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Three organizations, the Basic Acrylic Monomer Manufacturers (BAMM), Methacrylate
Producers Association (MPA), and Vinyl Acetate Toxicology Group (VATG), have spon-
sored development of physiologically based pharmacokinetic (PBPK) models for nasal tis-
sue dosimetry with, respectively, acrylic acid (AA) , methyl methacrylate (MMA), and
vinyl acetate (VA) . These compounds cause lesions in nasal epithelial tissues and are clas-
sified as “Category 1” gases within the U.S. EPA (1994) classification scheme. The Na-
tional Center for Environmental Assessment in the U.S. EPA Office of Research and De-
velopment also has continuing interests in refining its methods for dosimetry adjustments
when data on mode of action are available for Category 1 gases. A round-table discussion
was held in Research Triangle Park, NC, on 11–12 February 1998, to develop a broader
appreciation of the key processes and parameters required in developing nasal tissue
dosimetry models. The discussions at the round table drew on these three case studies
and several background presentations to assess the manner in which chemical-specific
and mode-of-action data can be incorporated into nasal dosimetry models. The round
table had representation from the U.S. EPA, academia, and industry. This article outlines
the presentations and topical areas discussed at the round table and notes recommenda-
tions made by participants to extend models for nasal dosimetry and to develop
improved data for modeling. The contributions of several disciplines—toxicology, engi-
neering, and physiologically based pharmacokinetic ( PBPK) modeling—were evident in
the discussions. The integration of these disciplines in creating opportunities for dosime-
try model applications in risk assessments has several advantages in the breadth of skills
upon which to draw in model development. A disadvantage is in the need to provide
venues and develop cross-discipline dialogue necessary to ensure the understanding of
cultural attitudes, terminology, and methods. The round-table discussions were fruitful in
achieving such enhanced understanding and communication. Subsequent elaboration of
these models will benefit from the interactions of these groups at the round table. The
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round-table discussions have already led to model improvements—as noted in several
recently published articles. Participants emphasized several generic data needs in relation
to nasal vapor uptake studies in human subjects, to broader discussion of tissue diffusion
models, and to extensions to other classes of gases. The round-table articles that are
published separately in this issue and the discussions, captured in this overview, pro-
vide a glimpse of the state of the science in nasal dosimetry modeling and a clear indica-
tion of the growth of and continuing opportunities in this important research area.

In recent years, there has been an increasing interest in applying dosim-
etry models to chemicals, in addition to the criteria air pollutants,* in order
to estimate dose in various portions of the respiratory tract. These models
have been developed to gain a better understanding of both the physiologi-
cal and anatomical characteristics of animal species and the physico-
chemical characteristics of specific inhaled materials that determine the
amounts of gases absorbed by tissues in various regions of the respiratory
tract. Two of the incentives for this work have been to derive a better charac-
terization of the functions of the different regions of the respiratory tract and,
in addition, to develop improved methods for assessing toxicity in each, ulti-
mately supporting the regulation of potentially toxic substances in occupa-
tional and environmental situations. A major goal has been to extrapolate
observations of toxicity and dosimetry in laboratory species to predict up-
take and toxicity expected in human populations.

Dosimetry  modeling  efforts  within  the  U.S.  Environmental  Protec-
tion Agency (EPA) aimed at the hazardous air pollutants (HAPs) have led
to the development of the reference concentration (RfC) methods (U.S. EPA,
1994). According to the National Academy of Sciences (NAS) paradigm for
risk assessment (NRC, 1983), the RfC is a dose-response estimate, defined
as an estimate (with an uncertainty spanning perhaps an order of magni-
tude) of a continuous inhalation exposure to the human population (includ-
ing sensitive subgroups) that is likely to be without appreciable risk of dele-
terious noncancer health effects during a lifetime (U.S. EPA, 1994). The RfC
methods represent a watershed within the federal regulatory agencies. They
specifically consider differences in dose to tissues between test animals and
humans as part of the process for establishing dose-response estimates. The
RfC is given by the following equation:

(BMC or NOAEL)�duration adjustment�dosimetric adjustment factor (DAFr)RfC = ____________________________________________________________________
uncertainty factors�modifying factor
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*The Clean Air Act Amendments require that National Ambient Air Quality Standards (NAAQS)
be set for any ubiquitous air pollutant that, if present in the air, may reasonably be anticipated to
endanger the public health or welfare and whose presence in the air results from numerous or di-
verse mobile or stationary sources. The reference concentration (RfC) methods are not applied to
develop dose-response assessments for these chemicals due to legislative requirements and major
differences in the health databases for these pollutants. The RfC methods are used to perform dose-
response  assessment  for  air  pollutants  from  point  sources,  such  as  the  hazardous  air  pollutants
(HAPs).
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where BMC is a benchmark concentration and NOAEL is a no-observed-
adverse-effect level. The dosimetric adjustment factor (DAFr) varies for dif-
ferent regions of the respiratory tract versus remote (systemic effects), r,
and for particles versus gases. The three regions of interest are the extra-
thoracic, the tracheobronchial, and the pulmonary. Respiratory toxicolo-
gists typically delineate these areas because of differences in size, struc-
ture, function, and cell types.

Because the gases to which the RfC methods apply span such a broad
range of available data, physicochemical characteristics, and toxicokinetic
considerations,* no single model could be proposed in the RfC methods to
characterize gas disposition in and toxicity to each of the three regions in
the respiratory tract as well as remote sites (U.S. EPA, 1994). Instead, a cat-
egory scheme was proposed so that model structures could be developed
for limiting cases based on a general understanding of the determinants of
uptake in the respiratory tract and a hierarchal approach that relied on a
range of rich to rudimentary data. Category 1 gases are highly reactive or
highly water-soluble and are expected to be deposited (absorbed) and have
their toxic effects in the respiratory tract. Reactivity was used to denote
the propensity to be metabolized, dissociate, or oxidize. Important con-
siderations for distinguishing a limited model structure for this category of
gases are that they are so reactive or soluble as to be “scrubbed” from the
inhaled airstream and that this scrubbing results in a proximal to distal
gradient (fractional penetration) of delivery and associated toxicity. They
are also distinguished by the property that the gas does not accumulate in
the bloodstream. Category 2 gases are less soluble and/or less reactive so
that an accumulation of the chemical in the blood can result. Thus, these
gases may have effects in either the respiratory tract or at remote (systemic)
sites. Category 3 gases are even less water-soluble or reactive. These lipid-
soluble gases readily reach the pulmonary region of the lungs, where they
equilibrate across the alveolar membranes and distribute via arterial blood
to the rest of the body to manifest systemic toxicity. Thus, this U.S. EPA cate-
gorization scheme encompasses broad considerations of the regions where
the compounds cause their effects and their physicochemical characteris-
tics. Similar schemes had been proposed by Dahl (1990), who charact-
erized gases as stable, reactive, or metabolizable based on their thermo-
dynamic and kinetic properties, and by the International Commission on
Radiological Protection (1993). It must be noted that the categorization
scheme is a continuum (U.S. EPA, 1994), and designation is a function of
available information and subject to limitations in experimental techniques.

The formulation of the model structures used for the gas categories was
based on consideration of existing structures that were also applied in a
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*In fact, the inert gases that exert their effect by reversible “physical” interactions of gas mole-
cules with biomolecules (e.g., “displacement” of oxygen by carbon monoxide) were not included in
the categorization scheme and instead calculation of the maximum exposure concentration based on
vapor pressure was recommended.
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chemical- or class-specific fashion. Aharonson and colleagues (1974), using
a typical chemical engineering approach, described the uptake of water-
soluble and reactive gases (e.g., sulfur dioxide) in the nose on the basis of a
mass-transport coefficient that captured bulk flow (convection), radial trans-
port to the surface, solubility, and tissue reactivity. Resistance to transport is
described relative to the various phases through which the mass of gas
must travel, such as the air phase and the tissue phase. The geometry of
the airways affects mass transfer in the air phase due to its influence on
convection and surface area, and determines the distance over which a
radial concentration gradient exists between the airflow and tissue. Dif-
fusivity of the gas, a property of its molecular volume, affects the rate at
which the gas is transported across the air-phase concentration gradient
along the higher concentration in the air phase to the lower airphase con-
centration adjacent to the absorbing tissue. Solubility determines the tis-
sue absorption capacity. Reactivity, including metabolism, increases the
absorption capacity by depleting the absorbed mass of gas. By transform-
ing the absorbed gas, reactivity also reduces tissue concentration, thereby
increasing the tissue concentration gradient and the transport rate. The trans-
port of heat has been described analogously, and Nuckols (1981) in fact
used heat-transport studies in the nose to develop mass transfer coefficients
to describe the air-phase transport rate.

Assuming the air-phase transport was of less significance than tissue
transport for ozone in the lower airways, Miller et al. (1985) developed a
distributed parameter model based on these same principles of mass trans-
port for ozone deposition within the branching structures of the lower
respiratory tract. This model, also described in several papers by Overton
and colleagues (Overton, 1984; Miller et al., 1985; Overton et al., 1987;
Overton & Miller, 1988; Overton & Graham, 1989), estimates the mass
flux to the walls at different generations as the dose metric. The devel-
opment  of  gas-phase  mass-transport  coefficients  for  the  upper  airways
(Aharonson et al., 1974; Nuckols, 1981; Hanna & Scherer, 1986) allowed
distributed parameter modeling of the entire respiratory tract (Morgan &
Frank, 1977; Ultman, 1988; Hanna et al., 1989; Gerde & Dahl, 1991).
Thus, the determinants of mass transport in the air and tissue phases
formed the basis for the development of the U.S. EPA methods for assess-
ing the “dose” of gases in the various regions of the respiratory tract for
Category 1 gases. At the other end of the spectrum, Category 3 gases, dif-
ferent model structures had successfully been used to describe uptake of
these lipid-soluble gases in the alveolar region and distribution to remote
sites (Ramsey & Andersen, 1984). Because these gases are relatively insol-
uble in water and do not react with tissue, equilibrium between the gas
and blood is established and the mass transport is dictated by the blood
perfusion to the gas-exchange (alveolar) region.

The RfC methods also had to address the range of data available for the
various gases and provided a hierarchal framework for designating optimal
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versus default model structures and choice of dose metric (Jarabek, 1995).
Optimal model structures demand a richer database to support mechanistic
descriptions of gas uptake and target tissue interaction, requiring chemical-
and species-specific parameters. The default approaches were aimed at
more rudimentary descriptions, often using empirical fits to describe gas
uptake and provide species-specific data, with the dose metric at a super-
ficial level of detail. For example, the default for Category 1 gases invoked
the assumption that the overall mass transfer coefficient would be high (by
definition) in the nose and of similar magnitude in the laboratory animal and
human. An overall dose to the upper respiratory tract (URT) was derived
based on the fractional penetration of mass through that region; that is, mass
absorbed within the region was calculated across the surface area of the re-
gion; that is, mass per time per surface area was used as the dose metric.

While this description was “correct” in terms of the geometry, airflow,
and tissue-phase reactions being intact in the laboratory animal in which the
mass transport was measured, the default was unsatisfying when substantial
mechanistic data indicated that some other dose metric in a specific target
tissue (e.g., amount of metabolite formed in the olfactory epithelium) would
be more closely related to the toxicity. Such a hierarchal scheme for descrip-
tion of the dose metric is consistent with recent guidance on the considera-
tion of the mode of action—defined as a chemical’s influence on molecular,
cellular, and physiological functions in producing toxicity (Federal Register,
1996a). Optimal models would thus describe compound-specific mecha-
nisms that extend consideration of the dose metric to the tissue phase as the
basis for extrapolation from laboratory animals to humans. Even as the RfC
methods were published (U.S. EPA, 1994), efforts were underway to develop
compound-specific models for dosimetry in the URT that extended consider-
ation of dose metrics to the tissue phase. This work included modeling with
formaldehyde, vinyl acetate (VA), acrylic acid (AA), and methyl methacrylate
(MMA), all of which were discussed at a round-table discussion entitled
“Nasal Tissue Dosimetry—Issues and Approaches for ‘Category 1’ Gases,”
held at Research Triangle Park, NC, on 11–12 February 1998.

THE SPEAKERS

The purpose of the round-table meeting was to develop a broader ap-
preciation for the key processes and parameters required in nasal tissue
dosimetry models. The discussions at the workshop drew on five back-
ground presentations and presentation of three case studies that outlined
the manner in which mode-of-action data and chemical-specific informa-
tion become incorporated into dosimetry models. These presentations were
discussed in the context of the hierarchal framework. The hierarchy ranges
from data-rich, chemical-specific models to sparser default models, such as
the Category 1 gas default algorithm from the RfC methods. The progression,
in relation to tissue dose, moves from a species- and compound-specific
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dose metric associated with the mode of action for the chemical in local-
ized tissue, to reduced forms such as the RfC default, which adjusts expo-
sure concentration between species by a ratio of mass delivered per time to
a regional respiratory tract surface. The round-table meeting covered a 2-
day period in February 1998. On the first day, a number of background
overviews relating to nasal tissue dosimetry were presented, including talks
on computational fluid dynamics modeling for formaldehyde and on the
general RfC framework. The evening of the first day was devoted to a poster
session related to general concepts related to nasal dosimetry and demon-
strations of the three specific dosimetry models developed for VA, AA, and
MMA. The following section provides a brief outline of the topics of the
individual presentations. With only one exception, the presenters have
developed full articles that appear in this issue. The authors of each of the
articles had made significant contributions to experimental methods for
studying nasal function and toxicity, to approaches for evaluating deposi-
tion in the nose, and to nasal dosimetry modeling.

Background Presentations

Due to observations of carcinogenicity of formaldehyde in rodent in-
halation bioassays in the late 1970s and early 1980s, an extensive body of
work had accumulated on toxicity, biochemical toxicology, nasal deposi-
tion, and airway modeling with this compound. The body of research fo-
cused attention on the nasal anatomy, metabolic characteristics of epithelial
cells within the nasal cavity, and airflow characteristics through the nasal
passages (Morgan, 1991; Morgan et al., 1984, 1991; Mery et al., 1994).
Among other benefits of this increased emphasis on nasal architecture,
function, and toxicology were improved methods to evaluate toxicity in
nasal  tissues  and  standardization  of  histopathological  nomenclature  and
evaluation of these tissues. Dr. Kevin Morgan, the lead-off speaker, on nasal
tissue function, architecture, and toxicity, directed this activity at the CIIT.*
Dr. Morgan discussed how consideration of physicochemical characteris-
tics, airflow, tissue metabolism, and the spatial distribution of lesions pro-
vide insight into the relative roles of regional tissue dose and local tissue
susceptibility in  assessment  of  toxic  responses  to  inhaled  gases.
Because  the  background information related to nasal structure and func-
tion has been discussed in detail elsewhere, no specific article on this
topic was developed for this volume.

Dr. Julia Kimbell, a mathematician who was recruited to CIIT to apply
engineering methods known as computational fluid dynamics (CFD) to
describe airflow within the nose, accelerated the experimental work at CIIT.
Dr. Kimbell outlined her work on computational approaches to airflow mod-
eling in the nasal passages. These quantitative methods were important in
determining relative distribution and velocity profiles of dominant lateral

420 M. E. ANDERSEN AND A. M. JARABEK

*Formerly Chemical Industry Institute of Toxicology, now CIIT Centers for Health Research.
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and medial airflow streams in the nose across laboratory species (rats and
monkeys) and humans (Kimbell et al., 1993; Kepler et al., 1997; Subra-
maniam et al., 1998). These methods formed the basis for partitioning the
airflow into local nasal regions with defined cell types and were used to
extend the modeling into the tissue compartment for specific compounds
presented in the case studies. The CFD work established that the flux of
formaldehyde corresponded closely to the lesion distribution in the URT
of rats. Recently these CFD results have been used to estimate the number
of cells at risk based on the flux delivered to groups of cells. This parame-
ter was required as input to the clonal growth model for rats and humans
used to calculate a revised cancer risk of inhaled formaldehyde at CIIT
(Kimbell et al., 1997; CIIT, 1999; Conolly et al., 2000).

Other advances in the 1980s included refinement and extension of
the experimental methods used to measure deposition of gases from the
airstream by the upper respiratory tract. Dr. John Morris from the Univer-
sity of Connecticut discussed experimental methods and PBPK models for
nasal vapor deposition. He has developed techniques to measure removal
of gases from the nose in anesthetized rats and applied these techniques
to a wider variety of materials than had been done previously. These tech-
niques permit evaluation of the effect of various parameters—airflow rate,
blood perfusion rates, pretreatment with metabolic inhibitors, coexposure
with irritants, and others—on nasal uptake of these gases. Dr. Morris also
developed the first physiologically based pharmacokinetic (PBPK) model
for uptake of gases by nasal tissues (Morris et al., 1993).

Dr. Linda Hanna, who developed mass transport models for soluble
gas uptake in the respiratory tract using finite difference methods (Hanna
& Scherer, 1986; Hanna et al., 1989) as well as empirically determined
mass transport coefficients in the human upper airways, served as one of
the principal authors of the U.S. EPA methods. Dr. Hanna presented the
conceptual framework for the RfC methods (U.S. EPA, 1994). Her talk
served to provide a primer on mass transport theory and also discussed
how ongoing efforts such as those presented at the round table could be
used to refine and extend the current default structures. For example, the
work of Dr. Kimbell is being used to develop local mass-transport coeffi-
cients within the URT that correspond to specific sections used in histo-
pathological evaluation of toxicity (Jarabek et al., 2001; Lou et al., 2001).

Another characteristic difference between the rodents used in the ani-
mal toxicity studies of these nasal toxicants and humans is characteristic
differences in breathing patterns. Rodents are obligate nasal breathers,
whereas the primates are oronasal breathers, with mouth breathing con-
tributing more to total ventilation as breathing rate is increased (e.g., with
exertion or exercise). Approximately 15% of the human population only
breathes through the mouth regardless of the level of exertion (Niinimaa
et al., 1981). This difference has lead to a concern that important effects
in deeper lung tissues in humans might not be observed in toxicological
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studies with rodents and to question the relevance of nasal lesions to human
health risk assessment (DeSesso, 1993). Proper dosimetric adjustment and
consideration of mode of action in the target cell types are required to
adequately address these concerns. Some toxicity studies with formalde-
hyde were conducted in rhesus monkeys to assess effects in the nose and
in the trachea and upper airways (Monticello et al., 1989). As noted earlier,
Dr. John Overton, U.S. Environmental Protection Agency, who provided this
talk, has contributed extensively to modeling of vapor deposition through-
out the respiratory tract and is another of the principal authors of the RfC
methods. He discussed the issues involved in accounting for ventilation
patterns and estimating dose to the lower respiratory tract for various gases
in humans.

Case-Study Presentations

One of the surprises of the past 10 to 15 years has been the discovery
that a relatively large number of diverse chemicals cause nasal epithelial
toxicity. The groups of compounds include directly irritant compounds,
such as formaldehyde and a number of organic acids, as well as com-
pounds that are metabolized by enzymes within respiratory and olfactory
epithelial tissues in the nose, such as organic esters (e.g., vinyl acetate and
methyl methacrylate). Several of these compounds are commercially im-
portant monomers or commercially important as intermediates in various
synthetic processes. A significant body of research has been conducted
with several of these compounds, notably vinyl acetate (VA) (Bogdanffy et
al., 1999) and acrylic acid (AA) (Frederick et al., 1998, and this issue), to
assess dose response for target tissue toxicity, mode of action in vivo and
in vitro, and nasal tissue metabolism. These various data have been integrat-
ed into models of tissue dosimetry that predict the delivery of inhaled com-
pounds to target tissues in the nose. These dosimetry models have been
employed to assess relative differences in dosimetry in laboratory rodents
and in humans. In this way, these models address the dosimetric adjust-
ment factor in the RfC equation above with a dose metric at a level of
detail corresponding to the mechanism of toxicity within a specific tissue.
Drs. Bogdanffy and Frederick discussed the data acquisition and modeling
with these compounds. The emphasis in Dr. Bogdanffy’s paper with VA was
on the studies to define mode of action. The emphasis in Dr. Frederick’s
paper on AA was on the characteristics of model structure in relation to
interspecies differences in predicted target tissue concentrations of AA
within epithelial tissues in various regions of the nose.

There is always a fairly large investment in research required to develop
the analytical tools and data to develop a convincing case that a particular
dosimetry model has reliably captured the relevant information to calculate
tissue dose for test and target species. When models are developed and
validated for a specific compound or for a small group of compounds, it
frequently becomes possible to extend the model structure to other com-
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pounds using a much more limited research program. The model devel-
oped with MMA (Andersen et al., 1999) discussed by Dr. Andersen was
developed based on a more limited data set, taking advantage of the in-
sights and model structures developed with formaldehyde, VA, and AA.

Although the workshop was held in early 1998, several of the papers
and modeling efforts were already accepted for publication, in revision, or
in advanced draft form. As noted with some of the dates on the citations
already for formaldehyde, VA, AA, and MMA, these articles are now avail-
able. Together with the compound-specific round-table articles and the
background papers, the body of studies provides the interested reader with
a glimpse of the development of these compound-specific models, their
pedigree with respect to default models and earlier efforts, and their pro-
posed use in establishing RfC values for these compounds.

INTERDISCIPLINARY INTERACTIONS AND TERMINOLOGY

The workshop was unusual in bringing together scientists from several
diverse disciplines who study the uptake and toxicity of gases in nasal tis-
sue. The overall magnitude of uptake in the nose is determined by several
processes, any one of which can be rate-limiting for movement of com-
pound from one region to another. In the nose, the main parameters that
regulate uptake of chemical into tissues are gas flow, diffusion of com-
pound in the air and liquid (tissue) phases, and the solubility and reactions
in mucus and tissue. The concentration of gas in the nasal cavity has a
proximal to distal gradient (i.e., fractional penetration) as the gas moves
down the respiratory tract and from the airstream radially into the tissues.
The development of nasal dosimetry modeling originated with chemical
engineers comfortable with describing uptake using an overall mass-trans-
fer coefficient (abbreviated Kg). In the models developed by Aharonson and
colleagues (1974), convective flow through the nasal cavity influences radial
mass transfer throughout the length of the nasal cavity.

An overall mass-transfer coefficient, Kg in the equation that follows, is
comprised of individual terms containing mass-transfer coefficients for spe-
cific phases (symbolized as kg terms) and solubility. For idealized cases, the
overall mass-transfer coefficient can be represented as sums of resistances to
transport in each of the different phases, air phase and tissue, such that:

1/Kg = 1/kg, gas + 1/(Ht/a × kg, liquid)

The first term is the resistance in the air phase. Hanna et al. (this issue) has
emphasized that the gas-phase mass-transfer coefficients (kg,gas) depend on
flow rates. The second term is the liquid-phase resistance in which tissue
solubility expressed as the tissue:air partitioning, Ht/a, is explicitly included.
Here, Ht/a is the Henry’s Law value of the gas, The liquid-phase resistance
term includes a mass transport coefficient, kg, liquid, to define the diffusion
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rate in the liquid phase. For reactive gases, this term also accounts for reac-
tion or biotransformation rates (Ultman, 1988; U.S. EPA, 1994). Thus, the
macroscopic (overall) Kg has contributions from diffusion, solubility, metabo-
lism, and chemical reactions. When metabolism in the underlying mucus/
tissue layer is via enzymatic reactions, absorption will vary with concentra-
tion and will become saturated as the tissue-phase concentrations become
much greater than the affinity constants of the metabolizing enzymes.

The amount of gas removed during passage of the gas through the nasal
cavities depends on diffusional mass transport, solubility and reaction rates
expressed as the overall mass-transfer coefficient (Kg), the surface area of
the region (SA), and airflow (Q). It must be emphasized that Kg is dependent
on airflow. The fractional penetration (fp) in any region in which the gas-
phase concentration throughout the gas compartment is constantly dimin-
ishing with distance traveled is modeled using the Kg formulation by a sim-
ple differential equation described by Aharonson et al. (1974). Thus,

fp = e
–KgSA /Q

The extraction (E), that is, the proportion removed in the region, is 1.0
minus the fractional penetration:

E = 1 – e–KgSA /Q

The net uptake in any region is extraction times the airflow times the
input concentration.

Empirically, Kg for this distributed parameter model structure could be
estimated from the fractional penetration relationship based on experi-
mental studies that provide information on the concentration of chemical
exiting particular regions in the nose at various flow rates (Aharonson et al.,
1974; Morris & Cavanagh, 1986; Hu et al., 1992). Alternatively, the trans-
port resistances composing Kg can be determined separately and combined
to obtain the absorption rate (U.S. EPA, 1994; Hanna et al., this issue).
These models of mass transfer within the air phase and tissue phase account
for continuous gradients of concentration as the gas moves through air
and tissue compartments. In the more complicated geometry of the nose
itself these gradients can be calculated either directly using computational
fluid dynamics grids of the nose or with distributed parameter models.
Approximations can be developed using models that contain multiple well-
mixed compartments.

Several empirical studies have been performed to evaluate the gas-
phase mass-transport coefficient (Nuckols, 1981; Hanna & Scherer, 1986;
Lou, 1993; Hu et al., 1992; Ultman et al., 1994; Nodelman & Ultman,
1999a, 1999b). These coefficients are determined by establishing a known
boundary condition, such as a concentration at the transport boundary.
Recently, computational fluid dynamics (CFD) has been applied to deter-
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mine airflow patterns in the nose and to calculate extraction of chemical
within specific anatomical regions in rat or human noses to derive the gas-
phase mass-transport coefficient (kg). The CFD method solves the Navier-
Stokes equations for fluid flow over a finite element model of the nasal
cavity. Computationally, the tissue is assumed to act as an infinite sink, such
that the concentration at the transport boundary is assumed to be zero.
This condition is the so-called C = 0 boundary condition where the tissue
concentration immediately adjacent to the air phase is assumed to be
zero. Under these conditions, the overall mass-transfer coefficient is essen-
tially equal to the gas-phase mass-transfer coefficient, since the tissue-
phase transport is made irrelevant by this boundary condition. A difficulty
in using CFD results to assess these gas-phase mass-transfer coefficients is
in providing a description of the flow into individual air-phase regions. Air
is not passed discretely from one region to the next. The flows move be-
tween and among regions, and the assignment of flows to regions varies
with flow rate. In addition, the estimation of these gas-phase mass-transfer
coefficients with the C = 0 boundary condition has to be done with air-
phase concentrations that permit accurate estimation of wall fluxes through-
out each of the air-phase compartments.

Scientists with backgrounds in a third area, physiologically based phar-
macokinetic (PBPK) modeling, have also applied methods from this disci-
pline to evaluate nasal uptake of inhaled gases. In this approach the nasal
cavity and adjacent tissues are broken down into a series of specific air
and tissue compartments (see Morris et al., 1993). Similar to the manner in
which distributed parameter models address reaction processes such as
dissociation and oxidation, PBPK models can be used to incorporate bio-
chemical parameters for metabolism within specific tissue compartments.
In these PBPK models, the concentration in each compartment is given by
a single value. The model assumption is that the diminishing concentra-
tion (both proximal to distal and radially from the air phase to tissue) with-
in the nasal cavity as the gas is absorbed can be modeled using a series of
well-mixed compartments.

In the first PBPK models developed for the nose, the mucus and air
compartments were in equilibrium in each of the individual regions within
the nose (Morris et al., 1993; Plowchalk et al., 1997). This assumption is
only valid when the overall mass-transfer rate is determined by the tissue
phase alone, that is, when reactions (either physicochemical or metabolic)
in the tissue phase are so low as to have the tissue phase resistance control
absorption. Under these conditions, the concentration in the central air-
stream is equal to the concentration at the transport (or tissue) boundary.
Highly reactive (Category 1) gases and some Category 2 gases (e.g., sulfur
dioxide or ozone) manifest an air-phase gradient. Under these conditions,
the uptake into the tissues is controlled either by the air phase or by both
the air phase and tissue phase contributing to the transport resistance. To
enlarge the utility of these nasal PBPK models it was necessary to develop
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methods to account for cases where air-phase mass transport could be con-
tributing to the transport resistance.

Thus, a difficult challenge in enlarging these PBPK models was to in-
corporate the mass-transport resistance within the air phase and the manner
in which airflow through the nasal passages determine the air-phase lim-
itations on nasal uptake. Frederick and colleagues (1998), using the results
from CFD modeling of the rat nose, provided the insight to solve this prob-
lem. The net extraction from a particular region of the nose was calculated
from the CFD solutions for specific nasal geometries and specific flow rates
assuming the C = 0 boundary condition. The extraction noted with a C = 0
boundary condition in the CFD calculations is related to the specific flow
rate and air-phase diffusion. Simple considerations from the PBPK model
structure with well-mixed air-phase compartments show that the maximum
extraction at a fixed flow rate with the C = 0 boundary condition is related
to the ratio of air-phase diffusion, that is, the gas-phase mass-transport co-
efficient derived by the CFD modeling, divided by the sum of this air-phase
diffusion term and the airflow rate.

Extraction = PAgas/(Q + PAgas)

The air-phase diffusion term in this equation is PAgas. The regional extraction
predicted at a specific flow rate from the C = 0 boundary condition in CFD
modeling was used to derive PAgas at that flow rate for the individual nasal
regions. The case studies with VA, AA, and MMA reported in this work-
shop have taken advantage of this insight in formulating equations for the
individual air phase compartments in the PBPK models. In this formulation,
the PAgas term is equated to the product of the surface area times an effective
mass-transfer  coefficient  in  the  air  phase  (“kg,eff,”  derived  for  a  well-
mixed compartment geometry (Frederick et al., 1998). Thus,

PAgas = “kg,eff”SA

The value of the air-phase mass-transfer coefficient (kg) used in the engineer-
ing applications and developed empirically or computationally using CFD
differs from that derived for these PBPK models (“kg,eff”). The former is
based on a distributed air phase, while the latter uses a description based on
a well-mixed air-phase compartment. Although this is not provided in the
workshop paper, Andersen and Sarangapani (1999) calculated the rela-
tionship of these two different representations of the mass-transfer coefficient
for the air phase. The relationship, which represents the generalized case for
compartmental approaches at a fixed flow rate, is based on expressing both
the distributed model kg and the well-mixed air-phase model “kg,eff” in terms
of the Ecfd, the extraction calculated from the CFD modeling.

kg = –Q ln(1 – Ecfd)/SA and “kg,eff” = EcfdQ/(1 –Ecfd)/SA
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Thus,

“kg,eff” = kg[–Ecfd/(1 – Ecfd)/ln (1 – Ecfd)]

The two values kg and “kg,eff” are similar for regions of low extraction and di-
verge more and more for high-extraction behaviors. This relationship can be
used to derive the well-mixed air-phase mass-transfer coefficient from the
CFD results at each flow rate to match similar extraction patterns, depending
on the model structure for the air-phase compartments. The difference be-
tween these two model-derived values for the air-phase mass-transfer coeffi-
cient derives in part from the well-mixed compartment description in the
PBPK models versus the more realistic descriptions of gradients of concen-
trations in the distributed models. The air-phase concentration in the PBPK
models is given by a single value, and the concentration throughout the
compartment is assumed to be the same as the exiting concentration.

It is also important to stress that the relationships developed in these
equations relating extraction, PAgas, and airflow provide parameters appro-
priate for the particular flow rate. The PAgas, estimated in this fashion for
the PBPK modeling approach, is dependent on airflow and should not be
regarded as a constant. In practice, PAgas must be estimated from extrac-
tion estimates from CFD calculations for all the flow rates of interest.

Since the early 1970s, study of removal of drugs from blood by specific
organs has relied on two concepts. One is extraction and the other is clear-
ance. Extraction is the proportion of chemical removed from the blood
during passage through the tissue. Clearance (volume/time) is the net volu-
metric flow from which chemical was removed. Clearance is very useful as
a proportionality factor. Input concentration times clearance equals the net
amount of chemical removed by the organ. Clearance and extraction can
also be applied to describe removal of compounds from the airstream by
the nose. They can be applied when using either type of modeling, that is,
the well-mixed air compartments or the distributed air-phase formulations.

For the case with well-mixed air-phase compartments, Andersen and
Sarangapani  (1999)  developed  equations  describing  the  relationship  of
steady-state nasal clearance of gases (Clnose) from the airstream to individual
flow, diffusion, and metabolism terms expressed as a series of reciprocals.

1/Clnose = 1/(Hm:a Cltissue) + 1/(PAgas) + 1/Q

In this relationship, the Cl tissue term includes both liquid-phase diffusion
and metabolism of the gas in the tissues. In addition, both airflow (Q) and
gas-phase diffusional clearances (PAgas) are explicitly included in this rela-
tionship and, since PAgas is specific to the flow rate used in the CFD model,
both terms should be considered flow-rate dependent. Dividing these clear-
ance, PA, and flow terms by the surface area, the equation becomes simi-
lar to that for the overall mass-transfer coefficient used in the engineering
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approach as shown in the earlier equation. In this case, the values for the
air-phase mass-transfer coefficient in the two formulations differ as noted
earlier.

The differences in these coefficients between the mass transport and
hybrid PBPK clearance approaches become important when attempting to
model acute exposures (i.e., when not at steady state or for cyclical
breathing) and in extrapolating to other flow rates, such as when adjust-
ing a ventilation rate for different body weights within a species (e.g.,
F344 to SD rat) and especially when considering ventilation for different
activity patterns in humans (e.g., resting vs. exertion levels for various
time periods). Hanna et al. (this issue) have developed a generalized rela-
tionship that could be used to estimate clearance for a variety of flow
rates and activity patterns:

Cl = ·VeE = 
·Ve(1 – e

–Kg/SA/
·Ve) = ·Ve(1 – fp)

where Ve is the minute ventilation, or can be the inspired volumetric flow
and equivalent to Q in the PBPK descriptions noted earlier.

Although the nomenclature of the distributed parameter models using
the mass-transport coefficient approach differs from that of the PBPK mod-
eling approach, the models describe similar processes. As noted earlier, the
clearance and mass-transfer formulations can be provided in a manner to
highlight their underlying similarities. In most of the older engineering-
related literature, absorption rate and fractional penetration are terms used
to describe the loss of compound in the nose or the proportion of com-
pound that exits the nose. In contrast, the pharmacokinetic literature regard-
ing loss of compounds during passage of blood through an organ uses clear-
ance and extraction terms. Because clearance is the volumetric flow from
which the compound is removed, extraction is also given by clearance
divided by a specific total flow through any region. Either of these de-
scriptions, that preferred in the engineering literature or that more com-
mon to the pharmacokinetic literature, with their distinct nomenclature, can
be applied to studies of the loss of compounds from the airstream as they
pass through the nose. It is not so important that nasal modeling follow
the traditions of any single discipline. It is much more important that
practitioners from the various disciplines make efforts to appreciate and
understand the contributions and approaches offered by other disciplines
and that scientists from all fields make efforts to properly validate the pre-
dictions of specific models.

GENERAL ROUND-TABLE DISCUSSIONS

The round table provided an opportunity to appreciate the background
research and interdisciplinary contributions that have led to the application
of nasal dosimetry models for Category 1 gases in contemporary risk assess-
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ments. The seminal contributions of the U.S. EPA reference concentration
(RfC) methods in establishing a uniform role of dosimetry modeling in risk
assessment were noted to be a critical turning point in the use of dosimetry
models in risk assessment with inhaled materials. The RfC process estab-
lished a framework that could be applied to a range of gases that affected
various portions of the respiratory tract or that had systemic effects. Data
availability was also a key consideration. Default models used a limited
number of parameters and defined measures of average deposition rates
in various regions of the respiratory tract as the dose metric for inter-
species comparison. These default models are applicable when specific
data for a test compound are scanty or nonexistent. The applications of
dosimetry models with the four specific compounds, formaldehyde, VA,
AA, and MMA, represent the extension of these basic modeling concepts
to establish dose measures that are based more directly on presumed modes
of action in the target tissues.

Category 1 gases and vapors are those that have high solubility or
reactivity or both, such that they are likely to be removed with a proximal
to distal distribution in the respiratory tract. Of the three compounds de-
scribed in detail (excluding formaldehyde), AA comes closest to fulfilling
these criteria. Its high uptake is due to rapid ionization in tissues at bio-
logical pH, resulting in high partitioning into the proximal tissues. VA is
also highly extracted by nasal tissues at low concentrations; total nasal
extraction of VA is dose dependent, decreasing with increasing inhaled
concentrations. The extraction in this case is related to metabolism medi-
ated by carboxylesterases. In contrast, although MMA has effects in the
nose, it is not highly extracted. Thus, MMA is neither highly soluble nor
highly reactive. It can be regarded as a Category 1 vapor for the purposes
of deriving a chronic risk estimate more on the basis of its site of action
than on the basis of its physicochemical characteristics.

Another difference among these models is in relation to the dose metric
used for the risk assessments. Obviously, the dose metric chosen depends
on the known or presumed mode(s) of action of a compound in causing
nasal effects. The dose metrics in the various case-specific models were
flux to specific surface areas (formaldehyde); target tissue concentration
of AA; target tissue concentration of hydrogen ion for VA; and the rate of
metabolism of MMA to methacrylic acid divided by the target tissue com-
partment volume for MMA. Each of the dose metrics, equated with or
derived from net flux into tissue, estimates an effective concentration of
toxic compound at a target site in the nasal epithelium. In general, it may
be best to provide a series of tissue dose metrics, as done by Bogdanffy et
al. (1999), and discuss the merits of each. For calculating AA concentra-
tion and pH calculations, the AA and VA models include formation or deliv-
ery by diffusion and the elimination of toxic compounds from the tissue.
The VA model also includes control of hydrogen ion by specific tissue
buffers and hydrogen transporter systems. These models have more bio-

NASAL TISSUE DOSIMETRY 429

In
ha

la
tio

n 
T

ox
ic

ol
og

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
C

D
C

 I
nf

or
m

at
io

n 
C

en
te

r 
on

 0
8/

18
/1

4
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



logical plausibility; they also require more extensive experimental work
for validation. The MMA model is sparser. The dose metric depends on
MMA diffusion into the target tissue compartments and on hydrolysis in
those compartments to methacrylic acid. A compelling question, as the
complexity of these dosimetry models increases, is how convincing these
models are in calculating specific measures of dose. In addition, they raise
important questions about the nature of the dose metric that should be
used in assessing toxicity in the nasal tissues and about the reliability of
various measurement techniques and extension to different conditions
(e.g., cyclic flow vs. steady state).

The default dose metric for Category 1 gases is flux across a regional
surface area. If all other processes in the tissues were linear, the expectation
would be that tissue concentrations and fluxes would be proportional. This
is likely the case at low levels associated with no-observed-adverse-effect
levels. For formaldehyde, a very reactive gas, flux has served as a direct
dose metric to a clonal growth model that accounts for nonlinear tissue
interactions. For the three other examples, the tissue dosimetry models
are nonlinear due to saturation of metabolism with VA and MMA and due
to pH-dependent partitioning of AA. The default use of a flux as a dose
measure is valuable for generic cases. As modes of action are developed,
the need arises to calculate more specific measures of tissue dose, as with
these examples. In the longer term, these models also lead to specific
predictions about distribution of doses within the respiratory-tract tissues
that might be tested by new experimentation with respect to concentra-
tion gradients in tissues or pH in specific regions of the nasal epithelium.
Development of a suite of case-specific nasal dosimetry models may pro-
vide opportunities to establish various defaults based on modes of action
or class of inhaled compounds. In fact, the concept of suites of different
model structures is being used by the U.S. EPA and other agencies to pro-
vide the flexibility required to address the range of data available on the
physicochemical properties and mode of action for a compound (Jarabek,
2000).

The compound-specific models for VA, AA, and MMA indicate that the
default interspecies adjustment based on flux was likely to be conservative
for these compounds. However, the reasons for these interspecies differ-
ences differ for the individual compounds. Interspecies differences with VA
and MMA are related to a large extent by the localization and relative con-
centration of carboxylesterases in rodent and in human nasal tissues. With
AA, the tissue concentrations largely reflect the inhaled concentrations,
leading to a near equivalence across species. In all cases, the dose-depen-
dent model behaviors are complicated and have been unraveled by sensi-
tivity analyses conducted as part of the modeling process (Plowchalk et al.,
1997; Andersen et al., 1999) or at a later stage of model analysis (Andersen
et al., 2000). These sensitivity analyses have helped understand the non-
linear characteristics of these three models and indicated optimal areas of
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research investments. The workshop participants noted the important role
of sensitivity analysis in assessing model behavior and evaluating the rela-
tive importance of various model parameters.

Another area of interest noted by the participants was in attempting to
define the optimal model structure required for accurate calculation of tis-
sue doses. The different models range from creation of multiple grid points
with many individual compartments or bins, as done recently with formal-
dehyde, to the use of a small number of nasal regions, three to seven in the
PBPK models described here, with a variable number of underlying tissue
compartments. A one-compartment nasal model is also described in the
contribution to the round table (Frederick et al., this issue). Simulation of
these different models with different assumptions regarding the tissue struc-
tures, as done in work by Bush et al. (1998), should be important in deter-
mining the minimal number of tissue compartments necessary to provide
an adequate dosimetry model for risk assessment purposes.

SUGGESTED DATA NEEDS

The era of development and use of dosimetry models in a variety of risk
assessments has dawned. (We would like to call this “The 2001 Toxicology
Odyssey.”) The RfC documentation with a clear framework for routine con-
sideration of tissue dosimetry has broken new ground. In addition, applica-
tions of compound-specific dosimetry models are becoming more wide-
spread: for RfC calculations (U.S. EPA, 1994), in case studies for the new
cancer guidelines (ILSI, 1997), and in route-to-route extrapolations involved
with the proposed Hazardous Air Pollutants (HAPs) Test Rule (Federal Regis-
ter, 1996b). The IRIS assessments for ethylene glycol monobutyl ether (U.S.
EPA, 1999) and vinyl chloride (U.S. EPA, 2000) have made use of PBPK
models for standard setting and route-to-route extrapolation. OSHA standard
setting with methylene chloride has made use of a PBPK model for tissue
dosimetry of metabolites (OSHA, 1997). The confident use of these dosime-
try models will require continuing attention to collection of compound-spe-
cific data and to considerations of confirmation of predicted rodent human
differences by limited experimentation in human subjects. One area of
fruitful study emphasized in the round-table discussions for the nasal do-
simetry models is the collection of uptake data for humans—both with spe-
cific test chemicals and with compounds selected due to their metabolic,
solubility, or toxic properties. In limited number, human uptake studies
have been conducted using various designs for breathing patterns and sam-
pling. They include oral inspiration with either oral or nasal exhalation
(Nodelman & Ultman, 1999a, 1999b).

Anatomic and physiologic parameters in the various species used in
risk assessment were also acknowledged as a data gap. Further develop-
ment of methods to measure parent compounds, metabolites, and dose
metrics, such as pH, directly in nasal tissues will be important for validat-
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ing these various dosimetry models. Such data are required to have confi-
dence in calculations of concentrations in various target tissues or in the
number of cells at risk (Kohn, 1997; CIIT, 1999).

Different models apply different approaches for handling the gas and
liquid (tissue) phase diffusivities. Further research into the optimal model
structures and the calculation of these diffusivity constants should be
helpful in establishing improved models of the tissue regions within the
nasal epithelial tissues. Continuing studies in laboratory animals should
be pursued to enlarge the classes of chemicals examined in regard to up-
take, reactivity, and toxicity. These might include organic compounds
metabolized by cytochrome P-450 enzymes within nasal epithelial tissues,
such as styrene and chloroform. In addition, pharmacodynamic charac-
teristics such as recovery and repair need to be considered eventually in
establishing differences between test animals and humans. Studies of tis-
sue accumulation of metabolites in various nasal regions will also be help-
ful in establishing target tissue concentrations in respiratory and olfactory
epithelia within the nose and in validating these dosimetry models.

SUMMARY

This round table provided a timely opportunity to assess the status of
nasal dosimetry models for both generic and for case-specific applications.
The attendees were optimistic about the application of these models for risk
evaluations for a variety of compounds that affect nasal epithelial tissues.
Great strides have been made in joining the talents and energies of scien-
tists from diverse disciplines in improving estimation of tissue dose and
use of this data in risk assessments. Obviously, the collection of specific
new data will aid in developing confidence in the interspecies extrapola-
tion from the increasingly robust animal data sets on dosimetry and mode
of action. The models with formaldehyde, VA, and AA highlight the inte-
gration of large mechanistic data sets in a risk assessment context. The
modeling with MMA represents a more minimalistic approach that takes
advantage of the investments in model development with the other com-
pounds to create a useful model with a smaller base of data. The issues
noted for further experimentation—on human uptake, tissue- and gas-phase
diffusion, extension to other classes of compounds, and so on—do not
detract from the advances made in establishing important default proce-
dures and in providing case-specific models with the four chemicals. Impor-
tantly, the lessons learned in developing dosimetry models for reactive
gases, organic esters, and acids should be readily extended to other com-
pounds with similar properties.
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