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INTRODUCTION 
The nasal cavity is an extremely common site of injury following inhalation expo
sure in rodents. The significance of nasal lesions in rodents relative to the poten
tial risk to humans is often poorly understood. Experience has indicated that the 
relationships between airborne concentration and delivered dose to nasal tissues 
are often critical to the interpretation of animal toxicity data. This is not sur
prising given that dose-response is one of the most fundamental principles of 
toxicology. From this perspective, an understanding of the delivered dose rela
tionships of an inhaled material is fundamental to assessment of its hazard. It is 
these relationships that are the focus of the current chapter. 

Nasal dosimetry is the term used to describe the relationships between air
borne concentration and the dose of inhaled material delivered to nasal target 
sites. Nasal dosimetric relationships are complex and species-specific. For this 

,- reason, useful interpretation and extrapolation of laboratory animal inhalation 
toxicity data can be difficult. For inhaled materials, the site selectivity of dam
age is due to regional toxicokinetic (delivered dose) and/or toxicodynamic (tis
sue sensitivity) properties of the toxicant and airways. While the focus of this 
chapter is on nasal dosimetry, it is essential to recognize that nasal responses in 
the rodent may be sentinels for potential lower airway injury in humans simply 
because of toxicokinetic (delivered dose) issues. Thus, nasal rodent toxicity data 
are best interpreted in a much broader sense than merely being reflective of risk 
to nasal tissues alone in man. 

The inhalation toxicity of hydrofluoric acid vapor provides a useful exam
ple of the importance of this phenomenon. Rodents are obligate nose breathers, 
whereas humans are capable of mouth breathing. Indeed, it has been estimated 
that as much as 40% of the population respires, at least in part, through their 
mouth (1). Acute inhalation exposure of rats to hydrofluoric add vapor results in 
nasal injury with no damage in the lower airways (2,3). It has been estimated 
that greater than 99.7% of inspired hydrofluoric acid vapor is scrubbed from 
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the airstream in the upper respiratory tract of the rat with less than 0.3% pen
etrating to the lower airways, providing a toxicokinetic (delivered dose) basis 
for its regional toxicity (4). If rats are forced to breathe through their mouth 
via insertion of an oropharyngeal cannula, acute hydrofluoric acid vapor expo
sure results in tracheobronchial rather than nasal injury. This elegantly simple 
experiment demonstrates the importance of inhalation dosimetry in determin
ing the site of injury (3). In humans, lower airway injury results from hydroflu
oric acid exposure (e.g., 5) indicating, at least for this irritant, that nasal injury 
in the rodent was indeed predictive of lower airway risk in man. The columnar 
mucociliated epithelium of the nasal passages is structurally similar to that of the 
large lower airways (chap. 2) suggesting the sensitivity of these tissues might be 
similar. Little information is available in this regard; however, recent studies sug
gest the nasal and tracheal epithelium are equally responsive to the irritant 2,3
butanedione (6). While the relationship of nasal versus tracheobronchial tissue 
sensitivity is an area in need of much research, it is nonetheless clear that nasal 
injury in rodents may be predictive of lower airway risk in mouth-breathing 
humans. 

The goal of this chapter is to highlight the basic principles and the current 
state-of-the-art relative to the nasal dosimetry of inspired gases, vapor, and par
ticles. Since the physical factors that control dosimetry of gases and vapors dif
fer from those controlling particle dosimetry, they are discussed separately. Both 
experimental and computational approaches to define dosimetric relationships 
are discussed. Perhaps not surprisingly, both approaches lead to similar predic
tions. The strengths, weaknesses, and potential usefulness of these approaches 
are highlighted along with the integration of experimental and computational 
data. 

DOSIMETRY OF GASES AND VAPORS 

Basic Principles 
The ability of the upper respiratory tract to scrub gases and vapors from 
the airstream has long been appreciated (7). The absorption of gas or vapor 
molecules into airway mucosa is a dynamic reversible process in which gas 
molecules may be absorbed (typically during inspiration) and desorbed (typ
ically during expiration). It is the balance between these processes that deter
mines the net transfer of gas molecules to airway tissues. Various terms have 
been used to describe this phenomenon in living animals including: nasal uptake, 
nasal extraction, nasal deposition, and nasal scrubbing. In the most simplistic 
sense, the volume and/or flow rate of air and the mass of nasal tissues will be 
important factors relative to nasal uptake. The nose of the rodent is not uniformly 
ventilated, with differing regions of the nose receiving widely differing fractions 
of the inspired air (8,9). Thus, it can be appreciated that the deposition patterns 
and tissue doses will differ regionally throughout the nose. 

There have been a number of publications in recent years describing the 
basic principles of gas and vapor uptake in the respiratory tract (e.g., 10-12). 

I 
f

Chemical engineering principles in particular provide useful insights (10,13). 
The uptake process consists of three steps: convection and diffusion of airborne 
gas or vapor molecules to the air:tissue interface, transfer across that interface, 
and diffusion of tissue-borne gas or vapor away from the interface. From the 
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engineering perspective, these steps can be quantified on the basis of air:phase, 
tissue:phase, and overall mass transfer coefficients (13,14). These coefficients 
relate to the speed and efficiency of each of· these processes. The use of these 
coefficients is discussed below. 

A fundamental physicochemical principle governing gas or vapor uptake 
is Henry's Law, which states that the concentration (or partial pressure) of gas 
or vapor in a liquid phase at equilibrium is directly proportional to the concen
tration (or partial pressure) in the gas phase above that liquid. Conceptually, this 
means that airway tissues have the potential to become saturated with gas or 
vapor molecule. The proportionality constant can be expressed in many ways, 
but the most common approach is via a tissue:air partition coefficient, which is 
reflective of the ratio of the concentration at equilibrium of gas or vapor in tissue 
divided by that in air. 

The importance of tissue solubility in influencing regional uptake of vapors 
has long been realized and was perhaps first discussed from a theoretical and 
pragmatic perspective nearly a century ago by Haggard (15). It is absolutely essen
tial, however, to realize that this concept holds only for parent gas or vapor molecules. If 
the gas or vapor is converted to another chemical species, either by direct chem
ical reaction or metabolism, then direct application of Henry's Law is inappro
priate. Some vapors are so highly reactive that they are instantly removed from 
tissue. In such circumstances, tissue concentrations are negligible and the tis
sue acts as an infinite sink. Tissue factors are often unimportant in such cases 
and vapor or gas uptake is "air-driven" and is critically dependent only on air
phase phenomenon. Formaldehyde offers an example of such a case (16). The 
US EPA terms these gases "category I" gases (13). For all other gases or vapors, 
the concentration of vapor in tissue (e.g., "backpressure") will influence and/or 
control the uptake process. As discussed below, differing theoretical modeling 
approaches are typically used for these two types of gases or vapors. Nasal vapor 
uptake efficiency can range from essentially 0% for low solubility (low partition 
coefficient) vapors or gases to essentially 100% for highly soluble, highly reactive 
vapors or gases. 

For gases or vapors for which tissue backpressure influences uptake, it is 
important to understand the tissue factors that are involved. In essence, tissue 
clearance pathways serve to reduce the concentration of vapor in tissue and will 
enhance the uptake process as additional vapor or gas molecules will be trans
ferred to tissue to maintain Henry's Law equilibrium (provided there is sufficient 
time). Experimentally, a steady state occurs in which the uptake rate equals the 
tissue clearance rate. Removal of vapor via the bloodstream is one such dear
ance pathway. In fact, the use of vapor uptake rates to measure airway perfusion 
rates is not new (103). Biotransformation enzymes are highly expressed in nasal 
tissue (chap. 5), metabolic clearance represents another important clearance path
way. Direct reaction is the third common pathway for removal of parent vapor 
molecules from airway tissues. 

In summary, gas or vapor uptake is a dynamic process in nasal tissues that 
is dependent upon the gas or vapor solubility as measured by the tissue:air par
tition coefficient, the rate at which vapor directly reacts with tissue substrates 
and the rate at which vapor is metabolized by biotransformation pathways and 
the airway perfusion rate. As exposures progress these clearance pathways can 
change. For example, substrates for reaction (e.g., glutathione for electrophilic 
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vapors) can become depleted altering uptake efficiencies (17). Physiological fac
tors (e.g., nasal vasodilation) can occur (98,100). Uptake should not be viewed as 
static but as a process that can change quickly as biochemical and/or physiolog
ical conditions in the nose change. 

Experimental Dosimetry Data 
Since nasal tissues of laboratory animals are easily accessible, measurements 
of nasal vapor uptake efficiencies date back nearly 50 years (18). Typically, an 
endotracheal tube is inserted in an anterior direction and vapor-laden air is 
drawn through the nose either under unidirectional or cyclic conditions. Mea
surement of vapor concentration in air entering the nose versus that in the endo
tracheal tube itself provides an estimate of uptake efficiency. An advantage of this 
approach is that definitive measures of uptake efficiency under defined airflow 
conditions are possible. A disadvantage is that it relies upon nonphysiological 
flow conditions in anesthetized animals. 

A rich database exists on nasal uptake efficiency of gases and vapors, many 
of these data have been generated in the laboratory of one of the authors (JBM). 
Data are available on such diverse agents as the inorganic gases ozone (19), sul
fur dioxide (20), nitrogen dioxide, inorganic and organic acids (4,17,21), the sol
vents ethanol, acetone and styrene (22,23,99), esters (24), and the reactive volatile 
organics acrolein (17,25,96), propylene oxide (26,27) and formaldehyde (28,29). 
Data are available on numerous species including the dog (20), rabbit (30), guinea 
pig, rat, hamster, and mouse (91,92,94,97). Experimental data obtained using 
physiological inspiratory flow rates in rats indicate low (10% or less) uptake 
efficiencies for low partition coefficient (blood:air partition coefficient <50), 
nonreactive, slowly metabolized vapors, to extremely high (>90%) for water
soluble highly reactive vapors (e.g., sulfur dioxide, chlorine, formaldehyde, ion
izable acids). Intermediate uptake efficiencies are observed for vapors of inter
mediate partition coefficient (50-2000) that are slowly reactive and/or slowly 
metabolized. 

As noted above, metabolism within nasal tissues serves to lower tissue 
concentrations and, therefore, enhances vapor uptake. A biological approach to 
confirm this phenomenon is to measure nasal uptake efficiency in control and 
metabolically inhibited animals. Stott and McKenna (31) were perhaps the first to 
document this phenomena by showing that the carboxylesterase inhibitor TOCP 
diminished nasal uptake efficiency of inspired ethyl acetate. This phenomenon 
has been studied extensively by Morris, who has showed via use of metabolic 
inhibitors that several biotransformation enzymes including carboxylesterase 
(93), alcohol dehydrogenase (95), aldehyde dehydrogenase (91), and cytochrome 
P450 mixed functions oxidases (23,95) can serve to enhance nasal scrubbing effi
ciency. It should be recognized that the toxicological importance of metabolism 
relates not only to its effect on nasal dosimetry but also on whether the biotrans
formation reflects an activation or detoxification pathway (chap. 5). 

Other experimental dOSimetry work has focused on the measurement of 
specific markers of dose called dosimeters in tissues. Direct measurement of local 
tissue dose is often difficult. However, dosimeters based on potential modes of 
action underlying tissues responses can be very useful both for understanding 
the biological basis for the response and for extrapolating dose-response rela t 
tionships from animals to people. One example of such a dosimeter is found I 
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in studies on DNA-protein crosslinks (DPX), which form in tissue exposed 
to formaldehyde gas (32). Correlation of high DPX levels with formaldehyde
induced lesion locations in rats and primates (33,34) led to the use of DPX to 
extrapolate animal data to people in subsequent human health risk assessment 
studies of formaldehyde gas (35,36). 

Dosimetry Modeling 
Three approaches have been used to model nasal gas and vapor uptake in exper
imental animals: the computational fluid dynamic (CFD) approach developed by 
Kimbell (9), the physiologically based pharmacokinetic (PBPK) approach devel
oped by Morris (37), and the hybrid CFD-PBPK approach, an insightful con
tribution first proposed by Frederick (38,39). The hybrid model represented a 
significant advance and provided a PBPK-based modeling approach superior to 
that first proposed by Morris et al. (37). The three modeling approaches are all 
theoretically and experimentally valid. They have differing strengths and weak
nesses; selection of the most appropriate approach is dependent on the physical 
chemical properties of the gas or vapor of interest and how much anatomical 
detail is needed in modeling outcomes. 

The development of the CFD modeling approach was based on observa
tions of the site specificity of formaldehyde-induced nasal tumors in rats. These 
tumors invariably appeared in selected regions of the nose, leading Morgan 
et al. (40) to hypothesize that high delivery of formaldehyde to these regions 
(e.g., hotspots) occurred. Since formaldehyde is highly soluble and reacti ve, nasal 
tissue likely represents an infinite sink; therefore, this phenomena must be reflec
tive of factors occurring in the air phase. To examine this possibility, streamlines 
were first assessed in nasal casts. These studies suggested a concordance between 
major streams of inspired air and lesion locations in both rats and primates (41) 
but did not provide local dose estimates. 

The level of anatomical detail available in nasal lesion data drove the con
current development of three-dimensional (3D) anatomically accurate dose pre
diction models for inhaled gases in the nasal passages of rats, rhesus monkeys, 
and a number of humans (8,9,42-46). These models use a CFD approach to pre
dict inhaled gas flux from nasal airspaces to airway walls. The CFD models 
have been used to study mechanisms of toxicity for ozone (47,48), formalde
hyde (9,36,41,49-52), hydrogen sulfide (53-55), and acrolein (56) and to support 
risk assessment activities for formaldehyde (28,29,35,57-60), acidic vapors (38), 
methyl methacrylate (61), acrylic acid (62), and esters (39). 

The CFD studies revealed that the nasal passages are not uniformly ven
tilated. For example, only""12% of the inhaled airstream in the rat passes over 
a dorsal medial pathway to the olfactory-lined ethmoturbinates. [Concurrently a 
similar estimate of olfactory mucosal airflow was independently obtained by a 
PBPK approach (37}.) This knowledge, coupled with chemical engineering mass 
transfer principles, resulted in the first estimation of intranasal regional deposi
tion patterns of an inspired vapor, formaldehyde (9). As shown in Figure 1, flux 
(mass of formaldehyde entering tissue per surface area) is not uniformly dis
tributed throughout the nose but is localized in hotspots. The location of these 
hotspots associated closely with the location of formaldehyde-induced tumors 
(51), thus supporting the original hypothesis regarding the importance of local
ized delivery of formaldehyde within the nose. 
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FIGURE 1 Lateral view of rat head showing nasal passages. Inset shows computational model 
of the nasal passages shaded by flux (rate of gas uptake from air to tissue surface at the tissue 
surface). 

The success of the CFD approach has led to its use to model other vapors 
including hydrogen sulfide and acrolein. For both agents, a close association 
between lesion location and flux was observed (54,56). A strong advantage of this 
approach is that it provides a means of estimating delivered dosage rates at spe
cific regions within the nose as well as providing a means of examining the effect 
of anatomic changes on delivered dosage rates. This approach has been extended 
to the human nose to extrapolate animal toxicity data to the humans, not on the 
basis of inspired concentration, but on the basis of regional flux to precise loca
tions within the nose (54). Another significant contribution of the CFD modeling 
effort is that it provides estimates of gas-phase mass transfer coefficients. These 
coefficients are essential components of the current CPO-PBPK models. A disad
vantage of the CFD approach is that it is not easy to carry out automated opti
mizations of fitted model parameters for tissue uptake; previous studies have 
used a combined CPO-PBPK approach to conduct optimizations (55). 

PBPK models provide an approach in which to explicitly incorporate 
physiologically and biologically constrained data into a dosimetry model. The 
first PBPK nasal dosimetry model was developed by Morris et al. (37). In this 
approach, air is allowed to pass over tissue, which is modeled as stacks of 
lO-j.Lm thick mucus, epithelial and submucosal compartments. Blood perfuses 
the submucosal compartments and vapor transfer between compartments occurs 
on the basis of tissue diffusivity. The overall depth of the tissue layers is based on 
anatomical measurements. Tissue metabolism rates, based on in vitro measure
ments, can be assigned independently to respiratory or olfactory mucosa and, 
within each mucosal type, separately to epithelial or submucosal compartments. 
In this first modeling effort, uptake data from a variety of vapors were fit to pro
vide estimates of nasal perfusion rate and air flow patterns within the nose. The 
best fit estimated that 8% of the inspired air penetrates over the olfactory epithe
lium, a value similar to that obtained independently in Ref. 10. 
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A significant disadvantage of the PBPK model approach is that it did 
not explicitly incorporate air phase diffusion/mass transfer phenomena. Fred
erick et al. (38) provided a mechanism to incorporate these phenomena into the 
model structure with the hybrid CPO-PBPK model. In the hybrid model, vapor 
is allowed to enter (or desorb from) the mucus lining layer in accordance with an 
overall mass transfer coefficient. This is calculated on the basis of the air-phase 
mass transfer coefficient that is provided by the CFD models and a tissue phase 
mass transfer coefficient estimated from the tissue:air partition coefficient and 
the molecular diffusivity. With this approach, truly first principle models were 
developed for ethyl acrylate and acrylic acid (38,39), meaning that every param
eter in the model was pre-assigned based on independent biological or physi
cal measurement. Model output was then compared to experimental data and 
an extraordinarily close correspondence was seen. This approach has been suc
cessfully extended to a variety of vapors (6,63-65) and to describe uptake in the 
human (66). 

Thus, the combined CFD-PBPK modeling efforts reported in the literature 
have taken one of two forms. In one form, enough information was available to 
calibrate the CFD model for the specific gas. Gas-specific flux estimates made 
by the CFD models were then handed off to PBPK models that estimated tis
sue dose (36,50,67). In the other form, the CFD models were used to calculate 
air-phase mass transfer coefficients, which depend only on air-phase diffusivity 
and airflow patterns. The coefficients are easily scalable to other air-phase diffu
sivities and can incorporate localized airflow effects when calculated regionally. 
Regional air-phase mass transfer coefficients derived from the rat and human 
nasal CFD models have been incorporated into PBPK models to estimate tissue 
dose when modeling goals do not require the complexity of the nasal CFD model 
(38,39,61,62). 

The accuracy of inspiratory nasal airflow patterns predicted by rat, 
monkey, and human CFD models has been confirmed by comparison with 
experimental measurements (9,44,45). Confirmation of inhaled gas trans
port and uptake simulations using rat and monkey nasal CFD mod
els has been demonstrated for formaldehyde (36,67) using formaldehyde
induced DNA-protein crosslinks measured in exposed F344 rats and rhesus 
monkeys (32-34). 

The advantages of the CPO-PBPK modeling approaches are that it allows 
explicit incorporation of tissue-specific parameters into its structure. Since bio
transformation enzymes are nonuniformly distributed between respiratory and 
olfactory mucosa (chap. 5), this is particularly important for vapors which 
are metabolized within the nose. A disadvantage of this approach is that 
it does not provide a means of estimating delivered dosage patterns within 
small regions of the nose (e.g., hotspots). Additionally, this modeling approach 
is ill suited to describe nasal dosimetry of highly soluble reactive gases 
and vapors because air-phase, not tissue-phase, factors control nasal uptake. 
Overall, it can be appreciated that the CFD and CPO-PBPK approaches are 
complimentary efforts, with the former being suited for localized dosime
try of water-soluble reactive vapors and the CFD-PBPK being suited for 
less soluble-less reactive vapors. Both approaches have been validated with 
experimental data, the needs of the study dictating the selection of modeling 
approach. 
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Integration of Experimental and Computational Approaches 
Over the last 50 years, a rich database on nasal vapor and gas uptake has been 
developed. These data indicate that nasal vapor uptake can vary from essentially 
0% to 100% depending on the properties of the gas or vapor. Critical vapor prop
erties are solubility (tissue:air partition coefficient), and reactivity (either direct or 
enzymatically mediated). These data also provided critical quantitative insights 
into the factors which control the uptake process and ultimately to the develop
ment of mathematical models to describe uptake. The original modeling efforts 
were fit to uptake data to allow parameterization (8,37). These models have now 
become sufficiently advanced that they are developed a priori, with uptake mea
surements being made subsequently to validate the model-based predictions 
(e.g., 6,39). These models are extraordinarily useful as they facilitate extrapola
tion of data. For example, models that are validated with data obtained under 
nonphysiological flow conditions can be used to estimate uptake patterns dur
ing normal breathing and/or exercise. Such models can also be used to extrapo
late nasal dosimetric relationships in animals exposed to high concentrations, to 
those in humans exposed to low concentrations. Delivered dose relationships are 
critical in determining the ultimate toxic response to inspired gases and vapors, 
thus dosimetric modeling is an essential aspect of evaluation and extrapolation 
of animal inhalation toxicity data. 

DOSIMETRY OF PAR"nCLES 

Basic Principles 
Transfer of particles from the airstream to the tissue surface (termed deposition) 
is an irreversible process. Once deposited, insoluble particles can be removed by 
mechanical means including sneezing and mucociliary transport. Particles may 
also enter cells via dissolution and diffusion or by active (e.g., pinocytotic} path
ways. These later processes are considered to constitute clearance mechanisms 
and are not considered herein. The fundamental processes determining transfer 
of particulates from a moving airstream to a tissue surface are well understood 
and include sedimentation, inertial impaction, and diffusion. Sedimentation is 
not thought to be important in the nose. Inertial impaction occurs due to the 
mass of the particle in motion, causing it to leave the airstream as the airstream 
bends. Inertial impaction increases with pd2 (particle density times particle 
diameter squared), and is important for fine and coarse particles (>0.5 IJ.m in 
diameter). Diffusion (Brownian movement) results from the energy imparted 
by collisions of air molecules with particles and is related to 1/d (the inverse 
of the particle diameter) and is important for small particles «0.1 IJ.m). The 
diffusive process is particularly important for nanoparticles. Models for total 
respiratory tract particle dosimetry (e.g., ICRP) include explicit discussions of 
nasal particle deposition. Reviews are available summarizing data on regional 
particle deposition in animals and man (101,102). 

Experimental Data 

In Vivo Studies f 
Data from a limited number of experiments are available on measurements of 
aerosol deposition in the respiratory tracts of nonhuman primates and rats. A 
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recent study by Cheng et al. (68) reported measurements of head and lung depo
sition in anesthetized cynomolgus monkeys. The animals were exposed to 2.3
and 5.1-j.Lm particles and head deposition fractions were found to be 39% and 
58% for the two particle sizes. In rodents, inhalation exposures are conducted 
in nose-only chambers for which there is a good control over exposure concen
tration and delivery airflow rate. In addition, animal breathing parameters can 
be monitored accurately when animals are placed in a body plethysmograph. 
Particles can be sampled at one port of the nose-only tower for size analysis. 
Following the exposure, animals are sacrificed and dissected according to physi
ologically defined regions (head, tracheobronchial, pulmonary, etc.) and particle 
deposition is measured in each region. 

Regional deposition of ultra fine particles have been reported by Chen 
et al. (69) for cigarette smoke particles, Wolff et al. (70) for aggregate 67Ga203 
particles in Fischer-344 rats, and Dohlback and Eirefelt (71) and Dohlback 
et al. (72) for particle deposition in male Sprague-Dawley rats. Raabe et al. 
(73/74) measured deposition of fine and coarse particles in the head and lungs 
of Long-Evans rats. However, minute ventilations of the test animals were 
not measured and instead allometric equations were used for lung param
eters. Therefore, uncertainty existed with the calculated deposition fractions. 
Asgharian et al. (75) repeated the study while the ventilation parameters 
were monitored throughout the exposure. Particle sizes ranged between 0.9 
and 4.2 j.Lm. Deposition for particles greater than 3 j.Lm tended to decline, 
which may have been due to limitations with the inhalability of these 
particles. 

Since the focus of inhalation exposure studies has primarily been on the 
measurements of lung deposition/limited data on head deposition have emerged 
from the above studies. Experiments to measure the deposition of particles in the 
nasal passages of rodents and nonhuman primates are scarce due to the difficulty 
and cost associated with conducting such experiments and also because it was 
not realized until very recently that the nasal airways serve as a potential route 
of transport of materials to the brain (76/77). Gerde et al. (78) devised a technique 
in which a catheter was inserted in the trachea distal to the nasal airways of anes
thetized male Fischer 344 rats to allow measurements of ultrafine particle concen
trations at the proximal and distal ends of the nasal region and calculate deposi
tion fraction during steady inspiration and expiration. Quantification of particles 
in the airstream instead of on the nasal tissues eliminated uncertainty due to 
fast mucociliary clearance of deposited particles on the nasal surfaces. Measured 
deposition for particles between 5 nm and 100 nm at steady breathing rates of 
200 mL/min to 600 mL/min was found to be similar to values measured in 
casts (79). 

Kelly et al. (80) employed the same technique to measure deposition of fine 
and coarse aerosols in the nasal airways of female Long-Evans rats during steady 
and pulsatile breathing. Partial obstruction of the flow through the nasal airways 
due to the positioning of the catheter with respect to the head and possible leaks 
imposed a challenge to reliable and reproducible runs and may have contributed 
to variability in measurements. Deposition measurements were higher for pul
satile breathing than for steady breathing due to enhanced particle inertia at the 
peak flow. It was also observed that more particles were deposited during exha
lation than during inhalation. 

http:5.1-j.Lm
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Studies in Nasal Molds 
Difficulty with in vivo measurements has led investigators to build hollow molds 
of the nasal airways in which to conduct particle deposition experiments. Hol
low molds have been created from nasal specimens, serial sections, and com
puter reconstructions using stereolithography techniques. The physical nasal 
molds can be used to measure particle deposition in situ, which can be used 
to confirm computer model (in silico) predictions. In addition, multiple runs 
may be made by varying the flow rate and particle size in the same setup and 
hence can collect more information in a short time when compared with in vivo 
measurements. 

Kelly et al. (81) used a nasal mold to measure deposition fractions of 
1-10 j.Lm particles in the nasal passages of a 12-kg, male rhesus monkey for 
steady inspiration flow rates of 2-7 LPM. Particle deposition was described by 
a single inertial parameter that varied between 0% and 100% and showed a sig
moidal shape. Cheng et al. (79) measured pressure drop and deposition of ultra
fine aerosol particles in a mold of the nasal passages of an adult male Fischer 344 
rat. Measured nonlinear flow-pressure drop relationship indicated the presence 
of nonlaminar regimes in the flow. Measured depositions of 43 nm to 210 nm 
particles in the nasal mold were in agreement with in vivo measurements from 
inhalation studies (69,70,73). 

Measurements of fine and coarse particle deposition, for which deposi
tion in the nasal passages is by inertial impaction, are reported by Kelly et at 
(82). Particles with sizes between 0.48 j.Lm and 4.18 j.Lm were passed through 
the nasal mold of a male 344 Fischer rat at flow rates of 100 to 900 mL/min 
for inspiratory and expiratory breathings. Collected data were in agreement 
with in vivo measurements and similar trends of deposition with flow type 
and direction were observed in in vivo measurements (80). Comparison of in 
vivo and in situ measurements suggested that good estimates of total nasal 
deposition in rats can be obtained by using nasal molds as surrogates for live 
animals (83). 

Dosimetry Modeling 

Empirical Studies 

Losses of particles in the nasal airways are significant for two reasons. First, par

ticles may deposit and accumulate locally and elicit toxicological response in the 

nasal airways or deposit and transport to the brain via the olfactory nerves. Sec

ond, to study toxicity of inhaled particles in the lung, one must determine the 

amount that passes through the nose and become available for deposition in the 

lung. Therefore, it is necessary to develop predictive models of particle depo

sition in the head based on the physics of airflow and particle transport. Con

sequently, models of particle deposition efficiency are sought as a function of 

parameters that control particle movement and deposition. 


There are two main mechanisms that influence particle deposition in the 
nasal passages. Small particles are deposited by Brownian diffusion while fine 
and coarse particles are removed from the inhaled air by inertial impaction. A 
different mathematical model is required for each mechanism. Cheng et al. (79) 
postulated that due to nonlaminar characteristics of the flow, turbulent diffusion 
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was responsible for losses of ultrafine particles in the nasal passages and pro
posed the following relationship: 

(1) 

where 'll is the deposition efficiency, D is the diffusion coefficient, and Q is the 
airflow rate through the nose, and (x, ~, and 'Yare fitted constants. Equation 
(1) exhibits increasing deposition efficiency with increasing diffusion parame
ter (IJI3Q'Y) but decreasing efficiency with increasing particle size. Coefficients 
(x, ~, and 'Y were obtained by fitting equation (1) to deposition measurements 
made in a nasal mold (79). Additionally, Asgharian et al. (84) found byexamin
ing the governing equations of transport for the air and particles that deposition 
efficiency depends on D and Q, and proposed 

'll = (XDP Q'Y (2) 

Similarly, coefficients (x, ~, and 'Y were found by fitting equation (2) to the 
measurements reported by Wong et al. (85). 

Deposition efficiency by inertial impaction can be correlated with 
impaction parameter d~Q, where da denotes particle aerodynamic diameter. 
Extending the mathematical model suggested by Rodulf et al. (86), Zhang and Yu 
(87) employed the following relationship to predict nasal deposition efficiency: 

(3) 


Coefficients (x, ~, and 'Y were obtained by fitting equation (3) to the mea
surements by Raabe et al. (73,74) from a nose-only inhalation exposure con
ducted in Fischer 344 rats. The same model was employed by Kelly et al. (83) 
to predict nasal deposition efficiency in Long-Evans rats. Measured deposition 
fraction in live animals (80) and nasal mold (82) was used to find parameters (x, 

~, and 'Y. Different models were obtained for inspiratory and expiratory steady 
and pulsatile breathings. Table 11ists fitted parameters for equations 1-3 in dif
ferent studies. 

TABLE 1 Calculated Values of 0.. Il. and 'Y Used in Equations 1-3 

Reference Experiment Breathing 0. Il 'Y 

(79) Nasal mold Inspiration. steady flow -16.8 0.517 -0.234 
Expiration. steady flow -14.0 0.517 -0.234 

(84) 
(87) 

Nasal mold 
Nose-only 

Inspiration. steady flow 
Normal 

7.351 
2.553 

-0.2438 
105 

0.402 
0.627 

inhalation 
(83) 

(83) 

Nose-only 
inhalation 

Nasal mold 

Inspiration, steady flow 
Expiration. steady flow 
Inspiration. pulsatile flow 
Expiration. pulsatile flow 
Inspiration. steady flow 
Expiration, steady flow 
Inspiration. pulsatile flow 
Expiration, pulsatile flow 

2.42 
2.59 
2.88 
3.26 
3.00 
2.98 
3.78 
3.88 

105 

105 

105 

105 

105 

105 

105 

105 

0.27 
0.279 
0.304 
0.262 
0.907 
0.659 
0.539 
0.447 
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The regional deposition of smaller particles, between 1 and 100 nm in diam
eter, has been studied in the rat nose computationally by Garcia et al. (88). In 
this study, estimates were developed of nanoparticle deposition in the nasal and, 
more specifically, olfactory regions of the rat. The rat eFD model of Kimbell et al. 
(8) was employed to simulate inhaled airflow and to calculate nasal deposition 
efficiency. Simulations predicted that olfactory deposition is maximum at 6-9% 
of inhaled material for 3-4 nm particles. The spatial distribution of deposited 
particles was predicted to change significantly with particle size, with 3-nm par
ticles depositing mostly in the anterior nose, while 30-nm particles were more 
uniformly distributed throughout the nasal passages. 

CONCLUSIONS 
Dose-response is among the most fundamental principles of toxicology. This 
chapter has highlighted the current state of the art relative to nasal dosimetry 
of gases, vapors, and particles. Such evaluations are best performed in the con
text of risk to the entire respiratory tract, not merely risk to nasal tissues alone as 
inhaled materials can produce damage in the nasal passages, tracheobronchial 
tree, and/or the alveoli. Indeed, nasal damage in rodents may be the sentinel for 
lower airway risk in man. Regardless of the site of injury, delivered dosage rates 
are critically important in determining the toxic response to inhaled materials 
and, therefore, represent an essential aspect in inhalation risk assessment. With 
respect to nasal dosimetry, the physical/chemical factors influencing inhalation 
dosimetry are well understood and mathematic inhalation dosimetry models are 
sufficiently advanced to allow prediction of nasal dosimetry based on the physi
cal/chemical properties of the gas, vapor, or particle of interest. 
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