
and system levels, and the ability to base risk estimates on rele-
vant, species-specific dose predictions for dose metrics
motivated by the mode of action. Combined with increased
information on anatomical and metabolic data for children’'s
respiratory tracts such as mucus and tissue thicknesses, cell
type and enzyme activity distributions, and localized blood
flow and biochemical reaction rates, image-based CFD/PBPK
modeling will significantly improve the scientific basis for
accurate inhalation risk estimation in children.

DECISION ANALYSIS FRAMEWORK FOR COMPARING
DOSIMETRY MODELS

Both the fact that this workshop was convened, and a
review of the topics covered, demonstrate that advances in
biotechnology drive regulatory authorities such as the U.S.
EPA to keep risk assessment approaches contemporary with
the state of the science. To do so, the goal of regulatory risk
assessment is to integrate diverse types of data now becoming
available (e.g., functional genomics) with established outcome
measures of adverse health effect, typically endpoints observed
at the population (e.g., mortality and morbidity), target tissue
(e.g., organ histopathology), or subcellular levels (e.g., clinical
chemistry). The challenge to integration will be to rectify these

observations at the more microscopic level of organization
with traditional default notions about the shape of the dose-
response relationship and to appropriately modify approaches
for dosimetry descriptions and associated interspecies and
intrahuman variability. For example, the U.S. EPA has revised
its cancer risk assessment guidelines to emphasize the use of as
much mechanistic data as possible to identify the mode of
action (MOA), defined as the influence of a chemical on
molecular, celular and physiological functions, in producing
toxicity (U.S. EPA, 2005).

However, the characterization of the MOA and estimation
of risks to children from air pollutants is complicated by the
lack of reliable age-specific epidemiological data. Extrapola-
tions from adults or lab animals present significant challenges:
(1) differences in the MOA due to pharmacokinetic (PK) or
pharmacodynamic (PD) differences; (2) integration of data
ranging from in vitro biochemical to population studies; and
(3) andysis of the quality and reliability of predictions. As
discussed in the introduction, risk assessment approaches
address these issues in a somewhat piecemeal fashion, ranging
from default UF for interspecies and intrahuman variability to
the use of mechanistic models. Pharmacokinetic (PK) and PD
data are being developed for different life stagesin lab animals
and biomonitoring advances may provide measurements
directly in humans (both adults and children). While these new
technologies bring MOA data to bear on extrapolations, the
problem of comparing disparate models that may use the same
or different aspects of the information remains. For example,
one dosimetry model may have a different range than another
(e.g., see Section 3 for particle dosimetry models). As another
example, one dosimetry model may empirically estimate age-
specific doses at the population level while another predicts
doses at the tissue level using mechanistic descriptions of
processes believed to be involved. This latter case is essentially
the difference illustrated for modeling reactive gas uptake
between the default “rudimentary” predictions of parent uptake
described in Section 3 versus calculations of tissue dose
metrics described in Sections 4 and 5. Often when evaluations
of models are made it is not recognized that different dose
metrics are being compared.

Ultimately a synthesis of diverse data in needed to arrive at
decisions regarding (in the case of our specific application
here) the utility of a dosimetry model structure to provide a
dose estimate for use in dose-response anaysis. This has
placed emphasis on arriving at decisions in a rational and
reliable manner (National Research Council, 1994). Decision
analysis tools are proving useful to articulate principles under-
lying MOA in order to formalize an approach that may be used
to judge the rationality and reliability of different model struc-
tures. This judgment is within the broad arena of how the
resultant risk estimates from a model are to be used or applied
under the different conditions required by regulatory risk
assessment (Jarabek and Crawford-Brown, personal communi-
cation). Considering the target context of a specific model



Downloaded by [CDC] at 06:19 06 July 2012

190 G.L.GINSBERGET AL.

(e.g., gas uptake in the URT of a 10-year old child) isacritical
part of ascertaining whether various premises and parameters
used in a model represent an appropriate means to reach the
end application. That is, systematic comparison of competing
models, their resultant estimates, and their epistemic status
(i.e., degree of evidentia support) must be done relative the
decisions being made based on their application (e.g., screening
versus health standard promulgation). A key criterion for
constructing this target context is to also acknowledge that it
must be an iterative process to alow advances in interpretation
and application to evolve with the state of the science, indeed
the very motivation for using decision analysis.

The decision analytic framework is proposed to (1) sys-
tematically analyze and compare model structures; (2) eval-
uate data interpretation, integration, and reliability; (3)
assess valuation of parameters; and (4) rationally assess
the quality of resulting model predictions (Jarabek and
Crawford-Brown, personal communication). The proposed
approach first develops a conceptual model to identify both
the process of interest and the target context (e.g., reactive
gas uptake in nasal tissue of 10-year old children). The next
step is to identify key parameters involved in calculations
that take a given exposure to a dose metric deemed relevant
to the process (e.g., gas concentration, ventilation rate, mass
transfer, and flux to specific airway epithelium). After iden-
tification, the next step is to determine the quality and rele-
vance of the data, parameter values, and extrapolation
premises used to support a given model structure and pre-
dictions. Issues of data reliability (the extent to which the
evidence can be used to form an inference) and relevance
(the extent to which the evidence has the tendency to make
a fact probable within the context of a specific judgment
being formed) represent theoretical concepts relating to the
degree of evidentiary support or the level of proof. An
important aspect in the approach is that this level of proof
may be different as one extends the dose description to dif-
ferent levels of organization.

Criteria to assess these judgments, premises, and parame-
ters are different for different categories of evidence (e.g.,
direct empirical or theory-based inference) and are listed in
Table 9 (Bunge, 1987). These 7 principles are then combined
into an application for rational risk analysis (Crawford-
Brown, 2005). The framework then assesses the rationality of
predictions of the process in a target context (human chil-
dren), including evaluation of the strengths and weaknesses
of alternative parameters and model forms, the reliability of
resulting risk estimates, and key sources of residual uncer-
tainty. Such an analysis would be transparent to external
scrutiny and show how conclusions follow deductively from
premises. The premises are examined for uncertainty and
how they propagate through to uncertainty in resultant con-
clusions. Rational strategies are formalized most clearly by
logic trees or inference frameworks, and the steps in the
framework are shown schematically in Figure 27 (Jarabek

TABLE 9
Principles of Rationality

 Conceptua clarity: Terms are rigorously defined and agreed
upon by the relevant community.

« Logical consistency: Predictions or estimates follow
deductively from assumptions made and the data used.

« Ontological soundness: Terms appearing in an analysis
conform to scientific understanding of the phenomenon
(e.g., masstransfer) in question.

« Epistemiological reflection: Assumptions used are subject to
scrutiny to determine degree of evidential support.

» Methodological rigor: Use of clearly defined methods that
have proven reliable in past applications.

* Practicality: Methods can be completed in areasonable
length of time and with reasonable resources.

* Valuational selection: Attention isfocused on values deemed
most important.

Note. Source: Bunge (1987).

and Crawford-Brown, personal communication). If needed
for the application, a formal uncertainty analysisis facilitated
by this analysis tree.

Using the decision approach to compare model struc-
tures developed to address children’s risk will aid their
systematic evaluation. Because the process diagrams show
the flow of information to arrive at a decision, issues of
reliability regarding premises are readily revealed. Critical
parameter values that may need more data are also easily
pointed out.

SESSION SUMMARY: APPLYING CHILDREN’S
INHALATION DOSIMETRY MODELING IN HUMAN
HEALTH RISK ASSESSMENT

The model structures and simulations presented in this
session of the workshop covered a wide range of inhaled
materials (ultra-fine, fine, and coarse particles; reactive to
non-reactive gases), age groups (3 months to adult), and
modeling types (default to data-intensive CFD models).
Despite limitations in available age-specific data, the over-
all conclusion is that there are important anatomical and
physiological differences between young children and
adults that may lead to important differences in internal
dose of these inhaled materials. Differences in delivered
dose may account for observed differences in susceptibility
of children versus adults (Bobak and Leon, 1999; Gent,
et al. 2003). This may be especially true for particle deposi-
tion in the lower respiratory tract where an increased dose
relative to adults may lead to enhanced adverse pulmonary
effects and mortality in children (Bobak and Leon, 1999).
Thus, factors that determine inhalation dosimetry need to be
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FIG. 27. Schematic of general steps involved in a rational decision analysis for comparison of different dosimetry model structures. The stacked boxes
indicate different observation contexts (e.g., different laboratory or species). The shaded boxes denote where data may need to be considered at various levels of
observation (e.g., target tissue, cellular, and biochemical) and different dose descriptions may occur at each level. Relevance strategies (evidence categories)
listed in step 4 are depicted as DE=direct empirical, SE=semiempirical, EC=empiric correlation, TBI=theory-based inference, and El=existential insight.
Adapted from Crawford-Brown (1999) and Jarabek and Crawford-Brown (personal communication).

considered in addition to behavioral factors (time spent in
physical exertion/play activities, location of these activities)
in order to refine estimates for human risk assessments of
inhaled materials.

However, children’s inhalation dosimetry is not typically
estimated or taken into account in risk assessment of inhaled
agents. As described in the summary for Session 1 of this same
workshop (Foos et al., 2007), data available in some risk
assessment processes, such as promulgation of the National
Ambient Air Quality Standards (NAAQS), may allow evalua-
tion of children’s risk directly. However, in most cases, lab
animal data are extrapolated to estimate human health risk.
Some approaches that rely on lab animal data do not provide
for inhalation dosimetry adjustment to arrive at human esti-
mates, while approaches such as the RfC methods which do

apply dosimetry models, do not explicitly address how to
adjust dosimetry to account for physiological and anatomical
differences of young children. Instead the potential variability
is believed to be addressed by UF applied for both database
completeness and intrahuman variability. Thus, potential
differences in delivered dose for children predicted by simula-
tion studies such as those discussed in this session need to be
evaluated in the context of determining the adequacy of these
types of UF applied in most operational derivationsto arrive at
human health risk estimates.

Although limited in scope, the modeling approaches
described in this paper may help inform considerations for
adjusting existing RfC or deriving a life-stage specific RfC.
Exactly how early life dosimetry differences that exist for one
or several years are averaged over the longer lifetime to
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which the RfC estimates apply may require a case-specific
determination based on the critical effect. For example, as
indicated by some of the analyses, there may be larger differ-
ences between deposition for some ages of children (e.g.,
infant to a 6-year old) than between other ages of children
and adults (e.g., 12-year old and 21-year old). If unique win-
dows of susceptibility for a specific disease coincide with
those ages that also may receive higher doses, then a life
stage specific RfFC may be needed. The magnitude of the dif-
ference in dosimetry needs to be evaluated in context with
that of the intrahuman UF and other UF that apply (e.g., data-
base deficiencies). In contrast, if the relevant period of
inhaled toxicant exposure is many years, then any higher
dosimetry at an early life stage may need to be time-averaged
with other age groups to adjust the RfC. In either case, it is
important to document to what extent children’s inhalation
exposures have been considered when evaluating community
exposures to inhaled toxicants.

The hierarchical model framework provided in the 1994
RfC methods (See Section 1 above) may be used to motivate
new refinements that address age-specific considerations
discussed in this manuscript. To implement such hierarchical
considerations, suites of models were proposed to provide the
flexibility to describe dose estimates with different levels of
detail (Jarabek, 2000). The dose metric needs to be described at
a level of detail that is commensurate with both the level of
detail available regarding the toxic response and the intended
duration of exposure for which the dose-response relationship
isderived (U.S. EPA, 1994; Jarabek, 1995b). Thus, just as the
preferred models for adults include species-specific and
mechanistic determinants of chemical disposition and effect
(Jarabek, 1995b; Bogdanffy and Jarabek, 1995), age-specific
parameters and models such as those described in this session
should be used. For example, in a given risk assessment the
preferred model may take the form of a single-path mass trans-
fer model to describe regional gas uptake (see Section 3
above), involve more refined multi-pathway deposition models
(see Section 4 above), or be enhanced by chemical-specific
information on reactions in the mucus layer (Section 5 above),
metabolism in airway epithelium, and interaction with critical
target molecules (e.g., the formaldehyde example in Section 6
above). All of these options should incorporate children’s
parameters to the extent possible.

DATA NEEDS

While techniques exist to develop a suite of modeling
options, the limiting factor is having data of sufficient quality
and reliability to support the required key parameters. The lack
of age-specific anatomical and ventilation rate data is consid-
ered the key information gap. Additionally, the following are
identified as data needs for children’ sinhalation dosimetry:

o A database able to support such a suite of models with
sufficient sophistication and flexibility will require

the compilation of an anatomical database for respira-
tory tract regions across arange of age groups (informed
by imaging techniques, airway cast measurements,
digital photographs of microscope slides or sectioned
specimens, and scaling techniques).

o Age-specific clearance rates from respiratory regions.

o Breathing mode (normal augmentation versus mouth
breathing), and the influence of ventilatory activity
patterns on the relative contribution of nasal versus
oral breathing, were shown to be key determinants of
initial particle deposition and gas uptake (Snipes
eta., 1997; Conally et a., 2002).

o Determination of the switching point from nasal only
to oral augmentation is likely to be different in chil-
dren as discussed by Bennett et a. in a companion
paper (Foos, et al.,2007); this will be an important
consideration when using children’s ventilation rate
data.

o Physical attributes (e.g., particle size and distribution)
and other physicochemical properties (e.g., composi-
tion and hygroscopicity) are also important and war-
rant characterization to refine models in both adults
and children. For example, particle hygroscopicity
influences inhaled deposition (ICRP, 1994; Schroeter
et a., 2001).

Addressing these physicochemical, anatomical, and
physiological data gaps will be key steps in building a
suite of comprehensive dosimetry models for inhaled
materials in both adults and children. Further, develop-
ment of a comprehensive modeling capability across age
groups may also decrease the reliance on default UF
currently applied to account for intrahuman and database
deficiencies.

DISCLAIMER

The views expressed in this paper are those of the
authors and do not necessarily reflect the views or policies
of the State of Connecticut or the U.S. Environmental Pro-
tection Agency. The U.S. Government has the right to
retain a nonexclusive, royalty-free copyright covering this
article.
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